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Preface

Improving our insights into the genetic predisposition to cardiovascular disease is one of the
most important challenges in our field in the next millennium, not only to unravel the cause
of disease but also to improve the selection of patients for particular treatments. Nowadays,
for example, subjects with a cholesterol above a particular plasma level are exposed to a
cholesterol lowering regime based upon the beneficial outcome of epidemiological studies
which include subjects not prone to the disease, despite a plasma cholesterol above the
accepted level. Identification of the patients who are genetically predisposed to the
consequences of this disorder will reduce the number of subjects unnecessarily treated and,
hence, the costs of health care. Because in most cardiovascular diseases the genetic
component is a consequence of more than one gene defect, only limited progress has as yet
been made in identifying subjects genetically at risk. For example, in hypertension only in less
than 10% of the patients the genetic defect has been identified.

It has been known for quite some time that in heart and blood vessels fetal genes are
upregulated or induced when they are exposed to such disorders as high blood pressure and
ischemia. Little is known about the function of these genes in the cardiac and vascular
adaptation to these disorders; only guesses can be made. Therefore, it is of utmost importance
to obtain more information about the specific role of these genes in fetal development and
the molecular mechanisms involved in this consistently observed switch to a “fetal program”
in most of the adaptation processes.

To get better insight into the genetic defects playing a role in the origin of cardiovascular
diseases and into the function of the fetal genes upregulated or induced when heart and blood
vessels are exposed to a changing environment, close collaboration between basic and clinical
scientists is a prerequisite. Therefore, in December 1997 we brought together these scientists
to discuss the expression of specific genes in the cardiovascular system. The organizers were
delighted that internationally renown scientists and young investigators accepted our
invitation to participate in this discussion. The book presented here is a reflection of the
papers presented at the workshop. The discussions were vivid and very interesting but these
are not included in the book, because to the opinion of the editors most of the chapters
include the essence of the discussions held. On behalf of the editors I would like to thank the
authors for their contributions, making this book a good reflection of our present knowledge
of cardiovascular specific gene expression.

Without ignoring the contribution of others, it is my pleasure to thank Pieter Doevendans

and Marc van Bilsen for their hard work. Without them we would not have been in a
situation to look back at a fantastic scientific happening.

Robert S. Reneman



1. CARDIOLOGY APPROACHING THE YEAR 2000.
A CLINICIAN’S LOOK AT MOLECULAR CARDIOLOGY

Hein J.J. Wellens

Introduction

Unfortunately, the incidence of cardiovascular disease is still growing. As recently
commented upon by Braunwald [1], world wide in 1990 29% of all deaths were caused
by cardiovascular disease and this is expected to rise to 36% in 2020. Incidence and
ability to lower the number of cardiovascular deaths varies considerably from country
to country. As shown by Sans et al. [2] standardized mortality from ischemic heart
disease may vary in Europe from 70 (France) to 700/100.000 (Russia) for men and from
36 (France) to 370/100.000 (Russia) for women in the age group 0-64 years.

Graying of the population and reduction in mortality from acute ischemic syndromes
have resulted in a larger patient population with coronary heart disease which, as shown
for the Netherlands in figure 1, will result in a growing number of cardiovascular deaths
in the coming years.

Against this background it is clear that for many years to come we will be treating
cardiac patients and the obvious question is: What has molecular and cell biology to
offer in this battle?

Better understanding of the disease

Understanding of the processes responsible for cardiac and vascular disease have made
important strides in the past decade thanks to the use of molecular biologic research.
Also, the role of genetic influences is being unraveled. Still, we are looking at the tip
of the iceberg. We know that only a few cardiovascular diseases have a monogenetic
background but even there the situation is more complex than we expected. Typical
examples are the long QT syndrome and hypertrophic cardiomyopathy. What presents
clinically as a similar abnormality may have marked differences in the chromosomal
location of the abnormal gene. Also we have become aware of the complexity of
reactions or repair processes after a noxious substance or trigger. Prevention or
suppression of expression of one genetic pathway frequently is followed by the

P.A. Doevendans et al. (eds.), Cardiovasctilar specific gene expression, [-5.
© 1999 Kluwer Academic Publishers.



2  HJJ. Wellens

development of a new pathway preventing palliation or cure. Unfortunately, much too
often the non-transparency of these processes make the clinician believe that nature is
too complex to become unraveled, understood, and controlled.

DEATHS
TOTAL
20.000 - ~~* COR. ART.DISEASE
w4 ACUTE M
16.000 - — 1 PUMPFAILURE
— + ARRHYTHMIA
12.000 -
8.000 -
4.000 -
o 1 I |
1980 1990 2000 2010
YEAR

Figure 1. The incidence of death from acute myocardial infarction, pump failure and cardiac arrhythmias
in recent years in the Netherlands. Although mortality from acute myocardial infarction fall, mortality from
pump failure and cardiac arrhythmias increased, resulting in an increase in total mortality from cardiac
diseases.

Development of new diagnostic and therapeutic strategies

In recent years we have seen the development of new strategies to diagnose and treat
ischemic syndromes, lipid disorders, congestive heart failure, etc. Unfortunately, many
of these established strategies are frequently not applied. Less than half of the patients
who should be treated with thrombolytics because of a myocardial infarction actually
receive that medication. The same holds for beta-blocking agents after a myocardial
infarction [3] or the use of lipid lowering agents in case of atherosclerotic disease,
independent of the lipid values. This suggests that new strategies coming from the
molecular-biologic and genetic laboratory may even be more difficult to apply. The
wide gap between the basic scientist and the clinician threatens to delay or even prevent
the introduction of that knowledge into clinical medicine. This can be illustrated by
table 1. In this table, possible cardiovascular therapies based on information from
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molecular biology are listed. Most clinicians will be familiar with the pathological
expression of cardiovascular disease, but their understanding of the basic processes
resulting in the interventions suggested in the right column in table 1 will be
disappointing. This stresses the necessity to bridge the rapidly widening gap between
basic science and clinical medicine. Failure to understand basic mechanisms seduces
the clinician to use a therapeutic shot gun approach. Restenosis after balloon dilatation
of an artery is a complex process, including thrombosis and repair by proliferation and
migration of cells to the inner wall of the vessel. Attempts to interfere with components
of this process, like the use of antithrombotic drugs have not been successful. These
disappointing results led to the use of irradiation of the vessel wall, so called
brachytherapy, with the intent to halt the repair process after balloon-induced damage
to the vessel wall. Such an approach is not based on the understanding of the processes
leading to restenosis but simply prevents the vessel lumen directed movement of the
repair process. Many of our current therapies are not interfering with basic processes
during disease. For example, congestive heart failure may have different causes like
hypertension, valvular, ischemic or myocardial disease. Often however, our therapy is
aimed at reducing circulatory volume, or decreasing afterload rather than correcting the
myocardial changes that resulted in pump failure.

Table 1. Molecular therapies for vascular diseases (from Gibbons and Dzau [4])

Pathologic event Therapeutic target

Plaque rupture Metallo proteinase inhibitors
Leucocyte adhesion blockers

Thrombosis Glyco protein IIb/I1la-receptor
blockers, tissue factor inhibitors,
antithrombosis

Endothelial dysfunction NO donors, anti-oxidants

Endothelial injury VEGF, IGF

Dysregulated cell growth Cell-cycle inhibitors

Dysregulated apoptosis Integrin antagonists

Matrix modification Metallo proteinase inhibitors

Plasmin antagonists

Bridging the gap

Molecular and cellular biology and molecular genetics are of major importance for our
understanding of normal and abnormal cardiovascular function. But how long will it
take before this information becomes therapeutically useful? Essential in this process
is to bridge the gap between basic science and clinical medicine. For the clinician there
are several problems, such as the understanding of the language of the basic scientist,
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the necessity to closely follow new information and to appreciate the value of
mechanism specific fine tuning above the shotgun approach. In this regard the approach
recently suggested by Judith Swain [5] is worth considering. In view of the changes in
academic medicine currently taking place in the United States, she pointed out that if
academics is to survive in academic medicine, closely knit groups performing four
different types of activities have to be formed. Table 2 shows how these four groups all
working in the cardiovascular area differ as to their involvement in research and patient
care. However, close contact between these four groups, for example, in a daily
meeting, where information and ideas are exchanged will lead to growing mutual
understanding and cooperation. It is obvious that funding of such a situation requires
a major change in thinking of hospital administrators and guru's of medical faculties.

Table 2. The "ideal" approach to bring basic information into academic medicine
(adapted from Swain [5])

Research Patient care
Physician scientist only --
Clinical investigator mostly --
Clinical educator -- mostly
Master clinician -- only

Conclusion

More than ever there is a need for understanding and cooperation between basic science
and clinical medicine. However, important conceptual and structural changes are
required to make this possible.
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2. THE TRANSCRIPTIONAL BUILDING BLOCKS OF THE
HEART

Diego Franco, Robert Kelly, Peter Zammit, Margaret Buckingham,
and Antoon F.M. Moorman

Introduction

Within the adult heart, it is convention to distinguish working myocardium (atrial and
ventricular) from conduction system myocardium, each characterized by distinct
functional properties and patterns of gene expression [1]. In the tubular heart,
expression of most contractile genes such as myosin and actin isoforms show either
homogeneous expression or a gradient along the antero-posterior myocardial tube. At
this stage, the heart exerts a peristaltoid contraction wave with a posterior-anterior
pacemaker polarity. With further development, five different functional cardiac
segments can be distinguished [2]. Two fast contracting segments, the atria and
ventricles grow out from the outer curvature of the primary heart tube. They are flanked
by slow conducting segments reminiscent to the primary cardiac tube, i.e. inflow tract,
atrioventricular canal and outflow tract [3]. The ventricles are characterised at this stage
by a trabeculated morphology. Eventually, an outer ventricular compact myocardial
layer is formed which shows a distinct pattern of gene expression [4]. At this stage, no
morphological ventricular conduction system is identifiable albeit that the heart exerts
a synchronous contraction wave from apex to the arterial pole. As the heart undergoes
septation, each cardiac segment is divided into right and left components. Transgenic
mice carrying regulatory sequences of myosin light chain genes have shown a distinct
transcriptional potential in right and left atrial and ventricular components [5,6]. The
first morphological evidence of a ventricular conduction system can be traced to the
fetal stage.

In the present study we have compared the pattern of expression of cardiac specific
genes during embryogenesis and we have integrated these data into a model of cardiac
transcriptional regulation. Furthermore, the arrangement of the distinct cardiac building
blocks explains the coordinated contraction and the ECG. Hence, the formation of the
cardiac ventricular conduction system does not need an extra-cardiac non-myocardial
origin.

P.A. Doevendans et al. (eds.), Cardiovascular specific gene expression, 7-16.
© 1999 Kluwer Academic Publishers.
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Materials and methods

Previously characterised expression patterns of myosin heavy chain (MHC) and myosin
light chain (MLC) isoforms [see for a review 7,8], muscle-specific creatine kinase and
GIn2 [9,10], and transgenic mice carrying regulatory sequences of MLC3F gene, i.e.
3F-nlacZ-2E [5], and 3F-nlacZ-9 [11] have been used to illustrate the developmental
profile of transcriptional potential during cardiac development.

To gain insight into the development of the conduction system, mouse embryos ranging
from embryonic day (E) 8.5 to E18.5 were collected and processed for in situ
hybridisation as previously described [11]. Serial sections were hybridised with
complementary cRNA probes against MLC2a [12], and MLC2v [13] isoforms, atrial
natriuretic factor [ANF, 14], slow skeletal troponin C [15], cardiac troponin C [15], and
SERCA2 [16] mRNAs. To gain insight into three-dimensional patterns of gene
expression, computer-aided three-dimensional reconstructions were generated.

Results

The tubular heart

In the early tubular heart, two types of expression patterns are observed, a homogeneous
expression or a gradient along the antero-posterior cardiac tube (figure 1), with the
possible exception of MLC2v which has been described to be restricted to the
ventricular myocardium as early as the cardiac tube stage [13].

Figure 1. In situ hybridisation of E10 rat heart hybridized with a cRNA probe against sarcoplasmatic
reticulum calcium-ATPase (SERCA2a) mRNA (a) and beta myosin heavy chain (B-MHC) mRNA (b). Note
the gradual decrease of expression from the posterior (atrial; A) to the anterior (outflow tract, oft) pole of
the heart for the SERCA2 mRNA (a). In essence, the opposite pattern is observed for B-MHC mRNA (b). V.,
ventricle.
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The five segment heart

With further development, five functional segments can be distinguished in the
embryonic heart, i.e. inflow tract, atria, atrioventricular canal, ventricles, inflow tract.
a-MHC and the regulatory MLC2a mRNAs become confined to inflow tract, atrial and
atrioventricular canal myocardium and, interestingly, remain transiently expressed in
outflow tract myocardium (figure 2a). Conversely, B-MHC and MLC2v is expressed
mostly in outflow tract, ventricular and atrioventricular canal myocardium. Remarkably
both genes (MLC2a and MLC2v) are also expressed in inflow tract myocardium (figure
2b). Thus, co-expression of MHC and regulatory MLC isoforms is observed in the
remaining myocardium of the primary heart tube, whereas a down-regulation of “atrial-
specific” genes is observed in the ventricle and a down-regulation of “ventricular-
specific” genes is observed in the atria.

Figure 2. (a) In situ hybridisation of E14 mouse heart hybridised with a cRNA probe against myosin light
chain 2a (MLC2a) mRNA. (b) In situ hybridisation of a rat newborn (one-day old) hybridised with a cRNA
probe against myosin light chain 2v (MLC2v) mRNA. Expression of MLC2a is confined to the atrial
myocardium, atrioventricular canal myocardium and outflow tract myocardium. Only low level of expression
is observed in the ventricular myocardium. MLC2v mRNA expression is confined to the ventricular
myocardium and to the myocardial cells surrounding the caval veins (derivatives from the embryonic inflow
tract). Observe that no expression of the MLC2v is observed in the atrial myocardium. LA, left atrium; LV,
left ventricle; RA, right atrium; RV, right ventricle; AVC, atrioventricular canal; OFT, outflow tract; CV,
caval veins.
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Figure 3. Whole-mount X-gal coloration of 3F-nlacZ-2E transgenic mouse embryos at E8.5 (a) and E10.5
(b) days of gestation. Observe that expression of the transgene is even along the myocardium at E8.5 and
becomes confined to the embryonic left ventricle and right atrium at E10.5. Whole-mount in situ
hybridisation of a E14.5 mouse heart hybridised with a dig-labeled cRNA probe against MCL2a mRNA-
expression of MLC2a endogenous transcript is mainly confined to the atrial myocardium and to the outflow
tract myocardium, whereas low levels of expression remain detectable in the ventricular myocardium. It is
important to highlight that endogenous expression of MLC2a mRNA, at this stage, is higher in the right
ventricular myocardium than in the left ventricular myocardium. A, anterior pole; V, venous pole, LA, left

atrium; LV, left ventricle; RA, right atrium; RV, right ventricle; AVC, atrio-ventricular canal; OFT, outflow
tract.
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The seven segment heart

Soon after cardiac looping, right and left atrial and ventricular primordia can be
observed. Transgenic mice carrying B-galatosidase reporter gene under transcriptional
control of regulatory sequences of the MLC3F gene locus demonstrate a differential
transcriptional potential between right and left atrial and ventricular domains [5].
Detailed analysis of the developmental profile of transgene expression demonstrates
that right/left differential transgene expression develops after cardiac looping (figure
3a and 3b) [11]. Differential expression of endogenous genes also has been observed
for different MHC and MLC isoforms during development (figure 3c; table 1).

Table 1. Summary of the differential expression in the right compact myocardial
(RCM) layer versus the left compact myocardial (LCM) layer of MHC and MLCs
isoforms during development. >, higher than; =, equal to.

aMHC RCM>LCM from E12.5 to E18.5
BMHC LCM>RCM at birth

MLCla RCM>LCM from E12.5 to E16.5
MLClv RCM=LCM

MLC2a RCM>LCM from E14.5to E18.5
MLC2v RCM=LCM

MLC3f RCM>LCM from E9.5 to E10.5

The eighth cardiac segment?

Further differences in gene expression are observed in the ventricular component of the
developing heart. With the formation of the compact myocardium, differences in gene
expression between the trabeculations and the compact myocardium are observed. In
essence, “atrial-specific” isoforms are more highly expressed in the trabeculations than
in the compact myocardium, whereas “ventricular-specific” isoforms are expressed at
low levels in the trabeculations as compared to the compact myocardium [4]. Two
examples that illustrate this paradigm are the expression of ANF and SERCAZ; ANF
mRNA is highly expressed in the ventricular trabeculations and in the atrial
myocardium, but not in the compact myocardium or in the atrioventricular canal (figure
4). SERCA2 mRNA is more highly expressed in the atria than in the ventricles and
interestingly shows a steep decrease in expression in atrioventricular canal as well as
in the trabeculations.

Discussion

The pattern of expression of distinct cardiac muscle genes in the developing heart
suggests that at least seven different transcriptional domains can be distinguished, i.e.
outflow tract, right ventricle, left ventricle, atrioventricular canal, right atrium, left
atrium and inflow tract. Eventually an eighth domain will be developed, namely the



12 D. Franco et al.

ventricular conduction system. We propose herein a model of transcription that
accounts for the progressive formation of these distinct domains during cardiogenesis.
In the early tubular heart, most genes show homogeneous expression or gradients along
the antero-posterior (AP) cardiac tube. Consequently, we suggest thus that cardiac
transcription activators (AA, anterior activator; PA, posterior activator) are also
expressed as gradients along the AP axis (figure 5a). This hypothesis is underscored by
the expression pattern of dHAND described by Biben & Harvey [17].

We suggest that at least two cardiac transcriptional repressors are expressed in the
embryonic heart; a “ventricular-specific” atrial repressor (VS-AR) inducing down-
regulation of atrial genes in the ventricles, and a “atrial-specific” ventricular repressor
(AS-VR) inducing down-regulation of ventricular genes in the atria (figure 5b). This
hypothesis is underscored by the pattern of expression of MHC and regulatory MLCs
in the embryonic heart. Co-expression of “atrial-specific” and “ventricular-specific”
isoforms is observed in the slow-conducting cardiac flanking segments, whereas
expression in the fast-conducting atrial and ventricular myocardial populations is
restricted to “atrial-specific” or “ventricular-specific” isoforms, respectively (figure 5c).
It is tempting to speculate that transient differences in gene expression between
right/left components can be ascribed to a temporal difference in the maturation process
between the right and left compact myocardial layers.

Figure 4. In situ hybridisation of an E14 mouse heart hybridised with a cRNA probe against ANF mRNA.
Note that ANF mRNA expression is confined to the atrial myocardium and the ventricular trabeculated
myocardium. LA, left atrium; LV, left ventricle; RA, right atrium; RV, right ventricle.
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In this line, the maturation of the left ventricular compact myocardium would precede
that of the right ventricular compact layer. This differential transcriptional potential
between right and left cardiac chambers is, nonetheless, maintained in the adult heart
[5,18]. The differential gene expression phenotype observed between the trabeculated
and the compact myocardium of the ventricles might also be explained in terms of
maturation. Based on the expression pattern of contractile genes, the compact
myocardium displays a more mature phenotype than the trabeculations [4,8], whereas
based on the expression pattern of genes involved in impulse conduction [19,20] as well
as on direct measurements of their conductive properties [21], the trabeculations display
a more advanced phenotype. This “ambiguous” phenotype of the trabeculations is
characteristic of the adult ventricular conduction system as well.

Morphological identification of the ventricular conduction system is first observed at
the late fetal stage. However, some characteristics of the adult conduction system are
observed in the embryonic heart; the trabeculations share with the ventricular
conduction system, i.e. the bundle branches, a weak SERCA2 mRNA expression and
a high level of expression of ANF, desmin and a.-smooth-muscle actin. Taken together,
these data suggest that the ventricular conduction system originates from the embryonic
ventricular trabeculated layer.

Figure 5. Model of cardiac gene trans-
criptional regulation during embryogenesis.
Detailed explanation of the model is given in
the discussion. AA, anterior pole activator;
PA, posterior pole activator;, VS-AR,
ventricular-specific atrial repressor; AS-VR,
atrial-specific ventricular repressor; oft,
outflow tract; v, ventricles; ave, atrioven-
tricular canal; a, atria; ift, inflow tract.
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Conclusion

Within the adult heart, it is conventional to distinguish (atrial and ventricular) working
myocardium and the conduction system, each characterized by distinct functional
properties and patterns of gene expression. The embryonic heart also shows distinct
myocardial components whereas a morphologically defined conduction system is not
distinguishable, albeit the heart exerts an antero-posterior conductive polarity and an
ECG similar to the adult one.

The expression pattern of endogenous myosin isoforms, in addition tot transgenic mice
harboring regulatory sequences of the myosin light chain 1F/3F, permit seven different
transcriptional compartments to be distinguished. This compartmentalization of the
embryonic heart is entirely compatible with the model of cardiac segments of Moorman
and Lamers (Trends Cardiovasc Med 1995;4:257) that explains how the embryonic
heart can function without valves and without a morphologically distinct conduction
system. In this model the sinoatrial node is derived from the inflow tract and the
atrioventricular node from the atrioventricular channel.

In the present chapter we suggest that, based on the patterns of gene expression of
myosin light chain and myosin heavy chain isoforms, atrial natriuretic factor, GIn2
antigen, creatine kinase isofroms and troponin isoforms, the ventricular conduction
system is derived from the trabeculations. We show that the development of the
conduction system is inextricably associated with the formation of the different
transcriptional compartments without the need of an extra-cardiac origin of the
conduction system.
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3. A CARDIAC-SPECIFIC TROPONIN I PROMOTER.
DISTINCTIVE PATTERNS OF REGULATION IN
CULTURED FETAL CARDIOMYOCYTES, ADULT HEART
AND TRANSGENIC MICE

Stefano Schiaffino, Simonetta Ausoni, Caterina Millino, Elisa Calabria,
Claudia Sandri, and Raffaella Di Lisi

Introduction

Different types of regulatory genes are involved in cardiac muscle development and
cardiac gene regulation, including ubiquitous factors, such as SRF, SP1 and TEF-1, and
genes coding for specific transcription factors: MADS-box transcription factor genes,
such as the MEF2 genes which are also involved in the specification of skeletal and
smooth muscle, homeobox genes, such as Nkx2.5, zinc-finger genes of the GATA
family, such as GATA 4-6, and bHLH genes, such as dHAND and eHAND [1,2]. Gene
regulation seems to require combinatorial interactions between cardiac-specific and
ubiquitous factors: for example a physical interaction between Nkx2.5 and SRF is
involved in the activation of the cardiac a-actin gene [3]. The study of cardiac gene
regulation is complicated by the specific pattern of transcription of each gene, both with
respect to temporal specificity during development and spatial specificity in the various
heart chambers, presumably reflecting a modular regulation via multiple cis-acting
elements [4]. Multiple approaches, including promoter analyses in cultured cells, in
adult heart and in transgenic mice, are required to dissect the activity in time and space
of cardiac regulatory genes and their combinatorial interactions.

The cardiac troponin I gene

We have applied this multiple approach strategy to the study of the cardiac troponin I
(cTnl) gene. The cTnl gene is one of the few myofibrillar protein genes that are
selectively expressed in the myocardium. Most cardiac myofibrillar protein genes are
in fact also expressed in skeletal muscle either transiently during development, e.g. the
cardiac troponin T gene, or throughout postnatal life, e.g. the myosin heavy chain -
slow (MHC-B slow). To our knowledge there are only three myofibrillar protein genes

P.A. Doevendans et al. (eds.), Cardiovascu:!ur specific gene expression, 17-25.
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which are expressed exclusively in the mammalian heart: ¢Tnl [5], the atrial isoform
of myosin light chain 2 (MLC-2a) [6], and the cardiac C protein or myosin binding
protein C (cardiac MyBP-C) [7,8].

Another distinctive feature of the cTnl gene is the fact that this gene is poorly expressed
at the earliest stages of heart development. In the rat the slow skeletal isoform of Tnl
(sTnl) is initially strongly expressed in the developing heart, then cTnl and sTnl are co-
expressed during fetal and neonatal stages and sTnl is finally down-regulated during
postnatal development [9,10,11,5]. A similar isogene switching occurs in the
developing mouse [12] and human heart [13,14]. In situ hybridization analyses show
that cTnl transcripts are present in atria and ventricles, but not in the distal outflow tract
of the embryonic rat [15] and mouse heart (figure 1, see also [12]). In addition, cTnl
protein can be detected by immunohistochemistry in rat atria but not in ventricles
between day 11 and day 18, namely at stages when the corresponding mRNA is present
in both atria and ventricles [15]. These findings point to the complexity of
transcriptional and post-transcriptional regulation of the cTnl gene in the developing
heart.

Figure 1. Distribution of cTnl transcripts in the embryonic mouse heart as determined by in situ
hybridization. Sections of formaldehyde-fixed, paraffin-embedded 10 day embryos were hybridized with a
¥S-labeled probe complementary to cTnl mRNA, then processed for autoradiography and viewed by dark-
field microscopy. Note that transcripts are present in both atria (4) and ventricles (V) while they are poorly
expressed in the proximal portion of the outflow tract and are absent in the distal outflow tract (OT).
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Promoter analysis of the cTnl gene in vitro and in vivo

The promoter elements and transcription factors responsible for tissue-specific and
developmental stage-specific regulation of the cTnl gene were first investigated in vitro.
A proximal positive regulatory region followed by an intermediate negative region and
a distal positive regulatory region have been identified in the mouse cTnl gene promoter
by transfection with deletion constructs in cultured cardiomyocytes [16]. A similar in
vitro transfection approach has recently lead to the demonstration that a GATA element
plays a crucial role in the rat cTnl gene promoter [17].

A B
SV40 Sv40
cTnl cTnl
0 100 200 300 0 10 200 300
O 3T3 cells O skeletal muscle
| fetal cardiomyocytes W heart

Figure 2. A short fragment of the cardiac Tnl promoter confers cardiac-specific expression to reporter genes
after transient transfection in cultured fetal cardiomyocytes (4), and after DNA injection in adult heart (B).
A: A -230/+16 fragment of the mouse cTnl gene linked to the CAT reporter is expressed at much higher levels
in cultured fetal cardiomyocytes than in 3T3 cells. Note that the activity of the cTnl promoter is even higher
than that of a viral SV40 promoter. B: The same -230/+16 fragment of the cTnl promoter is active after
injection in the adult rat heart whereas it is poorly expressed after injection in regenerating rat skeletal
muscle.

We have now investigated in greater detail the regulatory properties of the proximal
cTnl promoter in cultured cardiomyocytes, in the adult heart and in transgenic animals
[18]. As shown in figure 2, a short (-230/+16) fragment of the cTnl promoter confers
cardiac-specific expression to reporter genes after transient transfection in cultured fetal
cardiomyocytes and in the adult heart. This region of the cTnl promoter contains
several putative regulatory elements, including two GA-rich sequences highly
homologous to the consensus binding site for the ubiquitous SP1 transcription factor,
three GATA elements, and an A/T-rich sequence (figure 3). By electrophoretic
mobility shift assays and supershift assays with specific antibodies we have established
that the GA-rich sequences are target sites for SP1 and the A/T-rich sequence is a target
site for MEF2 factors and the ubiquitous Oct-1 factor, while the GATA elements are
target sites for GATA-4 and possibly for GATA-5 and -6. The role of these elements
has been analyzed by transfecting deletion/mutation constructs in cultured
cardiomyocytes and adult heart.
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Regulatory elements in the proximal promoter of
the mouse cardiac troponin | gene
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Figure 3. The proximal promoter of the mouse cardiac Tnl gene contains several putative regulatory
elements, including two GA-rich sequences which are target sites for SP1, three GATA elements which are
target sites for GATA-4, and an A/T-rich sequence which is a target site for MEF2 and Oct-1.

As shown in figure 4, all three types of elements appear to be important for cTnl
promoter regulation, however their relative contribution differs in cultured
cardiomyocytes compared to adult myocardium. The most striking difference was
observed with mutations of GATA elements that markedly reduce the activity of the
promoter in cultured cells, but appear to have a minor effect in the adult heart.
Interestingly, we have found that the level of factors binding to GATA elements present
in the c¢Tnl promoter is considerably reduced in nuclear extracts from adult heart
compared to fetal cardiomyocytes. In addition, the distribution of the GATA 4-6 factors
is known to change during development, e.g. GATA 5 is expressed in embryonic, but
not in adult heart [19]. However, the relative role of the three GATA factors in the
regulation of the cTnl gene remains to be established. In conclusion, the results of
promoter analyses in vitro and in vivo indicate that the regulatory mechanisms
responsible for the activation of the cTnl gene in differentiating fetal cardiomyocytes
differ from those responsible for the maintenance of cTnl gene transcription in the
mature heart; specifically, the results point to a much greater role of GATA factors in
developing compared to adult heart.

Pattern of expression of the cTnl promoter in transgenic mice

In order to explore the role of the proximal promoter during early stages of
cardiogenesis we have generated transgenic mice carrying a -230/+126 fragment of the
cTnl gene linked to a LacZ reporter gene. Several lines of mice expressing the
transgene have been obtained and are currently evaluated. Figure 5 illustrates two of
these lines. In one line the cTnl promoter is strongly active throughout the embryonic
heart (figure 5 A, B). In contrast, another transgenic line shows a regional pattern of
expression, the transgene being mainly expressed in the right atrium and the left
ventricle of the developing heart (figure 5 C, D). A different heterogeneous pattern is
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seen in other lines in which the transgene is expressed in atria but not in ventricles (not
shown). The variable pattern of expression is not related to transgene copy number,
therefore presumably reflects an integration site-dependent effect. These findings
indicate that a small sequence of the cTnl promoter contains regulatory elements that
are able to direct cardiac-specific expression, however this transcriptional potential may
vary in different heart compartments.

A
B AT-rich
element
230 ——— e——
— ¥ =
(; 5}! 160
C GATA

elements

230 —— OO0 ———

0 50 100
[ adult heart
| fetal cardiomyocytes

Figure 4. Deletion and mutation of regulatory elements in the cardiac Tnl promoter: differential effects in
vitro and in vivo. Promoter analysis was carried out by transient transfection in cultured fetal
cardiomyocytes (stippled bars) and in the adult heart (black bars). Note that mutations of GATA elements
inactivate the cTnl promoter in cultured cells but have a minor effect in the adult heart.

Other transgenes were previously found to display regionalized patterns of expression.
Cardiac actin regulatory sequences direct LacZ transgene expression mainly in the left
ventricle [20], whereas regulatory sequences from the MLC2v gene direct LacZ
transgene expression in the right ventricle and outflow tract [21]. Some MLC3F-LacZ
transgenes are expressed mainly in the right atrium and the left ventricle [22], whereas
others are expressed in both atria and ventricles but not in the inflow and outflow tracts
[23]. Transgenic mice may thus reveal differences between various heart compartments
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Figure 5. A -230/+126 fragment of the cTnl gene promoter directs cardiac expression of a LacZ reporter
gene in transgenic mice. Embryos were stained for B-galactosidase at day 10.5. In one transgenic line (4,
B) the whole heart stains for the reporter, whereas in another line (C, D) the expression is stronger in the
right atrium and left ventricle and there is some ectopic expression in the central nervous system.
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reflecting the existence of distinct transcriptional domains, which often are not revealed
by the distribution of endogenous genes [24].

The problem now is to identify the specific factors responsible for the distinctive
transcriptional potential of the various heart segments. One possibility is that cardiac-
specific transcription factors are regionally distributed in the developing heart. For
example, the bHLH transcription factors dHAND and eHAND show a divergent pattern
of expression: dHAND is expressed in the right ventricle but only weakly in the left
ventricle, wheras eHAND is expressed in the left but not in the right ventricle [25,26].
However, other transcription factors such as GATA4 and MEF2 seem to be expressed
throughout the myocardium. It is possible that regional specificity within the heart
reflects variations in the level of individual transcription factors and/or unique
combinations of different factors. Selective alteration of cis-acting elements in
transgenic mice could be used to identify the transcription factors responsible for
regional specification.

Conclusions and perspectives

In conclusion, the cardiac-specific cTnl gene displays unique developmental and
regional patterns of expression in the mammalian heart. Promoter analyses performed
on differentiating and mature cardiomyocytes reveal a differential role of transcription
factors, in particular GATA factors, in cTnl gene regulation. Transgenic mice often
display heterogeneous pattern of cTnl transgene expression in heart compartments and
will be useful to define the boundaries between transcriptional domains in the
developing heart and the mechanisms that generate these domains.
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4. MICE DEFICIENT IN MUSCLE LIM PROTEIN (MLP)
REVEAL A PATHWAY TO DILATED CARDIOMYOPATHY
AND HEART FAILURE

Pico Caroni

Introduction

The striated muscle specific Lin 12, Islet 1, Mec 3 (LIM)-only protein MLP is a
conserved positive regulator of myogenic differentiation associated with the actin-based
cytoskeleton and the cell nucleus [1,2]. In the heart, MLP is expressed at high levels in
atrial and ventricular myocytes during development and in the adult [1]. MLP consists
of two LIM double-zinc fingers linked by a spacer of 58 residues. The LIM motif is a
protein binding interface found in a diverse group of proteins [3]. MLP may promote
myogenic differentiation by both acting as a molecular adapter to modulate protein
assembly along the actin-based cytoskeleton, and by promoting muscle specific gene
expression as a transcriptional co-factor. This hypothesis is supported by the
demonstration that the second LIM motif of MLP can specifically target interacting
proteins to the actin-based cytoskeleton [2], and the first LIM motif mediates the
interaction of MLP with muscle-specific transcription factors [4].

Long-term cardiac and skeletal muscle performance is regulated through feedback
mechanisms that link mechanical load to the expression of muscle genes, myofibrillar
organization, and muscle fibre size [5,0]. In a clinically significant aspect of this
process, the adult heart reacts to increased demands for mechanical work via the
activation of an adaptive hypertrophic response that is associated with the induction of
a defined subset of muscle genes, and expansion of the myofibrillar apparatus. Although
compensatory in its nature, this reaction can lead to cardiac dysfunction and heart
failure [7]. The molecular mechanisms that link mechanical load to striated muscle
growth are poorly understood. Interestingly, like MLP, the LIM-only protein CRP
(cysteine-rich protein), which is highly homologous to MLP and is expressed in smooth
muscle cells and activated fibroblasts, also targets to the actin cytoskeleton. In muscle
cells and activated fibroblasts, the possibility exists that mechanisms which involve the
actin-based cytoskeleton may link mechanical stress to specific patterns of gene
expression and cellular organization [8]. Accordingly, one possibility is that MLP may
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be involved in the linkage between tension and muscle growth through the organization
of the myofibrillar apparatus and muscle cytoplasm along the actin cytoskeleton.

Severe postnatal dilated cardiac hypertrophy in MLP-deficient mice

To examine the role of MLP in muscle formation and growth we analyzed mice with
a targeted disruption of the MLP gene [9]. Mice heterozygous for the disrupted MLP
allele had no detectable phenotype. In contrast, although MLP (-/-) mice displayed no
obvious defects at birth, 50-70% of them developed signs of fatigue between postnatal
day 5 (P5) and P10, and died within 20-30 hours from the onset of these symptoms
(early phenotype mice). MLP deficient mice that did not die during the second postnatal
week developed to adulthood and were viable (adult phenotype mice). Second postnatal
week mortality was higher in crosses between heterozygous (70-80%) than homozygous
(50-55%) animals, suggesting that the penetrance of the early phenotype was affected
by the genetic background of MLP (-/-) mice. In contrast, the adult phenotype was
nearly 100% penetrant. It included severe defects in cardiac function and structure (see
below). In addition, a marked impairment in sustained performance of the limb
musculature was detected.

Closer examination of MLP (-/-) mice revealed selective defects in striated muscle
structure and function. Although both skeletal and cardiac muscle lacked rigor, defects
were most dramatic in the heart, which showed strikingly decreased tone and became
obviously enlarged during postnatal life. At birth, MLP-deficient hearts were already
deficient in rigor, but displayed no differences in heart/body weight ratios.
Subsequently, mice with the early phenotype rapidly developed dramatically enlarged
hearts, whereas cardiac growth was more gradual and less pronounced in the remaining
MLP-deficient mice. Enlargement affected the four heart chambers to a similar extent.
This finding and the fact that in wild-type mice MLP is expressed in all cardiomyocytes
suggested that the phenotype was due to an intrinsic cardiac defect.

ANF mRNA was markedly elevated in the ventricles of early phenotype hearts. Strong
induction was also detected for muscle ankyrin repeat protein (MARP) transcript, a
novel hypertrophy-associated gene [10]. In contrast, no significant induction of
MLC-2v or actin transcripts was detected. The hearts of adult MLP (-/-) mice had
mRNA patterns characteristic of the cardiac hypertrophy response. In summary, all
MLP deficient mice develop a marked cardidc hypertrophy reaction, and the two
subgroups of mice differ in their susceptibility to a massive and lethal response during
the second postnatal week

Major defects in cyto-architectural organization in MLP deficient cardiac
myocytes.

Ultrastructural analysis revealed a dramatic disruption of cardiac myofibrillar
organization and a pronounced increase in non-myofibrillar space throughout the heart
of MLP-deficient mice. Qualitatively similar alterations in ultrastructure have been
described for the late phases of dilated cardiomyopathy in humans, albeit usually not
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to such a dramatic extent [11,12]. Similarities between the two conditions also extend
to characteristic alterations in the distribution of vinculin, a protein involved in the
anchorage of the actin-based cytoskeleton to the cell membrane. In MLP-deficient mice
vinculin immunoreactivity was consistently stronger and broader, and extended into the
cytosol, and adherens junction. In further analogy to the human disease, the hearts of
adult (but not early postnatal) phenotype mice had prominent signs of interstitial cell
proliferation and fibrosis. These results indicate that MLP-deficient mice develop
dilated cardiomyopathy with ultrastructural and histological features similar to those
found in human patients. Alterations in the organization of the actin cytoskeleton and
myofibrillar apparatus were already detectable in the hearts of newborn MLP-deficient
mice [9], i.e. at a time when the heart tissue was already abnormally soft, but not
obviously heavier. These findings suggest that in these mice some disorganization of
cardiomyocyte cyto-architecture precedes an overt hypertrophic response.

To determine whether the cardiac phenotype of MLP (-/-) mice was intrinsic to heart
muscle cells and cell autonomous, cultured newborn ventricular myocytes were
analyzed. When compared to controls, cardiomyocytes from MLP (-/-) mice
consistently spread over a larger area, and had unusually high numbers of pseudopodia.
After S days in the presence of the B-adrenergic agonist isoproterenol, MLP-deficient
cardiomyocytes had a lacerated appearance, suggestive of impaired resistance to
mechanical stress. Significantly, similar irregular outlines were detected in freshly
isolated adult cardiomyocytes from MLP (-/-) hearts [9], indicating that the overall
organization of cardiomyocytes was severely perturbed in the absence of MLP, both in
situ and in isolation. These findings indicate that the absence of MLP affects myofibril
organization and overall cardiomyocyte cyto-architecture in a cell autonomous manner.

MLP accumulates at lateral anchorage sites of myofibrils, and promotes the
cytoarchitectural organization of the cardiomyocyte

In adult ventricular cardiomyocytes in situ, MLP immunoreactivity was detected in a
mainly striated cytosolic pattern and the signal was highest at vinculin-positive
intercellular attachment sites [9], suggesting that it may be associated with the Z-line
of myofibrils. Consistent with this interpretation, in cultured cardiomyocytes from
newborn MLP (+/+) mice MLP accumulated in a 2um-spaced double-band pattern
along myofibrils in the vicinity of the Z-line [9]. Z-line-associated structures are
responsible for the lateral allignment of myofibrils and their lateral anchorage at N-
cadherin- and vinculin-containing costameres along the cell membrane [13]. In MLP-
deficient cardiomyocytes connexin-43-positive gap junction structures at sites of cell-
cell contact were consistently smaller and less well organized [9]. Similar deficits in
connexin-43-positive structures at adherens junction sites were detected in freshly
isolated cardiomyocytes from adult MLP (-/-) mice. These findings suggest that MLP
may be a crucial component of the anchorage structures involved in the establishment
and maintenance of cardiomyocyte cyto-architecture.

To determine whether MLP promotes proper cardiomyocyte cyto-architecture, MLP
and related constructs were transfected in cultured cardiomyocytes from newborn MLP
(-/-) mice. Expression of MLP led to significant organization and simplification of the
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myofibril pattern in transfected cardiomyocytes [9]. MLP consists of the two LIM
domains M1 and M2, linked by a 58 amino acid spacer region. Targeting to the actin
cytoskeleton is due to the specific binding properties of the LIM domain M2 of MLP
[2]. Consistent with the actin cytoskeleton properties of the Z-line region, the two-LIM
construct M2M2 bound to Z-line structures, whereas the corresponding M1M1
construct did not. Interestingly, however, neither M2M2 nor M1M1 promoted myofibril
organization in a manner comparable to that of MLP.

MLP-deficient mice reproduce the clinical features of cardiomyopathy and heart
failure in man

To explore the possibility that MLP-deficient mice may reproduce the characteristic
features of dilated cardiomyopathy in humans cardiac morphology and performance in
adult MLP-deficient mice was analyzed in vivo utilizing miniaturized physiological
technology [14,9]. Echocardiographic studies showed marked differences in cardiac
morphology and function between MLP (-/-) and wild type (MLP (+/+) mice, and
suggested the presence of depressed myocardial contractility (inotropic state) [9].
Retrograde catheterization of the left ventricle (LV) via the carotid artery in
anesthetized, closed-chest mice revealed a marked reduction of the maximum first
derivative of LV pressure in MLP (-/-) mice, clearly demonstrating depression of
myocardial contractility. LV relaxation was also markedly impaired, and the LV end-
diastolic pressure was elevated [9]. These features, together with elevated lung weights
suggesting fluid accumulation, are consistent with left ventricular pump failure as seen
in human dilated cardiomyopathy [15,16]. To determine if the MLP (-/-) mice displayed
the decreased sensitivity of contractility and relaxation to -adrenergic stimulation
observed in human heart failure [17], the response of LV contractility and relaxation
to graded doses of the B- adrenergic agonist dobutamine was measured. These
experiments revealed that both normal responses to -adrenergic stimulation were
abolished in the MLP (-/-) mice [9].

Role of MLP in the organization of the actin-based cytoskeleton of striated muscle
cells

How does MLP affect the organization of myofibrils and related cytosolic structures?
One important clue comes from its accumulation at structures (Z-lines) that play a
crucial role in the establishment and maintenance of cardiomyocyte cyto-architecture.
Thus myofibrils get organized laterally at the Z-line, and their growth, organization and
intercellular allignment involves anchorage sites of the Z-line to N-cadherin- and
vinculin-positive costameres [13]. Our findings that: 1) myofibril organization,
intercellular gap junction structures, and the overall structural compaction of
cardiomyocytes in vivo and in vitro were impaired in the absence of MLP, and that 2)
reintroduction of MLP in transfected cardiomyocytes from newborn MLP (-/-) mice
attenuated the myofibril disorganization phenotype strongly support the notion that
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MLP is a crucial component of the apparatus involved in the organization and
maintenance of cardiomyocyte cytoarchitecture. Interestingly, addition of antibodies
against N-cadherin to cardiomyocyte cultures induced myofibrillar and cytosolic
disorganization comparable to that detected in MLP-deficient hearts, and these effects
were also detected for cardiomyocytes that were not in contact with nearby cells
[13,18]. Possibly, signals to the N-cadherin complex from both the outside and the
inside (costamere complex, Z-line) of the cell regulate cardiomyocyte cytoarchitecture,
and optimal signaling from the inside of the cardiomyocyte may require the presence
of MLP.

Susceptibility to dilated cardiomyopathy in MLP-deficient mice

What drives the dramatic hypertrophic response in the early phenotype MLP (-/-) mice?
Shortly after birth, the neonatal heart is confronted with an increase in mechanical
workload. As a result, a physiological neonatal left ventricular hypertrophic response
is activated about 3 days after birth. Remarkably, in MLP-deficient mice the massive
hypertrophic response affected all four heart chambers. A possible explanation for these
observations is that systemic, chamber wall stress, and local pressure signals may
combine to induce and control the hypertrophic response in the heart. MLP may be
directly involved in the mechanisms that couple tension to the hypertrophic response.
Alternatively, it may play an essential role in the formation and maintenance of the
structural substrate required for coupling. The etiology of dilated cardiomyopathy with
hypertrophy in patients is poorly understood, but in some cases there is evidence for a
previous viral myocarditis in otherwise healthy patients, with no apparent predisposition
for heart disease [12,15,16]. The dilated cardiomyopathy that follows these infections
appears to develop rapidly, and can involve several heart chambers. Although the hearts
of newborn MLP-deficient mice were not enlarged, they were already soft with
disorganization of actin-based structures. One possibility, therefore, is that dilated
cardiomyopathy develops when the structural integrity of cardiomyocytes and their
intercellular contact sites is compromised.

The morphological, functional and molecular features in MLP (-/-) adult mice are
undistinguishable from those seen in human heart failure resulting from dilated
cardiomyopathy of various etiologies. Dilated cardiomyopathy is the convergent
phenotype of various diseases which cause loss or dysfunction of cardiomyocytes. The
molecular mechanisms leading to the common phenotype of dilated cardiomyopathy
are not known and of great interest. The striking properties of MLP (-/-) mice suggest
that molecular pathways involving MLP may become dysfunctional during the
transition to dilated cardiomyopathy and heart failure. It is anticipated that the principal
value of the MLP-deficient model of genetic dilated cardiomyopathy will be for the
identification of genes which are involved in the genesis and maintenance of heart
failure [19-22], and the application of gene targeting/transgenic techniques to confirm
the interactions of other genes with the MLP heart failure phenotype.
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Conclusion

MLP is a LIM-only protein of terminally differentiated striated muscle cells, where it
accumulates at actin-based structures involved in cytoarchitecture organization. To
define the role of MLP in myogenic differentiation we generated MLP-deficient mice.
Such mice have soft hearts, with disruption of cardiomyocyte cytoarchitecture at birth.
Similar defects were detected in cultured newborn cardiomyocytes, where they could
be reversed by forced expression of MLP. After birth, MLP-deficient mice consistently
develop dilated cardiomyopathy with hypertrophy and heart failure. The results indicate
that MLP plays an essential role for proper cardiomyocyte architectural organization,
and suggest that dilated cardiomyopathy may involve intrinsic defects in the
cytoarchitecture of cardiomyocytes. In addition, they provide an animal model for
dilated cardiomyopathy with hypertrophy and heart failure in a genetically modifiable
organism.
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5. REGULATION OF ENDOTHELIAL CELL SPECIFIC
RECEPTOR TYROSINE KINASE GENE EXPRESSION
DURING DEVELOPMENT AND DISEASE

Thorsten M. Schlaeger

Introduction

Endothelial cells and the development of the cardiovascular system

The cardiovascular system is the first organ system that forms during embryonic
development. The early lethality of most of the gene mutations that affect the formation
of the heart and blood vessels clearly demonstrates its importance for the growing
embryo (see T.I. Koblizek et al., chapter 17).

The normal development of the cardiovascular system starts at the mid-primitive streak
stage in the extra-embryonic splanchnopleura, where hemangioblasts, proposed
common precursors of endothelial and blood cells, are induced to differentiate by the
adjacent endoderm (for review, see [1]). Aggregates of hemangioblasts are called blood
islands, and cells in the center of each blood island will give rise to the primitive
hematopoietic precursors, while those in the periphery will become angioblasts [2-4].
Angioblasts are the direct precursors of endothelial cells (ECs), which will line the
walls of the heart as well those of all lymphatic and blood vessels.

The first vascular channels then form by the fusion of neighbouring blood island
cavities. This in situ-formation of vessels is called vasculogenesis [5,6]. It is also the
process by which the first intra-embryonic vessels arise, such as the dorsal aorta and the
heart tube. However, most of the intra-embryonic angioblasts differentiate directly from
the paraxial mesoderm, in the absence of hematopoiesis. Only the caudal
splanchnopleura can give rise to embryonic hemangioblasts [7,8].

At later developmental stages, new vessels are mainly formed by angiogenesis, i.e.
either by sprouting from a pre-existing vessel [9,10], or by the splitting of the lumen of
a vessel (intussusception [11]). Angiogenesis is the only process by which those organs
that lack endodermal components (e.g. brain and kidney) can be vascularized, while
vasculogenesis is predominant at the beginning of the vascularization of the
splanchnopleura and its derivatives (e.g. in liver, gut and lung) [12].

During the vascularization of a tissue, the number of vessels initially laid down usually
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exceeds the vascular density required, and pruning, i.e. the removal of excess and
unperfused vessels, is involved in the modification of the vascular plexus. Other vessels
acquire a stabilized phenotype, which is characterized by the strengthening of inter-
endothelial cell junctions, the recruitment of pericytes and smooth muscle cells, and the
deposition of a specialized extracellular matrix (for review, see [13,14]). In addition,
some venous vessels give rise to lymphatic vessels by a process of sprouting [15,16].
Finally, organ-specific features of the blood vessels, such as the fenestrae of kidney
glomerular ECs [17], and the unique characteristics of blood-brain barrier ECs [18], are
induced by organ-specific paracrine cues.

In the adult, the vascular tree is very stable, with little turnover taking place [19].
However, during certain physiological and pathological situations, such as the tissue
remodelling events associated with the female reproductive cycle, wound healing and
the growth of solid tumors, the angiogenic program(s) become reactivated.
Accordingly, the ECs have to be relieved from the constraints of the other components
of the vessel wall [20,21], and switch from their previously differentiated and quiescent
state to an invasive and proliferative phenotype [22].

Control of endothelial cell functions by receptor tyrosine kinases

The fate and function of a cell is in many cases determined at its surface, where the
activity of a receptor molecule can be modulated by the corresponding ligand.
Receptors of the large superfamily of receptor tyrosine kinases (RTKs) are key
regulators of processes such as cell lineage establishment, differentiation, proliferation,
survival, migration and cell-cell interaction. ECs express various RTKs, five of which
are predominantly expressed in this cell type, namely FLK/ [23], FLTI [24], FLT4
[25], TIE1 [26] and TIE2 [27].

There are however some interesting qualitative and quantitative differences in the
expression pattern of these genes in ECs. FLK/ is the earliest marker known to be
expressed on the presumptive hemangioblast (embryonic day 7.0 {E7.0} in the mouse;
[28]). It stays up-regulated during vasculogenesis and virtually all forms of
angiogenesis, in the embryo as well as in the adult. However, there is a strong down-
regulation in vessels that become stabilized, and in the quiescent vessels of the adult
animal FLK/ expression is usually almost undetectable [29].

FLT] expression also starts during gastrulation (E7.0) and reaches a peak at around the
midsomite stage (E8.5), after which the level decreases and is maintained at a lower
level. However, in contrast to FLK/-expression, FLT! down-regulation in the dorsal
aorta (E18.5) and brain (adult) is less dramatic than that of FLK! (G. Breier, pers.
comm.), while FLT! expression becomes more strongly reduced at other sites, such as
in the endocardium and the mesenteric vessels (of the human embryo; [30]). In addition,
FLTI in contrast to FLKI can be induced by hypoxia [31]. Interestingly, while the
expression of FLK/ and FLT] is generally low in the adult, their expression stays up-
regulated in the kidney glomerular ECs, which are known to have a high rate of
turnover and form characteristic fenestrations [32].

In vascular endothelial cells the initial transcription of the FLT4 gene starts at E8.5.
However, at later stages (E12.5) the expression becomes restricted to the ECs of veins,
and later again to ECs of lymphatic vessels and high endothelial venules [25].



Endothelial receptor tyrosine kinase gene regulation 37

The earliest detection of 7/E2 in angioblasts and ECs is seen at E7.5 [33]. Of the five
RTKs discussed here, TIE2 is the most uniform marker for ECs, since its expression is
retained throughout embryogenesis and in all vascular beds of the adult. However, TTE2
expression is also up-regulated in ECs during angiogenesis [34], and levels of
expression are significantly higher in arteries than in veins and capillaries ([35]; T.M.
Schlaeger, unpublished observation).

Finally, TIE] gene activity is not observed before E8.0, i.e., only after a primitive
vascular plexus has been laid down by the process of vasculogenesis [33]. Like the
other RTKs, T/E] is highly expressed throughout embryogenesis and during
angiogenesis in the adult. Interestingly, elevated 7/E/ expression levels have also been
reported in arteriovenous malformations [36]. However, while TIE] expression is
detectable in some organs of the adult (e.g., the kidney), it is strongly down-regulated
in others (such as the brain), and in the liver the expression levels of T/E] are low even
during development [37, 38].

However, it should be noted that all “endothelial specific” RTKs are also expressed in
other tissues: FLK/ is expressed by retinal progenitor cells [39], mesodermal cells of
the amnion and trophoblasts [33], pancreatic duct epithelial cells [40] and hematopoietic
precursor cells [23]; KDR (the human FLK/ homologue) and FLT! are expressed by
uterine smooth muscle cells [41]; FLT! is expressed by monocytes [42] and
trophoblasts [33]; 7/E] and TIE2 are expressed by some hematopoietic cells [43], and
TIE?2 also by mesodermal cells of the amnion [33].

Gene ablation studies have been valuable for our understanding of the function of the
endothelial RTKs. Accordingly, we know that FLK/ is required for hemangioblast
differentiation and development [44], whilst FLT] function is necessary for the
subsequent interactions leading to the assembly of the angioblasts into the walls of the
primitive vessels [45]. In addition to these early functions in vascular development,
FLKI and FLTI have also been implicated in EC survival [46], induction and
maintainance of fenestrae [32,47], the control of vascular permeability [48] and normal
and pathological angiogenesis [29,49]. A total of five members of the VEGF/PDGF
gene family has been identified as physiological ligands for at least one of these two
receptors, namely VEGF A, -B, -C, -D and PIGF (see also the chapter by T.I. Koblizek
etal).

In contrast to FLKI and FLTI, TIE2 is dispensable for vasculogenesis but may be
important for the interaction of ECs with the surrounding tissues, and for some organ-
specific forms of angiogenesis [50-52]. TI/E2 has also been suggested to play a role in
the "loosening of tight vascular structures” during angiogenesis in the adult animal [20,
21]. The ligands for T/E2 are known as Angiopoietin-1 and -2, of which only the
former is able to activate the receptor, while the latter can interfere with the binding of
Angiopoietin-1 [21,53].

The ECs in mice that are homozygous null at the 7/E/-allele are fragile and the vessels
are leaky, suggesting a function of this gene in the stabilization of vessels and the
integrity of ECs [51,54]. To date, the ligands for T/E] have not been described.
Finally, FLT4 is a receptor for VEGF-C and VEGF-D [55,56], and may be involved in
the sprouting of lymphatic ECs from venous vessels [15].

Taken together, these EC specific RTKSs play pivotal roles during virtually all stages of
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vascular development, from the differentiation of the hemangioblast through the
assembly of the vessel wall and the expression of vascular bed-specific features, to
angiogenesis in the adult animal.

Regulation of endothelial specific receptor tyrosine kinase gene expression during
development and disease

The analysis of transcriptional regulatory elements of the EC specific RTKSs should lead
to a better understanding of the molecular mechanisms underlying vascular
development in the embryo as well as physiological and pathological angiogenesis in
the adult. In addition, it is critical to identify EC-specific promoters that allow for
vascular bed-specific transcription in transgenic mice and which may help to design
vectors that may be employed in gene therapy of various diseases.

However, given the great heterogeneity of ECs and the complexity of the three-
dimensional structures they are integrated into, it is important to carefully choose the
method of analysis, and to be aware of its limitations. Advantages and disadvantages
of the different techniques that have been applied to study endothelial cell specific gene
regulation are listed in Table 1.

Table 1. Methods applied to study endothelial cell specific gene regulation

Method
in vitro-methods

Advantages

defined single cell-type system
agents can be tested;

cheap, no animals needed;

live cells can be tested (GFP);
easy to quantify

easy, rapid

Disadvantages

non-physiological cell culture conditions;
cells tested are often of mono/oligo-
clonal origin, or represent only one
subtype of ECs;

vascular bed specific features are lost
no chromosomal context;

variability in transfection efficiency;
tissue specificity difficult to assess;
artifacts due to normalisation;

cells must be proliferating;

integration site- and copy number artifacts;
many clones must be screened

* transient transfection

* stable transfection chromosomal context

in vivo-methods

all cell types can be tested;
cells are in an in vivo-context;
mice can be crossed to
“knockout”-mice, and tissues
can be transplanted

tedious; expensive; animal work;
agents cannot be tested easily;
difficult to quantify

* transgene

routine if established;
"sufficiency" of active regions
can be defined

integrations-site and copy-number-
dependent effects;

activity can be very weak or integra-
tion site-dependent

* "knock-in"

direct analysis of the active
transciptional control regions

heterozygocity effects;

very labour- and time- intensive;
only sequences that are "necessary"
can be defined
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In general, a combination of in vitro- and in vivo-studies should be most efficient and
informative. In the following paragraphs a detailed analysis of the transcriptional
regulation of the 7/E2 gene will be described and what is known about the regulation
of the other EC specific RTKs will be summarized.

Regulation of TIE2 gene expression

We have started to analyze the transcriptional activity of genomic DNA-fragments from
the putative promoter region of the 7/E2-gene in transgenic mouse embryos using the
bacterial B-galactosidase as a reporter gene. The first construct that showed an EC
specific expression pattern at E10.5 was driven by a 1.6 kb PstI-HindIII fragment that
included approximately 350 bp of the first exon and ended just upstream of the original
translation initiation codon (see figure 1A). However, the reporter gene expression
pattern reflected only the very early aspects of T7E2 expression, i.e., the 1.6 kb
promoter fragment was active only during vasculogenesis [57]. Angioblasts, early yolk
sac vessels, dorsal aorta, vitelline vessels, endocardial and liver sinusoidal ECs were
stained (see figure 1B). In contrast, vessels that have developed by ”late
vasculogenesis” in evolutionary younger structures, such as the allantois and the lung,
or by angiogenesis from a primary vascular plexus, such as in the brain and in the late
yolk sac, displayed only faint or no reporter gene activity. However, in mice in which
the primitive vascular plexus of the yolk sac fails to undergo remodelling due to the
lack of a functional allele of the RasGAP gene, T/E2 promoter-driven reporter gene
activity in the yolk sac stays at an elevated level [58].

The analysis of the EC specific activity of subfragments of the PstI-HindIII-fragment
in transgenic mice revealed a modular structure of the 7/E2 promoter (see figure 1A):
While sequences upstream of the Sacl-site did not seem to play a significant role, the
SacI-Sphl fragment clearly had positive regulatory activity. However, the remaining
SphI-HindIII promoter fragment was still only active in ECs, indicating that it contained
sufficient information to restrict its activity to ECs. Deletion of the Sphl-BamHI-
fragment from the TIE2 promoter finally rendered the corresponding reporter gene
construct completely inactive, as did the deletion of the StyI-HindIII-fragment, which
lies entirely within the 5’-untranslated region (5'-UTR) of the first exon.

It is not clear which region within the 728 bp SphI-HindIII 7/E2 promoter fragment
contains the elements that confer its EC specific activity during vasculogenesis, and
whether the Styl-HindlIII-fragment was necessary for transcription, RNA stability or
translational efficiency. However, we have evidence that the BamHI-HindIII-fragment,
although inactive on its own, can be activated by the addition of an enhancer, which
defines this piece as the minimal or core promoter of the T/E2 gene.

The observation of the incomplete activity of the PstI-HindIII fragment led us to
hypothesize that there are regions not contained within the 77E2 promoter which are
necessary to drive 7/E2 gene expression at later stages of development, and also in the
adult mouse. We therefore designed reporter gene constructs which contained additional
genomic sequences from the 7/E2 gene to determine the capability of these sequences
to achieve EC specific gene expression in transgenic embryos. One of these constructs
incorporated an approximately 10 kb fragment from the 5 half of the large first intron
of 7T7E2 in addition to the promoter (see figure 1A).
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Figure 1. A) Restriction map of the genomic locus of the murine TIE2 gene. The white box represents the
first exon. The transcriptional active regions described in the text are indicated as grey lines. The Sacl-site
referred to in the text is the one proximal to the Pstl-site. B) Sagittal section of an EI1.5 embryo that was
transgenic for the TIE2 promoter/lacZ construct and stained in toto for B-galactosidase activity. The reporter
gene activity (= dark cells) is restricted to ECs of the liver, the yolk sac, the atrium, the dorsal aorta and the
internal carotic artery. Note that there is virtually no staining detectable in regions where angiogenesis is
taking place. C) LacZ mRNA in situ-hybridization of a sagittal sections of a 4.5 days old embryo transgenic
for a B-galactosidase reporter ger driven by the TIE2 promoter and the TIE2 10 kb-enhancer. D) TIE2
mRNA in situ-hybridization of a section adjacent to the section shown in (C). The hybridization patterns are
almost indistinguishable, with virtually all vascular ECs being positive for either mRNA.



Endothelial receptor tyrosine kinase gene regulation 41

Staining of the corresponding transgenic embryos revealed a strong (-galactosidase
activity in virtually all blood vessels [59]. Furthermore, all 13 mouse lines that were
transgenic for this construct expressed the reporter gene specifically in ECs (see figure
1C), indicating that this 10 kb fragment also had the activity to protect the transgene
from integration-site dependent effects that can lead to silencing or ectopic activation
of transcription, as it had been observed with constructs that were driven by the T/E2
promoter alone.

To directly compare the expression pattern of the 7/E2 promoter/10 kb enhancer
reporter gene construct with that of the endogenous gene, LacZ- and T7E2 mRNA in
situ hybridizations were performed on adjacent sections of transgenic E14.5 embryos.
The resulting signals were virtually indistinguishable, demonstrating the sufficiency of
the promoter and the 10 kb intronic enhancer for the accurate recapitulation of the
endogenous expression pattern of 7/E2 in the embryo (see figure 1 C and D ). f3-
galactosidase stainings of sections of diverse tissues from adult mice transgenic for this
reporter gene construct revealed that it was still active in nearly all vascular ECs, which
contrasts with the reported down-regulation of 7/E2 gene expression at the mRNA level
in the adult [33-35]. However, others have shown that low but significant amounts of
TIE2 mRNA as well as protein can still be detected in almost all vessels in the adult [60,
61], indicating that the expression cassette described above is also able to precisely
recapitulate the endogenous expression pattern in the adult (also the stronger expression
of endogenous T/E2 seen in arteries versus veins and capillaries was mirrored by the
activity of this construct).

In order to analyze the location of the transcriptionally active elements within the 10 kb
enhancer from the first intron of the T/E2 gene, we have performed transient
transfection assays employing both primary bovine aortic endothelial (BAE) and
polyoma middle T-immortalized murine brain capillary endothelioma cells (b ENDS5
cells, provided by S. Wizigmann-Voos). The activity of the promoter turned out to be
much higher in the BAE-cells than in the bENDS5-cells, which resembles the situation
seen in vivo, where the promoter is similarly active in the (embryonic) aorta but down-
regulated in the ECs of the vessels in the brain. However, in both BAE and bENDS cells
addition of the 10 kb intronic enhancer fragment to the reporter gene boosted the
transcriptional activity, and the internal 1.7 kb Xhol-KpnI-fragment (see figure 1 A)
turned out to be both necessary and sufficient for this effect. Further analysis of this 1.7
kb enhancer fragment resulted in the identification of the 303 bp Ncol-Xbal-"core
enhancer"-fragment (see figure 1 A) that contained the complete EC specific activity.
We then analyzed the shorter enhancer fragments for EC specific transcriptional activity
in transgenic mice. These studies revealed that the 1.7 kb enhancer was specifically
active in all vascular beds, even in the adult, similar to the 10 kb enhancer. However,
the detected P-galactosidase expression levels were generally slightly reduced, and
integration-site dependent effects occured occasionally. In addition, both the 1.7 kb
enhancer and the 303 bp core enhancer were able to activate the heterologous thymidine
kinase core promoter in an EC specific manner in transgenic embryos at E11.5, and this
effect was independent of the position or orientation of the enhancer relative to that of
the promoter.

The differences between the activities of the 10 kb and the 1.7 kb enhancer therefore
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seem to be due to the lack of some general activating sequences in the 1.7 kb enhancer,
which may be especially important in a chromosomal context; this can be inferred from
the observation that there were no detectable differences between both enhancers in
transient transfection analyses (see also table 1).

It has been shown that nuclear matrix attachment regions have such an activity [62], and
we are now stably transfecting cultivated murine endothelial progenitor cells in order
to investigate the position and function of these elements.

In addition, we are examining the DNA-protein interactions of the core enhancer, since
it may contain regulatory elements that are necessary for 7/E2 gene expression after the
promoter has become down-regulated during early development. The putative
transcription factor binding sites within this enhancer fragment include motifs for
GATA-2, Spl, IKAROS-2, ATF/CREB, c-ets-1 and PEA3. However, we have also
observed endothelial-cell specific protein binding to sequences that do not match known
transcription factors binding sites, indicating that new factors may control this enhancer
(T.M. Schlaeger, unpublished observation).

In a complementary approach, we are studying the in vivo function of these putative
transcription factor binding sites by the analysis of reporter gene constructs containing
specific mutations within the 303 bp enhancer in transgenic embryos. These
experiments revealed the critical requirement of the 3’-half of the enhancer which
contains the binding sites for the transcription factors ATF/CREB, c-ets-1 and PEA3,
while for example the GATA-2 and the Sp1-sites can be mutated without a significant
effect on the EC specific reporter gene expression. Similarly, an ATF/CREB- and an
Ets-site have been shown to be important for the in vitro-activity of the FLTI-promoter
(see below), and c-ets-1 has been shown to be selectively expressed in ECs, especially
during angiogenesis [63]. In addition, PEA3-sites (which are also putative c-ets-1
binding sites) have been identified in conserved regions of the promoters of both 7/E/
(see below) and TIE2.

We are also interested in studying the mechanisms that modulate 7/E2 gene expression,
as expression of this gene is up-regulated for example during tumor angiogenesis, and
also in arteries versus veins and capillaries. To this end, we are currently crossing the
TIE2 reporter mice with diverse transgenic mouse lines that develop defined tumors or
developmental abnormalities, such as those caused by the mutation of the genes coding
for TIE] and TIE2, respectively (see above). Our preliminary data support the
hypothesis [64, 65] that the T/E2 receptor itself is necessary for a high activity of the
TIE2 promoter and enhancer during embryogenesis. In addition, we are testing the
effect of different extracellular matrices, cytokines, conditioned media as well as
hypoxia and shear stress to determine if any of these factors is able to modulate the
activity of the T/E2 promoter/enhancer in vitro.

Regulation of FLK1, FLT1 and TIE1 gene expression

The regulation of the other EC specific RTK genes is similarly an area of active
investigation. To date, only in vitro analyses of the human and murine KDR and FLK]
promoter, respectively, have been reported [66-68]. In both cases the single
transcriptional start site lies around 300 bp upstream of the ATG start codon, and the
promoter region lacks both TATA- and CAAT-boxes but contains sites for the
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transcription factors Sp1, NFkB and AP-2. Both the FLK/ and the KDR promoter had
enhanced activities in ECs versus non-ECs. This EC specificity was conferred by two
far upstream negative regulatory elements as well as one positively acting element in
the 5’-UTR of the FLK/-promoter. In contrast, the 5’-UTR of the KDR-promoter were
able to augment the reporter gene activity in both ECs and non-ECs, while EC specific
positive enhancer elements were identified upstream of the transcriptional start site.
Transcription factor protein binding to the Spl-sites in the region upstream of the
transcriptional start site of the KDR-promoter was observed to be specific to ECs in
vivo, while negative regulatory regions far upstream were not identified.

In order to achieve reproducible EC specific gene expression in transgenic mice, it has
been proposed that the FLK/ promoter needs to be combined with an EC specific
enhancer that, as is the case for the 7/E2 gene, lies within the first intron of the gene (A.
Kappel, pers. comm.).

Analyses of the human FLT/ promoter has led to the identification of a short fragment
that is sufficient to confer EC specific gene expression in vitro [69,70]. This fragment
includes a TATA-box which is located shortly upstream of the single transcriptional
start site. Mutagenesis of either an ATF/CREB-motif or one out of five putative Ets-
sites resulted in a severely reduced activity of the promoter [71], and a putative binding
site for the hypoxia inducible transcription factor HIF1 has also been shown to be
necessary for the responsiveness of this promoter to hypoxia [31]. In addition, there is
evidence of there being several negative and positive regulatory elements upstream as
well as downstream of the transcriptional start site. No EC specific transcriptional
activity of a fragment derived from the FLT/ gene in vivo has been reported to date.
However, a small region downstream of the translational start site seems to be necessary
for the expression of the murine FLT/ gene in trophoblast cells [45].

In the T/E/-gene a short but highly conserved fragment has been shown to contain
virtually all of the elements that are necessary to recapitulate 7/E/ gene expression in
transgenic mice [72]. This 735 bp TATA-less promoter contains conserved sites for the
transcription factors c-ets-1, AP2 and PEA3. Surprisingly, the activity of this fragment
was not restricted to ECs in vitro.

An important observation concerning regulation of the T/E/ gene comes from an
experiment in which LacZ expression was driven by the endogenous gene regulatory
elements in PDGF-B null-mice. In these mice lacZ-expression was not down-regulated
in brain capillaries [73]. It will be important to elucidate how this relates to the reduced
number of pericytes in the vessels of these "knock-out" mice, and via which cis-acting
elements the effect is mediated. In contrast, endothelial B-galactosidase gene expression
from the T/E locus was reduced in T/E/ nullizygous embryos, especially in the vessels
which are leaky and hemorrhagic [54]. The elucidation of the underlying mechanisms
could provide a paradigm for EC specific gene regulation by the cross-talk of these cells
with the surrounding tissue.

Concluding remarks

The development of transgenic mouse technology has proven to be a powerful tool for
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the investigation of mechanisms in mammalian development, especially in the case of
the cardiovascular system. Although the analysis of the transcriptional regulation of EC
specific RTK genes is still in its infancy, it has already yielded important data. For
example, we are now able to distinguish ECs of different developmental origins,
developmental stages and vascular beds at the transcriptional level. One important task
is the elucidation of the mechanisms responsible for these differences in transcriptional
activity. In addition, we are now able to investigate the function of virtually any gene
in the cardiovascular system by its tissue-specific expression in transgenic mice [21,59].
Finally, by integrating all this information, we should gain a better understanding of the
molecular mechanisms underlying the .heterogeneous behaviour of ECs during
development and disease. Such an understanding is a prerequisite for an attempt to
manipulate the cardiovascular system during the various life-threatening congenital and
acquired diseases in which this system is tightly entangled [74-76].

Conclusion

Endothelial cells are the first cellular component of the cardiovascular system that
differentiates during early gastrulation. Endothelial cells also play a major role in
intregrating the signals that lead to vascular remodeling, growth or regression at later
stages of development as well as in the adult animal. In addition, endothelial cells
exhibit a marked plasticity that depends on the developmental stage, size and nature of
the vessels, and their function in the specific vascular beds of the different organs. So
far, five members of the large receptor tyrosine kinase gene superfamily have been
shown to be predominantly expressed in endothelial cells. The role of these genes in
specific endothelial functions throughout vascular development, as well as during
diseases that are associated with the vascular system, has been investigated during the
last few years. Interestingly, the expression patterns of these endothelial receptor
tyrosine kinases have been found to exhibit some differences indicative of their
respective function(s), which has led to research in the analysis of the transcriptional
control of these genes. These studies are challenging owing to the complexity of the
transcriptional repertoire of endothelial cells and their dependence on cross-talk with
the neighbouring cells. However, these studies are likely to provide important new
insights into the molecular basis of the heterogeneous behavior of endothelial cell
during development and disease. The aim of this review was to provide an overview of
the current knowledge of endothelial receptor tyrosine kinase gene regulation.
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6. SMOOTHELINS: ONE GENE, TWO PROTEINS, THREE
MUSCLE CELL TYPES .... SO FAR

Guillaume J.J.M. van Eys, Carlie J.M. de Vries, Sander S.M. Rensen,
Victor L.J.L. Thijssen, Edward L.C. Verkaar, Gisela P.G.M. Coolen, Wiel
M.H. Debie, Marco C. de Ruiter, and Sevilla D. Wadleigh-Detera

Introduction

Smooth muscle cells (SMCs) are found in a large variety of tissues. For years, SMCs
have been divided into visceral and vascular SMCs, and into contractile and
proliferative/ synthetic phenotypes. At present it is clear that such divisions are too
simple. Vascular SMCs are in fact a collection of cells from various embryonic origins,
with variations in morphology and gene expression patterns and with different functions
[1,2,3,4,5]. Differences between SMC variants and modulations in phenotype can be
monitored by marker proteins [1,6]. However, marker proteins for the subtle differences
in SMC populations are hardly available. There are general markers for SMC, such as
a-smooth muscle actin and calponin, but only a few proteins, such as smooth muscle
myosin heavy chain and caldesmon, have been brought forward to discriminate between
variants of SMCs [1,6,7,8,9]. Recently, characteristics of SM22« have been described
that make this gene a promising candidate [3,10]. Marker proteins are not only
important as molecules that allow a better definition of SMC variants, but also because
they may provide promoter sequences that can be used as instruments to manipulate
gene expression in SMCs and to 'hunt down' transcription factors involved in SMC-
specific gene regulation. Gene therapy for hereditary or other diseases affecting
particular smooth muscle tissues, requires promoters that are fine-tuned to the
expression in one particular SMC variant and knowledge of transcription factors
interacting with SMC-specific promoters.

The smooth muscle-specific smoothelin proteins have characteristics that make them
candidates for markers that can discriminate between variants of SMCs. The proteins
have been found almost exclusively in SMCs of the contractile phenotype [11]. So far,
two isoforms have been reported, smoothelin A, a 59 kDa protein in visceral SMCs and
smoothelin B, a larger 110 kDa isoform (previously described as a 94 kDa protein) in
vascular SMCs [12,13]. Although we have made considerable progress in cloning and
characterization of the smoothelins, the function of these proteins is largely unknown.

P.A. Doevendans et al. (eds.), Cardiovascular specific gene expression, 49-56.
© 1999 Kluwer Academic Publishers.
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Also, the SMC phenotype-specific expression of smoothelin isoforms needs further
study. In this chapter we review the present state of knowledge on these proteins and
discuss their function and tissue-specific expression, as well as future research.

Materials and methods.

Tissue samples and cell culture

Normal adult human tissues, obtained by autopsy, and tissues from various animals
(pig, dog, cow, rabbit, rat, mouse, the toad Xenopus laevis and the fish Oreochromus
mossambicus) were flash frozen in liquid nitrogen and stored at -80°C until use. SMCs
were obtained from human iliac artery, uterine and mammary arteries, bovine aorta and
embryonic chicken gizzard by enzymatic dispersion (collagenase/pancreatin: Life
Technologies, Gaithesburg, MD, USA). Human SMCs were cultured on gelatin-coated
plates in RPMI 1640/M199 (Life technologies) supplemented with 20% human serum
and antibiotics (penicillin, streptomycin, fungizone). Embryonic chicken gizzard cells
were cultured for 72 hours at high density on gelatin-coated cover slips. SMCs cultured
for at least 5 passages were considered to be "long term cultures". The rat heart-derived
myoblast cell line H9C2(2-1) [14] and COS7 cells [15] were purchased from ATCC.
Cells were cultured in Dulbecco's Modified Essential Medium supplemented with 15%
fetal calf serum (Life Technologies). For the myoma tissue explants 1 mm thick tissue
slices were incubated as described for the cell cultures.

For immunohistochemistry tissues were mounted in Tissue-Tek (OCT-compound;
Miles Inc. Elkhart, IN, USA), and 3 to 5 um thick sections were cut at -25°C and
air-dried overnight at 20°C or fixed with methanol (at -20°C for 5 min) followed by
acetone (-20°C for 30 sec) and air-dried for 3 hours. Cells were grown on cover slips
and also fixed in methanol/acetone.

Antibodies

Antibodies used in this study were:

1. The mouse monoclonal antibody R4A directed against smoothelin. Mice were
immunized with the residue of a chicken gizzard preparation, extracted with high
salt/Triton X-100. Fusion procedure and cloning of the hybridomas were performed
according to standard protocols [16]. The monoclonal antibody R4A was selected on
the basis of its specific reactivity pattern with a selection of human cardiac, skeletal and
smooth muscle tissues. Only smooth muscle tissues showed a positive reaction. R4A
is an antibody of the IgG1-subclass (Mouse Mab Isotyping kit; Life Technologies).
2. The mouse monoclonal antibody C6G directed against human smoothelin. Mice were
immunized with recombinant human smoothelin-A. The smoothelin-A was produced
as described previously [11]. Fusion procedure and cloning of the hybridomas were
performed according to standard protocols [16]. Only human smooth muscle tissues
displayed a positive reaction with C6G which is an antibody of the IgG1-subclass
(Mouse Mab Isotyping kit; Life Technologies).

3. Monoclonal antibody E7 directed against B-tubulin [17].

4. Polyclonal rabbit antiserum (pDes) to chicken gizzard desmin [18].

5. Monoclonal antibody sm-1 specific for smooth muscle actin was purchased from
Sigma Immuno Chemicals (St. Louis, MO, USA) [19].
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In addition, rhodamine-labeled phalloidin (purchased from Molecular Probes Inc.
Eugene, OR, USA) was used to stain actin stress-fibers.

Immunohistochemistry

Monoclonal antibodies R4A and C6G have been used in immunofluorescence as well
as immunoperoxidase staining of a variety of tissues of different species. For
colocalization studies R4A and C6G were combined with antibodies directed against
desmin, tubulin and smooth muscle actin. The methods have been extensively described
elsewhere [11].

Protein gel electrophoresis and Western blotting

Cultured cells (approximately 10°) or about 40 cryostat sections (each 20 um thick) of
fresh frozen tissues were collected, washed and centrifuged (5 min at 12.000xg). After
centrifugation the pellet was subjected to Triton X-100 extraction, a PBS wash and
suspended in 1% Triton X-100, 5 mM ethylenedi-amino-tetraacetic acid disodium salt
dihydrate (Merck), 0.4 mM phenylmethyl-sulfonyl-fluoride (Merck) in PBS, pH 7.4,
and extracted for 5 min on ice. The method for gel electrophoresis and Western blotting
has been described before [11].

Cloning of a human smoothelin cDNAs

A cDNA expression library was constructed with human colon smooth muscle derived
polyA RNA using the Lambda ZAP-cDNA synthesis kit (Stratagene, La Jolla,
California, USA). Total RNA was extracted by LiCl extraction [20]. PolyA RNA was
purified by oligo(dT)-cellulose chromatography [21]. Synthesis of cDNA (by oligo(dT)
priming) was performed as suggested by the manufacturer. After packaging the
Uni-ZAP XR vector in phage (Gigapack II Packaging extract, Stratagene), clones
containing cDNA inserts between 600 and 1600 bp were selected by immuno-screening
with antibody R4A. After helper phage induced excision of plasmid vector pBluescript
IT pSK(-) (Stratagene) inserts were characterized by restriction analysis and sequencing,
which was performed according to Sanger et al. [28]. To check whether the 1554 bp
clone contained a full size cDNA, total RNA of human colon smooth muscle tissue was
subjected to rapid amplification of cDNA ends (RACE) (5'RACE-kit, Life
Technologies). The RACE products were amplified using Pwo DNA polymerase
(Boeringer Mannheim, Germany), cloned into pUC19 and sequenced.

Since in vascular tissues on Western blots a prominent 110 kDa band was detected,
reactive with R4A, the possibility of alternative splicing was investigated. RNA was
extracted from human iliac artery derived SMCs by LiCl extraction [20]. Concentration
and quality of RNA were evaluated by Northern blot analysis using a **P-labeled
smoothelin cDNA. With primers based on the sequence of the human cDNA the
possibility of alternative splicing was investigated by reverse transcription-polymerase
chain reaction (RT-PCR). Rapid amplification of cDNA ends (SRACE) on RNA
derived from iliac artery was applied to investigate the possibility of a 5' extension of
the mRNA. Using primers based on sequences of the 5' part of smoothelin-A cDNA in
5'RACE system (Life Technologies), PCR fragments were generated and cloned into
pUC19. Colonies were screened by hybridization with a genomic smoothelin probe,
containing the sequence from -200 to +60 of the start site of the smoothelin-A cDNA.
Clones containing hybridizing inserts were mapped by restriction digestion and
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sequenced. 5S'RACE and primer extension [22] were performed with primers based on
the longest vascular cDNA fragments. cDNA sequences were compared with genomic
sequences. Searches for sequence homology were performed through the CAOS/EMBL
data base (release 1995). Sequence comparison and structural analysis of the putative
protein were performed on a UNIX computer using BLAST, BLAST-X algorithms
(Altschul et al., 1990) and protein structure program PHD [24,25] and the program
SOPMA [26,27].

Cloning and analysis of human smoothelin gene

Approximately 10° clones of a human placental cosmid genomic library (Stratagene,
La Jolla, USA) were screened with the **P-dATP labeled smoothelin cDNA probe. Two
positive clones were purified to homogeneity. Restriction analysis showed that the two
clones had an approximately 30 kb overlap. One of the clones was found to contain the
complete coding region of the smoothelin gene. In addition, 6 kb 5' flanking sequence
was present. This clone was subcloned into pUC19 and exon containing subclones were
identified by colony hybridization with cDNA fragments. A complete map of the
cosmid clone was constructed and exons and their flanking sequences were sequenced.
Sequencing was performed according to Sanger and coworkers [28] using either a
Applied Biosytems AmpliTaq cycling kit for automatic sequencing in a Applied
Biosystems 310, or a T7 sequencing kit (Pharmacia, Uppsalla, Sweden) for
conventional **P-labeled sequencing.

Northern blot analysis

Total RNA of various tissues and from a variety of vertebrates (human, bovine, dog, rat,
mouse) was extracted by LiCl [20] or Trizol (Life Technologies, Gaithesburgh, MD,
USA). Ten pg of total RNA was separated on a 1,4% agarose formaldehyde denaturing
gel [22]. RNA was transferred to nitrocellulose (S&S, Basel, Switzerland) and
hybridized *?P-labeled fragments of smoothelin ¢cDNAs according to standard
procedures [29]. Filters were washed in decreasing SSC (NaCl, Na-citrate)
concentrations with a final concentration of 0.1x SSC/0.1% SDS. Probes were [*2P]-
labeled by random priming, using a kit with a DNA polymerase Klenow fragment (Life
Technologies) according to Feinberg [30].

Transfection of smoothelin cDNA into COS7 cells

The smoothelin cDNA was recloned in a pcDNA3 eukaryotic expression vector
(Invitrogen, San Diego, USA) [this construct is further referred to as pcDNA3-SMO].
Isolated plasmid was purified by CsCl gradient centrifugation [22]. The procedure has
been described in detail elsewhere [11].

Production of smoothelin protein in E.coli

For the generation of a new set of monoclonal antibodies against the smoothelins,
cDNA fragments were inserted into prokaryotic expression vectors pQE9/10/11
(Qiagen, Kassel, Germany). Insertion in these vectors resulted in a fusion of the cDNA
encoded protein to a 6-His peptide, allowing single-step purification of the protein by
binding to Ni-agarose. Protein was synthesized during overnight induction with 1 pM
IPTG (Life Technologies). Proteins produced in E.coli were obtained by guanidine/urea
extraction and purified according to the protocol of the manufacturer (Qiagen). After
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separation by SDS-PAGE proteins were blotted onto nitrocellulose and identified by
antibody R4A as described above. PAGE-purified protein products were used for
immunization of mice.

Results

Detection and identification of two smoothelin isoforms

The specificity of monoclonal antibody R4A, obtained after immunization of mice with
chicken gizzard, was established by immunofluorescence assays and by Western
blotting on a variety of tissues. This IgG1 type antibody was demonstrated by Western
blotting of one- and two-dimensional gels and by immunohistochemical observations,
to react exclusively with SMCs. Because of its restricted tissue distribution the antigen
reacting with R4A has been designated 'smoothelin-A'. In visceral smooth muscle
tissues (stomach, gut, uterus, prostate) the apparent molecular weight of the
immunoreactive protein has been determined at 59 kDa. Smoothelin-A migrated
slightly slower than desmin and, as observed in two-dimensional gel electrophoresis,
appeared to have a pl between 8.0 and 8.5. After cloning of the human cDNA of
smoothelin, a second monoclonal antibody, C6G, was generated by immunization with
the recombinant protein. C6G reacted exclusively with human 59 kDa smoothelin.
Epitopes for R4A and C6G have been established by deletion constructs of the human
smoothelin-59 cDNA between amino acid 170-277 and 21-55, respectively. Reactions
with breakdown products of about 40 kDa were occasionally observed.
Immunocytochemical studies showed an equally strong reaction of R4A and C6G with
visceral and vascular smooth muscle tissues. In vascular smooth muscle tissues the 59
kDa protein was represented by a minor band. Additional weak bands of about 70 and
40 kDa could be observed. However, the most prominent protein reacting with R4A
was estimated to be 110 kDa. This protein was only found in vascular smooth muscle
tissues or primary cell cultures derived of these tissues and has been denominated
'smoothelin-B'.

Molecular cloning and characterization of two smoothelins

A cDNA library was constructed from polyA RNA isolated from human colon smooth
muscle tissue. The library was screened with the monoclonal antibody R4A. The size
of the cDNA inserts varied between 600 and 1550 bp, due the position of the epitope
of R4A (figure 1). The complete nucleotide sequence and deduced amino acid sequence
was determined. To check whether the largest clone contained a full size cDNA, a
5'RACE reaction was performed on colon mRNA. No additional sequence was found,
which indicates that the 1593 bp clone containes the full length cDNA for visceral
smooth muscle tissues. Screening of a number of clones revealed that the 1593 bp
cDNA contained a 1380 bp open reading frame that encodes a putative protein of 460
amino acids (figure 1). The calculated molecular weight of the protein, as deduced from
the largests open reading frame of smoothelin-A, was about 50 kDa with a pI of 8.5.
This open reading frame is larger than published previously [11]. Sequencing of
additional clones resulted in two additions to the smoothelin cDNA at positions 164 (C)
and 191 (G), which qualified the ATG at position 51 as a translation start codon. This
resulted in a better agreement with the observed molecular weight and was later
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confirmed by the positive C6G immunoreaction of smoothelin in visceral tissues
{epitope of CO6G is positioned between bp 215 and 300 of the smoothelin-A cDNA
(1751 and 1848 of the smoothelin-B cDNA), as deduced from deletion fragment
analysis}.

110 kDa 59 kDa
. ’ protein

VASCULAR TISSUES VISCERAL TISSUES

Figure 1. The smoothelin gene (upper line) encodes for two transcripts (second line), a vascular specific
3000 nt and a visceral 1500 nt transcript. The two protein isoforms are denominated smoothelin-A and
smoothelin-B (according to their molecular weights). In the gene the exons are represented by boxes. The
transcription start of the 1600 nt transcript is in the middle of exon 10. The dots on bars representing the
proteins is the epitope of monoclonal antibody R4A.

After transfection of the smoothelin-A cDNA into COS7 cells Western blotting
revealed a 59 kDa, R4A reactive protein, of the same size as the protein found in
smooth muscle tissues such as colon. Transcription and translation of the full-size
c¢DNA of smoothelin-A in a prokaryotic expression system gave an approximately 60
kDa, R4A immunoreactive molecule due to translation of 5' non-coding region and
addition of 6His-tag. Further analysis showed that the putative smoothelin-A protein
contains two Asn-X-Ser sequences (residues 151 and 277) (figure 2), which are
required for asparagine-linked N-glycosylation [31]. Treatment of smooth
muscle-derived smoothelin with neuramidase resulted in a reduction of the molecular
weight by approximately 10 kDa.

Sequence homology at the nucleic acid and protein level with members of the spectrin
superfamily, dystrophin, utrophin, B-spectrin and a-actinin was found for the region
between amino acid residues 270 and 331 of smoothelin-A, and 815 and 876 for
smoothelin-B. Even if conserved mutations are not included, this region of smoothelin
showed 39% homology with human and mouse dystrophin, 46% homology with human
and mouse P-spectrin, and 34% homology with human utropin. Homologies with
a-actinin varied from 46% for human to 26% for D. discoideum. For the members of
the spectrin family this region is located directly following the suggested core of the
actin binding site of these molecules.

Both smoothelins have a relatively high number of serine, alanine, arginine and proline
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residues. Neither positively nor negatively charged clusters could be found and no
hydrophobic/transmembrane regions appear to be present in these proteins. The
secondary structure of the putative protein was analysed by PHD, a neural network
program [24,25] and by SOPMA [26,27]. Since no homologous sequences were
available in the Swissprot databank the expected accuracy was estimated between 62
and 66% for PHD, and greater than 70% for SOPMA. Tertiairy structure analysis by
these programs suggested that the amino terminal 130 aa of smoothelin-B may have an
a-helical configuration. There are several smaller a-helical regions between residues
142 to 170, 549 to 610, and 733 to 791 and two minor helical structures at the carboxy
terminal end (figure 2). Data base searches did not provide homologous sequences with
exception of EST sequences. The obtained smoothelin cDNA sequence was checked
by sequencing RT-PCR products generated with primers based on the obtained
sequence and extensive restriction analysis.

Figure 2. Computer-assited structural analysis of the putative smoothelin proteins. Amino and carboxy
termini are indicated by respectively N and C. Boxes represent potential o-helical (light gray) and B-sheet
(dark gray) structures. The diamonds indicate glycosylation sites and the arrow the amino terminus of
smoothelin-A. The potential actin-binding site is shown by the dashed interval of the protein close to the
carboxy terminus.

Cloning and analysis of the smoothelin gene

In situ hybridization with cDNA probes and radiation hybrid analysis demonstrated that
the two smoothelin isoforms were coded for by a single copy gene located at
chromosome 22q12.13 [32]. A human cosmid library was screened with a smoothelin-A
cDNA probe. Two clones were selected. Hybridization experiments indicated that the
whole smoothelin gene was present in the cosmid clone. A restriction map of the largest
clone was constructed and used to subclone the cosmids in pUC19. It was demonstrated
that the vascular specific sequence was encoded by the first nine exons and 5' half of
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exon 10 of the smoothelin-B cDNA. The 3' half of exon 10 and the remaining ten exons
are shared by both smoothelin isoforms. The twenty exons have been positioned. The
first two rather small exons are separated from the other exons by a 5 kb intron. Exon
10 is the largest one comprising 526 bp. In the middle of this exon is the start point for
the transcription of smoothelin-A. Exons 7 and 20 are also rather large, around 300 bp.
All other exons are around 150 bp or smaller (figure 1). Most exon-intron bounderies
have the AGGT recognition sequence. The intron between exons 16 and 17 contained
a 50 bp TAAA repeat.

Since it was not clear whether the two smoothelin transcripts originate by alternative
splicing or are induced through a dual promoter system, sequences directly 5' of the
transcription initiation sites were screened for promoter/enhancer elements. The cosmid
contains 6 kb upstream of the transcription initiation site of smoothelin-B. No
TATA-box was found 5' of the smoothelin-A as well as the smoothelin-B putative
promoter sites. However, a number of promoter/enhancer elements could be identified
at both putative promoter sites. Amongst them are CarG(like), AP-2, SP-1, and GATA
boxes.

Expression of smoothelin

Northern blotting analysis of RNA from several human visceral tissues containing
smooth muscle cells, such as colon, stomach and uterus showed a band of
approximately 1500 bases after hybridization with the smoothelin-A cDNA probe.
However, a difference in smoothelin mRNA size was observed between visceral and
vascular tissues. Northern blotting analysis on cultured vascular SMCs showed that the
major transcript hybridizing to the previously described smoothelin cDNA was about
3000 nt, whereas the major transcript in visceral smooth muscle tissues was only about
1500 nt. Labeled smoothelin-A ¢cDNA hybridized to the 3000 nt as well as to the 1500
nt mRNA, whereas the 5' half of smoothelin-B cDNA hybridized only to the 3000 nt
mRNA. Northern blot analysis of RNA of smooth muscle containing tissues derived
from different species such as mouse, rat, dog and cow showed a strong hybridization
signal (under stringent hybridization conditions) and revealed no visible difference in
mRNA size between these species. No such hybridization signal was found with RNA
isolated from brain, adipose tissue, cardiac and skeletal muscle, and intestinal
epithelium.

The results of the Northern blotting analysis confirmed the immunohistochemical
screening on the presence of the two smoothelin isoforms in a number of different
human tissues such as stomach, uterus, colon, prostate, aorta and other arteries (figure
3). Smooth muscle cells in all these tissues were positive whereas other tissue types,
such as striated muscle, myoepithelium, myofibroblasts in Dupuytren's nodules, and
several epithelia, neural and connective tissues, did not show staining with R4A.
Analysis of different species evolutionary as distant as the teleost Oreochromis
mossambicus and human showed that R4A reacted with smooth muscle cells of these
species. In visceral tissues the amount of smoothelin is rather abundant, similar to the
quantities found for desmin, indicating that smoothelin is an important constituent of
visceral SMCs (figure 4). The amount of smoothelin-B found in blood vessels varies
from little in elastic arteries (such as ascendent aorta) to rather abundant in muscular
arteries (such as arteria iliaca and arteria femuralis) (figure 5), stressing the relation
with contractility.
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VASCULAR/VISCERAL MUSCLE CELL TYPES

110 kDa-
- 59 kDa -

df dg dc pf pa hg hsa dh df ps pf hs hg ph

Figure 3. Western blot analysis of the presence of smoothelin isoforms, as visualized by monoclonal antibody
R4A, in a variety of muscle tissues. On the right panel striated muscle tissues are compared with smooth
muscle tissues. A positive reaction is found in dog and pig femural artery (df and pf) and in human gut (hg).
No reaction has been found in striated muscle such as dog and pig heart (dh and ph) and in human and pig
skeletal muscle (hs and ps). The left panel shows that the smoothelin-A isoform has been found in dog and
human gut (dg and hg) and in human leiosarcoma tissue, whereas the smoothelin-B isoform has been found
in dog and pig femoral artery (df and pf) in dog carotid artery (dc) and in pig aorta (pa).

Figure 4. Transverse section of human superficial circumflex iliac artery stained with R4A, anti-smoothelin,
antibodies (left panel) and with pDes, anti desmin, antibodies (right panel).

In smooth muscle tissue explants of uterine myoma the smoothelin-A mRNA
concentration dropped sharply after transfer of tissue into culture medium. Smoothelin-
A mRNA was no longer detectable by Northern blotting 12 h after removal of the tissue
from the patients. However, immunohistochemical and Western blot analysis of these
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tissue explants revealed that smoothelin protein remained present in the tissue up to 5
days after explantation (data not shown). The reduction in smoothelin-A mRNA and
protein can not be attributed to degradation or necrosis of the tissue since GAPDH
mRNA and proteins such as vimentin, desmin and «-smooth muscle actin did not
diminish. No smoothelin mRNA could be detected in (primary) cultures of cells derived
from smooth muscle tissue (human myoma, human colon, bovine aorta) or in long term
cultured human vascular smooth muscle cells. In primary SMC cultures there is a
gradual loss of immunoreactivity over subsequent passages. In SMC lines, so far, no
reaction with R4A has been observed.

Figure 5. Longitudinal section of human superficial circumflex iliac artery stained with R4A.

Although in adult tissues smoothelin was only found in smooth muscle tissues, in
chicken embryos the expression is more complicated. During early stages of embryonic
development (Hamburger-Hamilton stages 17-36) smoothelin expression was found in
the heart precursor and the somites (figure 6). The synthesis of smoothelin appeared to
closely follow that of a-smooth muscle actin, as deduced from immunohistochemical
staining of chicken embryos of consecutive stages. In stage 17 a-smooth muscle actin
was already visible whereas smoothelin was not. At the later stages, smoothelin was
present peaking around stage 25 and fading slowly after that stage to become invisible
around hatching. Prelimenary data suggest that the smoothelin-B isoform is expressed
in these early embryos.

Subcellular localization and organization of smoothelin

After homogenization and differential centrifugation smoothelin immunoreactivity was
found in the Triton X-100 pellet, the same fraction in which cytoskeletal proteins such
as desmin and actin were found [11]. Immunohistochemical analysis of several tissues
revealed that smoothelin-A/B was abundantly present throughout smooth muscle
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tissues, but close observation of individual cells indicated an uneven distribution over
the cytoplasm. Confocal laser scanning microscropy (CSLM) of tissue sections of
arteries, myoma and colon as well as primary cell cultures of human arterial and
embryonic chicken gizzard cells with doubled-staining for either smoothelin/desmin or
smoothelin/a-smooth muscle actin, indicated that smoothelin was organized in or was
part of a filamentous structure. From the superposed pictures it was obvious that desmin
and smoothelin showed no colocalization in both human and chicken primary SMCs.
The pattern displayed after incubation of primary SMCs with R4A was similar in
visceral- and vascular-tissue derived cells. In both SMC types smoothelin-A and
smoothelin-B co-localized with the stress fibers of the primary cells.

Figure 6. Whole mount chicken embryo, HH
stage 19, stained with R4A, anti-smoothelin
monoclonal antibody. Staining of heart
anlage and somites is indicated by
arrowheads. (magnification 20x)

In cultures from both tissues a number of cells did not react, most cells displayed a
partial co-localization and a few cells showed a complete co-localization. Smoothelin
often appeared to align with these fibers in a punctuated pattern. Smoothelin expression
ceased in cultured SMCs, making them unsuited for localization studies. Transfections
in SMCs were cumbersome. Transfection of the smoothelin-A cDNA driven by a CMV
promoter (pcDNA3-SMO) into rat heart-derived myoblasts resulted in an abundant
expression of smoothelin-A within 24 hours. Smoothelin-A appeared strongly to be
associated with stress fibers. In addition, a relatively weak filamentous pattern was
observed. A more clear filamentous pattern was observed in transfected COS7 cells.
Extensive filamentous networks, reactive with R4A, were found. In time transient
expression resulted in accumulation of R4A immunoreactive material in the cytoplasm.
Double-immunostaining of the transfected COS7 cells showed that smoothelin does not
colocalize with vimentin or keratin intermediate filaments nor with F-actin. Networks
formed by tubulin and smoothelin-A differed considerably, which was most obvious for
mitotic cells containing spindles. Transfections of CMV driven constructs showed an
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abundant expression of smoothelin-A. An overproduction appeared to be likely since
the fine punctated association, found in the cultured primary SMCs, could no longer be
observed. Western blotting showed that pcDNA3-SMO transfection resulted in
synthesis of a 59 kDa protein, reactive with R4A. In cells transfected with the pcDNA3
plasmid no R4A reactive material was found in immunohistochemical and Western blot
assays.

Discussion

Three muscle cells types have been distinguished in vertebrates: skeletal, heart and
smooth muscle cells. In structure and organization SMCs appear to be the most
primitive. In SMCs, as compared to striated muscle cells, the organization of the
contractile apparatus is less well structured (e.g. no sarcomeres), differentiation is not
terminal, as is the case for heart and skeletal muscle cells, no fusion has been observed,
and there is a resemblance with more primitive (non-vertebrate) muscle cells. This more
primitive cell type is apparently well equiped for slow steady contraction, and evolution
has selected this cell type for contraction in organs belonging to the digestive tract, the
urogenital systems and blood vessels. On the other hand skeletal muscle, mostly dealing
with abrupt and forceful movements, is found in organs of locomotion. The heart
muscle shows a regular pattern of strong contractions and is in this and many other
aspects an intermediate between skeletal and smooth muscle. At the cellular level
structural differences between these three muscle cell types are related to their mode of
action. During embryogenesis the defined positioning of the precursor cells and the
straightforward way of differentiation of striated muscle cells have facilitated the
elucidation of this process and many of the factors involved in differentiation of skeletal
and heart muscle cells have been identified and characterized [33,34,35,36,37]. The
situation for SMCs is quite different. Their embryonic origin is divers and their degree
of differentiation depends on the role of these cells in the organs they belong to.
Therefore, the elucidation of SMC differentiation and identification of factors involved
in this process appears to be a considerably more complex task than for striated muscle.
This research is strongly hampered by the lack of truly stage- and function-specific
marker proteins.

The identification of two smoothelin isoforms and their expression in SMCs and in
heart and somite cells during embryogenesis can contribute to our insight into the
diversity of SMCs and the way these cells regulate their gene expression pattern in
reaction to stimuli from the surrounding tissue. Although different isoforms have been
found for such proteins as caldesmon and vinculin, no tissue-specificity could be
established [1,7,38,39,40]. Also, it has been shown that the expression of SM22a
promoter construct was phenotype related, although expression of the endogenous gene
was not [3,10,37]. Thus, no protein has yet been identified with a specificity for the
contractile SMC phenotype and with isoforms specific for visceral or vascular SMCs.
The finding of vascular and visceral tissue-specific smoothelin isoforms, coded for by
one gene, is valuable. One line of future research should focus on the mechanism that
regulates the tissue specific expression of these two isoforms. Our present data are in
favor of a dual promoter system, since no evidence for alternative splicing has been
found. Different promoters for visceral and vascular expression may provide a way to
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'pick up' transcription factors involved in this regulatory process. A complicating factor
is that the smoothelins are only expressed in contractile SMCs, a characteristic that is
rapidly lost during culturing, since proliferative SMCs soon will prevail. However, the
utilization of immortalized SMC lines may offer a solution to this problem.

In adults smoothelin has been found solely in smooth muscle tissue. Extensive research
on heart and skeletal muscle did not detect this protein in these muscle types [11].
Furthermore, comparison of vascular tissues and studies on tissue culture indicates that
expression of smoothelin is restricted to actively contracting SMCs [41]. Results on cell
cultures support these findings. Although it is possible to keep SMC in culture
differentiated for a number of passages, it has become clear that the number of cells in
which smoothelin expression ceases, increases with the number of passages. The
contractility-related expression of smoothelin may be indicative of a function in the
contractile process either by being part of the contractile apparatus or by involvement
in signal transduction. A function in the contractile apparatus is in agreement with the
actin-binding site that is located near the carboxy terminus of both smoothelin isoforms
[42,43]. Also, co-localization of smoothelin-A and «-smooth muscle actin has been
demonstrated in cultured cells [11,12]. More precise analysis of this co-localization
reveals that both smoothelins are co-localizing in a dot-like fashion. This may indicate
that smoothelins function as an intermediate between actin and another cytoskeletal or
membrane component. This hypothesis is supported for smoothelin-B by the 140 amino
acid helical structure at the amino terminal of the putative amino acid sequence
predicted by computer supported modeling. Such helical structures are often employed
for protein-protein interaction. A direct membrane association seems to be excluded by
the absence of a hydrofobic region that could function as a membrane anchor.

A number of other proteins, such as SM22a, calponin and a-smooth muscle actin have
been appointed as smooth muscle-specific proteins [1,5,8,40,44,45]. However, reports
show that this specificity does not hold for all circumstances or stages of development
[7,37,40,46,47,48]. Although expression of these proteins has been described in a
number of tissues, the expression in striated muscle cells is developmentally and
pathologically of particular interest. In early stages of embryonic development a
number of smooth muscle-specific proteins are expressed in the precursor cells of
striated muscle cells, e.g. in cells of the heart anlage and the somites [3,37,45].
Smoothelin shows an expression pattern similar to SM22« and calponin. Expression of
these proteins appears to follow the expression of «-smooth muscle actin, underlining
the association between these molecules and suggesting that ¢-smooth muscle actin is
the driver in this developmental process. We hypothesize that the expression of smooth
muscle-specific proteins in the early embryo is due to the inability of the muscle cells
to directly organize into the complex sarcomeric structure of a striated muscle cell. In
vitro studies have indicated that structures such as stress fibers are needed to position
large structural molecules such as titin. In vivo the relative primitive SMC-like structure
may be used as a starting point to build the sarcomeric structure [33,49,50,51]. This
may be related to the low level of oxygen in embryonic tissues due to the lack of
circulation. The precursor muscle cells adopt a more SMC-like, less oxygen-dependent
organization which is used to get the circulation going [52,53]. Once circulation is
sufficient to provide striated muscle cells with oxygen, the SMC-like expression pattern
of the cells will be replaced by that of striated muscle cells and sarcomeric structures
will build up.
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A number of SMC proteins have been demonstrated to be expressed in diseased (often
ischemic/hypoxic) striated muscle cells. A number of authors consider this to be a
process of dedifferentiation, referring to expression of these proteins in striated muscle
cells during embryonic development [54]. However, the dedifferentiation process never
proceeds to a truly embryonic state, demonstrating that the terminal differentiation in
striated muscle cells can not be completely nullified or overruled. Smoothelin
expression has not been observed in ischemic or hibernating cardiac muscle, that
expressed «-smooth muscle actin (J. Ausma/ M. Borgers, personal communication).
Thus, although smoothelin and a-smooth muscle actin are co-expressed in early
embryos, triggers for expression of smoothelin are absent in hibernating/ischemic
myocardium, indicating differences in the transcription regulation of the two proteins.
Although the structure of the gene has been largely dissolved, the regulation of
expression of the gene and the generation of two isoforms is still unclear. Putative
promoter sequences have been analysed. A TATA-box has been found neither 5' of
smoothelin-A nor 5' of smoothelin-B coding sequences. Although more genes are
known to lack this box, so far, all smooth muscle-specific genes have a TATA-box. A
number of enhancer sequences have been found, but their impact on expression of both
isoforms remains to be determined. The putative smoothelin-B promoter sequence does
not show any homology with that of other SMC-specific genes such as SM22« and «-
smooth muscle actin. Functional promoter analysis can only be performed in contractile
SMCs. To our knowledge, there is no contractile SMC line and SMCs of primary
cultures dedifferentiate within a limited number of passages to the synthetic phenotype.
So, with the present SMC cultures a negative result in promoter studies may be
attributed to the cell phenotype rather than to the promoter sequence. The advent of
T-antigen carrying transgenic mice may provide opportunities to obtain SMC lines that
can be employed in promoter studies necessary to establish the functioning of the
smoothelin promoter(s).

Conclusion

Smoothelins are smooth muscle-specific proteins, which appear to be part of or
associated with the cytoskeleton. An association with actin was demonstrated by
immunohistochemical staining of cultured smooth muscle cells (SMCs) and transfected
skeletal muscle cells. So far, two isoforms of smoothelin have been detected and
characterized, a 59 kDa protein found in visceral SMCs, and a 110 kDa protein found
in vascular tissues. The visceral isoform is denominated 'smoothelin-A', whereas the
vascular isoform is denominated smoothelin-B'. Both proteins appear to be encoded by
one gene, which consists of twenty exons. Smoothelin-A is the carboxy terminal half
of smoothelin-B (exons 10 to 20 of the gene). It is not yet clear whether the two
proteins are the result of alternative splicing or are generated through a dual promoter
system. The putative promoter sequences do not contain a TATA box, but such
enhancer sequences as CarG-boxes and E-boxes have been found. With exception of
the actin-binding sequence, no major homologies with other genes have been
established. Expression of both smoothelins in adults appears to be restricted to
contractile SMCs. In early embryos smoothelin expression has been found in cells of
the heart precursor and somites. The expression pattern is similar to the pattern
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displayed by o-smooth muscle actin and SM22«. However, the specificity for
contractile SMCs and differential expression of the two isoforms appear to be unique
for the smoothelins.
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7. REGIONALIZATION OF TRANSCRIPTIONAL POTENTIAL
IN THE MYOCARDIUM: ‘CARDIOSENSOR’ TRANSGENIC
MICE

Robert G. Kelly, Peter S. Zammit, Diego Franco, Antoon F.M. Moorman,
and Margaret E. Buckingham

Introduction

The vertebrate heart results from complex morphological interactions between different
cardiac sub-compartments, including right and left atrial and ventricular chambers.
Cardiac sub-domains originate in early heart development: cardiomyocytes differentiate
in an anterior-posterior gradient in the anterior lateral mesoderm prior to the formation
of a transiently linear heart tube. Studies in the chick have shown that the cardiac tube
contains future sub-regions of the heart arranged in series along the anterior-posterior
axis [1]. Subsequently the heart tube undergoes a process of rightward looping, and the
caudal inflow region is displaced dorsally and anteriorally, resulting in an embryonic
heart composed of a series of sub-compartments or segments: inflow tract (IFT),
embryonic atrium, atrioventricular canal (AVC), embryonic left and right ventricles and
outflow tract (OFT). Subsequent growth, septation, and remodelling of these distinct
cardiac segments result in the development of separate right and left atrial and
ventricular chambers with independent inlets and outlets. Morphological remodelling
between different cardiac sub-domains is often perturbed in congenital heart defects in
man.

Recent studies of endogenous and transgene markers in the developing mouse heart
have demonstrated that different sub-units of the embryonic heart correspond to distinct
domains of gene expression, each with their own transcriptional specificities [2].
Among the markers which have been demonstrated to exhibit left/right transcriptional
differences in the mouse heart are myosin light chain (MLC) 3F transgenes [3]. MLC3F
is transiently expressed at a low level in the embryonic ventricles and remains at a low
level in the atria [3,4]. MLC3F-nlacZ transgenes reveal transcriptional differences
between the right and left sides of the embryonic heart which persist throughout
development and in the adult heart [3]. These transgenic mice provide informative
markers with which to analyze the acquisition of regional expression domains in the
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early heart, and to follow normal and abnormal morphological remodelling of the heart
as development proceeds.

Left and right transcriptional sub-domains in the mouse heart

The structure of the MLC1F/3F gene is illustrated in figure 1. The two promoters at this
locus are differentially activated during skeletal muscle development in response to two
enhancers which have been identified and analyzed in transgenic mice: one in the first
intron active in fetal and adult skeletal muscle, and one 3' to the gene which is active
in embryonic, fetal and adult skeletal muscle [5,6]. Transgenic analysis has also
demonstrated that the MLC3F promoter is active in cardiomyocytes, independently of
either skeletal muscle enhancer [3,4,7].

Figure 1. Structure of the mouse MLCIF/3F locus and MLC3F-nlacZ transgenes, showing the exon (filled
box), intron structure, splicing patterns and the positons of the intronic (shaded box) and 3' (empty box)
skeletal muscle enhancers. In the transgene constructs the nlacZ reporter gene is positioned in frame in exon
3 (MLC3F specific).

A B-galactosidase reporter gene, under transcriptional control of the MLC3F promoter,
is regionally expressed in transgenic mouse hearts (constructs MLC3F-nlacZ-2 and
MLC3F-nlacZ-2E [3,7]). X-gal treatment of isolated hearts reveals that 3-galactosidase
expression is strongest in the left ventricle and right atrium, with lower level expression
in the left atrium and an exclusion from the right ventricle (figure 2). In situ
hybridization analysis reveals that B-galactosidase transcripts accumulate in the left
ventricular free-wall and interventricular septum, but not in the right ventricular free-
wall, demonstrating that the regionalization of transgene expression results from
transcriptional differences between the right and left sides of the heart [3].
Regionalization of MLC3F-nlacZ transgenes occurs very early during cardiac
development, and the expression profile at embryonic day (E) 10.5 resembles the right
atrial/left ventricular dominant expression pattern found in the adult heart (figure 2).
Prior to looping, however, expression of the transgene appears symmetrically
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distributed along the anterior-posterior and left-right axes of the heart tube (figure 2):
regionalization of MLC3F transgene expression is therefore established concomitantly
with looping [8].

Endogenous MLC3F transcripts accumulate to a low level in the mouse heart [3,5]. In
situ hybridization analysis demonstrates that MLC3F transcripts are left/right
regionalized in the embryonic heart at E10.5, but that subsequent modifications of
MLC3F expression result in divergence between the endogenous and transgene
expression patterns [7]. In particular endogenous MLC3F transcripts are down-
regulated in the left ventricle and upregulated in the left atrium, modulations not
observed for MLC3F transgenes. In addition, the myocardium of the caval veins is
positive for endogenous MLC3F expression but negative for MLC3F transgenes. These
results suggest that different cis-acting modules control the spatial and temporal
distribution of MLC3F transcription in the mouse heart, and that those modules
mediating regionalization at E10.5, but not those mediating subsequent modulation of
MLC3F expression, are included on the MLC3F transgenes. Furthermore, these results
demonstrate that MLC3F expression in atrial and caval vein myocardium is directed by
distinct cis-acting modules, suggesting that the inflow region of the mouse heart is
composed of sub-domains of differing transcriptional specificities [7].

Figure 2. Cartoon of MLC3F-nlacZ-2E transgene expression (shaded region) in the developing and adult
mouse heart. Transgene regionalization emerges during cardiac looping and the resulting left
ventricular/right atrial dominant expression profile is stable from E10.5 onwards.
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Other examples of transgenes regionalized to the left or right sides of the embryonic
mouse heart have been reported recently. MLC2V-lacZ [9], and desmin-lacZ [10]
transgenes, for example, are restricted to the right ventricle, in a complementary pattern
to the MLC3F transgenes discussed above. These data suggest that the transcriptional
control of many cardiac genes is organised on a modular basis. As in the case of
MLC3F, the modules included on the respective transgenes are likely to be only a
subset of those controlling temporal and spatial expression of the endogenous genes.
Nevertheless, a number of endogenous genes have been demonstrated to be left/right
regionalized in the developing heart, including atrial natriuretic factor [11] and MCK
[12], which are transiently regionalized to the left and right ventricles respectively. The
extent to which endogenous myocardial genes are regionalized is unknown, although
initial results suggest that many genes, in particular those with dynamic expression
profiles, exhibit left/right transcriptional differences at least transiently (PZ, RK, DF
and MB, unpublished observations). The functional significance of extensive
transcriptional sub-domains within the ventricular and atrial myocardium remains to be
elucidated.

Myocardial gene expression appears to be controlled by the combinatorial activities of
several families of transcription factors [13]. Candidate molecules which may play a
role in mediating regionalization include the basic-helix-loop-helix factors e-hand and
d-hand, MEF2 family members and Nkx homeodomain proteins. In the embryonic heart
e-hand and d-hand are expressed in right and left ventricular domains respectively
[14,15], and loss of d-hand results in deletion of the right ventricle [14]. MEF2 has been
implicated in regionalization of right ventricular restricted MLC2V [9] and desmin [10]
transgenes, and targeted mutation of MEF2C, like the d-hand null phenotype, results
in deletion of the right ventricle [16]. Nkx2.5 null mice exhibit a block of cardiac
looping [17] and loss of a subset of regionalized markers, including e-hand in the left
ventricular domain [15]. Experiments are underway to identify the molecular
mechanisms controlling left ventricular/right atrial dominant MLC3F expression.

Morphological implications of transcriptional regionalization in the heart:
'cardiosensor' transgenic mice

Mice carrying transgenes such as MLC3F-nlacZ which are stably regionalized in the
myocardium (‘cardiosensor' mice) allow analysis of the contribution of different regions
of the embryonic heart to distinct structures of the definitive heart. Here we describe
two examples of the use of stably regionalized MLC3F transgene markers to follow
morphological processes during normal cardiogenesis. The MLC3F-nlacZ-2E
transgene, the expression profile of which is illustrated in figure 2, has been used to
follow the contribution of myocardial cells of the AVC (positive for transgene
expression at E10.5) to atrial and ventricular structures during AVC septation. This
analysis has shown that AVC myocytes contribute to the base of the atrial walls and to
the right ventricle during AV junction remodelling [8]. In addition, a small population
of B-galactosidase expressing myocardial cells contribute to the muscular component
of the tricuspid valve leaflet [8].
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Secondly a MLC3F-nlacZ-9 transgene, the expression domain of which is illustrated
in figure 3, and which is more broadly expressed in the embryonic myocardium (right
ventricle positive, but OFT negative), has been used to follow the contribution of the
OFT myocardium to the definitive ventricles [8]. In figure 3 it can be seen that the
negative myocardium of the embryonic OFT becomes incorporated into the ventricles
during fetal growth and in the adult heart contributes to the infundibulum of the right
ventricle and a small sub-aortic region of the left ventricle. The right ventricular outlet
septum is [-galactosidase negative and may therefore also be derived from the
embryonic OFT [8]. The use of regionalized transgene markers can therefore contribute
significantly to analysis of the fate of different regions of the mouse heart. There are
several advantages in using transgene over endogenous gene markers, including the
facility of revelation of [-galactosidase activity and the extensive sub-
compartmentalization picked up by transgenes compared to the broader temporal and
spatial expression patterns of most endogenous cardiac genes. Critically, such 'lineage'
analysis depends on transgene expression being static, ie providing a stable marker for
a defined sub-population of myocytes. Stable expression can be established by detailed
histological and whole-mount examination of intermediate steps [8].

Figure 3. Cartoon of MLC3F-nlacZ-9 transgene expression (shaded region) in the developing and adult
mouse heart. A population of B-galactosidase negative myocardiocytes in the embryonic outflow tract
becomes absorbed into the ventricles during fetal development. After Kelly et al., 1998 [2].

Congenital heart disease in man frequently involves abnormalities at cardiac
subcompartment boundaries, malformations of cardiac outlet connections, or abnormal
chamber remodelling. An increasing number of mouse models of congenital heart
disease have been described [18]; such mutant mice can be crossed with 'cardiosensor’
transgenic mice to follow the contribution of different regions of the embryonic heart
to particular malformed structures. For example, experiments are underway to analyse
left and right atrial and ventricular specification in a mouse heterotaxy model, the iv/iv
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mouse, by crossing the right atrial/left ventricular regionalized MLC3F-nlacZ-2E
transgene into the iv genetic background. In these mice left/right positional information
is lost and the direction of cardiac looping is randomized, with an associated increased
frequency of abnormalities including atrial isomerism and outlet connection
malformations [19]. Initial results show that transgene expression reveals defects in left-
right specification of the atria before their morphological development [DF, RK, AFM,
MB and Nigel Brown, unpublished observations]. Similarly, analysis of left/right
regionalized transgene expression in mouse trisomy 16, a murine model for Down's
syndrome, should reveal novel information about how different compartments of the
embryonic heart contribute to atrioventricular septal defects. Gene targeting technology
has greatly expanded the number of mutant mouse lines with cardiac malformations
[14,17], and fine analysis of mutant phenotypes using selected 'cardiosensor' mice
should provide insights into the mechanisms by which the early heart is patterned and
the morphological interactions associated with subsequent cardiac remodelling.
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8. HUMAN TROPONIN GENES: TRANSCRIPTIONAL
REGULATION AND CHROMOSOMAL ORGANIZATION

Paul J.R. Barton, Pankaj K. Bhavsar, Kimberley A. Dellow, Philip J.
Townsend, Magdi H Yacoub, and Nigel J. Brand

Introduction

The troponin complex forms the calcium-sensitive molecular switch which regulates
striated muscle contraction in response to alterations in intracellular calcium
concentration. It is located on the thin filament of the sarcomere and is composed of
three subunits: troponin C, the calcium binding subunit; troponin T, which is involved
in the attachment of the complex to tropomyosin; and troponin I, the inhibitory subunit.
Multiple isoforms of each of these subunits have been identified (see table 1) which are
expressed with distinct tissue-specificity and developmental regulation [1,2]. In the case
of troponin I, three isoforms have been identified in vertebrate striated muscle and in
the adult these are expressed in cardiac muscle, slow skeletal muscle and fast skeletal
muscle respectively. In the adult heart, cardiac troponin 1 is the only troponin I isoform
detected in the bulk of the myocardium. However, during development the predominant
isoform expressed is slow skeletal troponin I [2]. We have previously documented
aspects of troponin expression in the human heart [3-6] and demonstrated a
developmental switch in troponin I expression during human development. Analysis of
mRNA and protein levels suggests that the increase in expression of the cardiac
troponin I gene seen in late fetal stages in man is due to an increase in transcription.
Here, we present data on the basic machinery required for the expression of the human
cardiac troponin I gene. In other studies we have analyzed the organization of the
troponin gene families and revealed that the six human genes encoding the different
troponin I and T isoforms are organized as paralogous pairs located at three different
chromosomal sites. Analysis of the pair comprized of the cardiac troponin I and slow
skeletal troponin T genes reveals that they are organized head to tail and lie within 3 kb
of each other. Close physical linkage raises questions concerning the evolution of these
two troponin gene families, for their regulation and for the analysis of mutations
suspected to result in cardiomyopathy.

P.A. Doevendans et al. (eds.), Cardiovascular specific gene expression, 75-86.
© 1999 Kluwer Academic Publishers.
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Table 1. Chromosomal organization of Human troponin genes.

Protein Isoform Gene symbol Chromosomal location
TroponinI  Slow skeletal TNNII 1932
(Tnl) Fast skeletal TNNI2 11ql15.5
Cardiac TNNI3 19q13.4
Troponin T  Cardiac TNNT2 1932
(TnT) Fast skeletal TNNT3 11pl5.5
Slow skeletal TNNTI 19q13.4
Troponin C  Cardiac / TNNCI1 3pl4.3-p21.3
(TnC) slow skeletal
Fast skeletal TNNC2 20q12-q13.11

Data derived from the following references : TNNII [30]; TNNI2 [24,50]; TNNI3 [33]; TNNT2 [31,32];
TNNTI [29]; TNNTI [34]; TNNCI' [27,51]; TNNC2 [28,50]. ' Note that the cardiac troponin I gene has
previously been described as TNNCI. The current human genome mapping project (HGMP) nomenclature
of the troponin genes is that shown in table I.

Organization of the human cardiac troponin I gene promoter

In an attempt to determine the factors required for its expression we have isolated and
characterized the human cardiac troponin I gene [7]. Analysis of 1.1 kb of proximal 5°-
flanking sequence reveals the presence of a number of potentially important elements.
These include putative M-CAT, MEF-3, CACC box, GATA (x2), AT-rich (MEF-
2/TATA) and Initiator elements. In addition, eleven copies of a 36-38 bp, chromosome
19-specific, minisatellite sequence were identified. In order to investigate the function
of the promoter and to test the importance of these elements we made a series of
constructs containing varying lengths of flanking DNA. Transfection of these into
neonatal rat cardiac myocytes, using standard procedures as previously described [7]
suggested the possibility of both positive and negative regulatory regions within the first
6.5 kb of flanking region but showed that 98 bp of proximal sequence was sufficient
to drive a significant level of transcription (data not shown). Within this region there
is significant homology between rat, mouse and human genes and a number of the
elements described above (figure 1). In all three genes the site of initiation of
transcription is located within an Initiator (Inr) element [8] more commonly associated
with genes which lack a TATA box. Overlapping the Inr is a consensus GATA element
(WGATAR) [9] in reverse orientation and, further upstream, a conserved AT-rich
region which forms a potential MEF-2 binding site [10] overlapping a consensus TATA
box. A second consensus GATA sequence is located more distally in the human gene
again in reverse orientation. In this case the sequence is not fully conserved in the rat
or mouse. Finally, a CACC box, similar to that sequence described in myoglobin genes
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[11] and cardiac troponin T enhancer [12], is located at the distal end of this region in
the human gene. In both rat and mouse genes a more proximal and shorter CACC box
is present (see below).

human -98 GCCcCAQccdgCCACTCACGCGCCCCeETTATCggCATagTGGGCAGGGGGAGGAG
mouse -91 GCACACGGCTCCCCTCA--[CACCA- TETTATCGCTLATCCTGGGCA-GGGGAGGAG
rat -91 GCACACGGCTCCCCTCA- -|[CACCO- TGTTATCGCTCATCCTGGGaA - GGGGAGGAG

+1
>
human -42 gAGGtgaCAGTATATTTAGTCTgTGTCCTCGCCCLTTATICTICAGTGTICCTC
mouse -39  A---CAGCAGTATATTTAGTCTTTGTCCTCGCCCATTATICTICAGTGTICCTC
rat -39 A---CAGCAGTATATTTAGTCTTTGTCCTCGCCCOITATICTICAGTGTICCTC

Figure 1. Alignment of the proximal 98 bp promoter region of the human cardiac troponin I gene with the
rat and mouse. The site of initiation of transcription (bold A) lies within an initiator element. Two GATA
elements are present in reverse orientation with respect to the direction of transcription. Note that the
proximal GATA element overlaps the initiator and that in the distal element the human sequence alone
complies fully with the WGATAR consensus. CACC box and Sp1 elements are located at the distal end of the
region in the human gene. In the rodent genes a related CACC box sequence is located more proximally (see
text). Promoter sequences derived from published data [7,16,47].

GATA, MEF-2 and CACC box elements are required for maximal expression

In order to further investigate the elements identified within the proximal 98 bp region,
we conducted a series of experiments aimed at confirming their ability to bind specific
transcription factors, assayed through electrophoretic mobility shift assay (EMSA), and
their ability to influence transcription, assayed through transfection of constructs in
which individual sites were mutated.

Two GATA elements are contained within the 98 bp proximal promoter region. The
GATA family of factors have been implicated directly in cardiac gene regulation [9]:
ablation of the GATA-4 gene in knock-out transgenic animals results in incomplete
heart formation [13,14] and over-expression of GATA-4 in skeletal muscle can induce
expression of cardiac-specific promoters [15]. Moreover, previous experiments have
shown that GATA-4 acts as a positive transcriptional regulator of the rat troponin I gene
[16]. We therefore examined the function of the GATA elements located in the
proximal 98 bp of the human gene. EMSA analysis showed that both the proximal and
distal GATA elements bound GATA-4 producing a single characteristic band the
identity of which was further confirmed by supershift assay using a GATA-4-specific
antibody (figure 2A). Furthermore, as this antibody resulted in a supershift of the
majority of the band our data suggest that GATA-4 is the major GATA-binding activity
present in neonatal cardiac myocytes. Site-directed mutagenesis of either of the GATA
elements in a manner which abrogated DNA-binding activity resulted in a significant
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reduction in promoter activity (see figure 3). These data indicate that both GATA
elements are required in order to achieve maximal transcription of the 98 bp region
although neither is essential for transcription to occur.
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Figure 2. Analysis of nuclear factors binding to GATA and AT-rich elements. A) EMSA analysis of the
proximal and distal GATA elements in the human promoter using neonatal rat cardiac myocyte nuclear
extracts. A single major band is identified (solid arrow) which is supershifted on addition of GATA-4 specific
antibody (dotted arrow). Shown on the right is the loss of binding seen when the GATA element is mutated
(AGATAA ~ ATCTAA on reverse strand). B) EMSA analysis of the AT-rich element using neonatal rat
cardiac myocyte nuclear extracts. Two distinct binding activities of similar mobility are seen (centre track).
Addition of antibody specific to MEF-2A/C (right track) or to Oct-1 (left track) results in a supershift of the
upper or lower band respectively. A higher magnification is shown on the right.

The AT-rich element lies in a region which is 100% conserved between the human and
rodent genes. Analysis of the factors which bind to this element is complicated by the
fact that this region was found to bind both Oct-1 and, more weakly, MEF-2 isoforms
(figure 2B), and because it contains a canonical TATA box. Other AT-rich elements
have been described with the potential to interact with multiple factors including a
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region of the upstream enhancer of the muscle myosin creatine kinase (MCK) gene
which can bind MHox, Oct-1 and MEF-2 [17] and the Xenopus MyoDa gene where
MEF-2 and TATA box elements overlap [18]. In order to investigate the potential role
of MEF-2 and TATA box elements in the cardiac troponin I gene we constructed
mutants in which either the MEF-2 or TATA binding potential was ablated in such a
way as not to compromize binding of the other factor [18]. Transfection of these
constructs (figure 3) showed that ablating MEF-2 binding resulted in partial reduction
of promoter activity (60% of wild type) whereas mutation of the TATA box alone had
no detectable effect. These data suggest that it is the MEF-2 element and not a TATA
box which is important for maximal activity. Further experiments are now required to
determine how these contrasting activities may function in vivo and to determine the
function of the initiator element in light of the apparent redundant nature of the TATA
box. It is also of interest to note that the human slow skeletal muscle troponin I gene,
which is expressed in cardiac muscle during development, also contains an initiator
sequence [19]. In this case, however, there is no TATA box present upstream.

The human cardiac troponin I gene contains a sequence (CCCACCCC) which is similar
to the CACC box present in the human myoglobin gene [11] and both the skeletal [20]
and cardiac (CEF-2) [12] enhancers of the murine slow/cardiac troponin C gene [12].
This sequence is not present in the rat or mouse troponin I genes although a more
proximal element, identical to the CACC box described in the B-globin gene
(CACACCQC) [21], is present in both rat and mouse. It has previously been shown that
mutation of either of the myoglobin or troponin C elements results in a significant drop
in promoter activity [11,12] and that the myoglobin element can bind at least two
factors: a 40kDa protein called CBF40 (for CACC box binding factor) and a winged-
helix nuclear protein called MNF (for Myocyte Nuclear Factor) [22,23]. In our
experiments, mutation of the CACC box results in a significant reduction in promoter
activity (< 30% of control levels) confirming the importance of this element for
maximal transcriptional activity of the human cardiac troponin I gene.

Genes for human striated muscle troponin I and T are organized in paralogous
pairs

A total of eight troponin genes have been identified in the human genome as
summarised in table 1. We recently defined the chromosomal location of the previously
unassigned members of these gene families and this has revealed that the genes
encoding troponin I and T are organized as paralogous pairs at three chromosomal sites
[24]. Chromosomal assignments were made based on PCR amplification of DNA from
a ‘monochromosomal’ somatic cell hybrid panel [25] and from the Genebridge4
radiation hybrid panel [26]. Results of Genebridge4 analysis show the cardiac/slow
skeletal muscle troponin C gene (TNNC1) between D3S3118 and GCT4B10 on the
short arm of chromosome 3 [27], the fast skeletal muscle troponin C gene (TNNC2) to
map between D20S721 and GCT10F11 on chromosome 20 [28] and the fast skeletal
muscle troponin I gene (TNNI2) to map to chromosome 11, coincident with D11S922,
a marker previously assigned to 11p15.5 [24].
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Figure 3. Analysis of the function of GATA, AT-rich and CACC box elements. Left panel: Effect of mutation
of the AT-rich element to ablate MEF-2 binding (M-: GTATATTTAG ~ GTATATTAGC) or the TATA-box (T:
GTATATTTAG ~ GTAAATTTAG) compared to the control parental construct (wt) containing 531 bp of
proximal promoter linked to the CAT reporter gene in pBLCAT3+. Right panel: Effect of mutation of the
distal (D/G-) and proximal (P/G-) GATA elements (both AGATAA ~ AGAATT on reverse strand) and CACC
element (CCCACCCC - CCCGGTAC) compared to the parental construct. The results show the average of
at least 4 independant duplicate transfections into neonatal rat cardiac myocytes (+ SEM ). All transfections
were normalized against a f3-galactosidase control plasmid.

The fast skeletal muscle troponin T (TNNT3) gene has been previously assigned to
11p15.5 by in situ hybridization [29] and our data therefore demonstrate that the fast
skeletal troponin I and T genes map to the same chromosomal region. We therefore
sought to investigate linkage between other troponin I and troponin T genes. The slow
skeletal muscle troponin I (TNNI1) and cardiac troponin T (TNNT?2) genes have both
been assigned to 1q32 [30,31] and the cardiac troponin T gene has been identified as
the CMH2 (familial hypertrophic cardiomyopathy) locus [32]. A search based on
sequence alignment with the sequence tagged site (STS) database revealed matches
between the STS elements WI-9272 (100% sequence identity) and exon 1 of the slow
skeletal troponin I gene [19], and between D1S1723 (98% sequence identity) and the
mRNA sequence of cardiac troponin T [5]. Further analysis of the genome database
revealed that these STS elements had been independently located within a single, 370
kb yeast artificial chromosome (Y AC) recombinant (970-H-3) contained within contig
WCI1.18, thereby demonstrating close physical linkage of these genes. Close physical
linkage was further confirmed by isolating two independent P1 artificial chromosome
(PAC) genomic recombinants (Genome Systems Inc) which both contain the whole of
both genes as determined by hybridization with oligonucleotides corresponding to their
respective 5” and 3’ exons (data not shown). The slow skeletal troponin I and cardiac
troponin T genes therefore lie within the 150-170 kb region contained in these PAC
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recombinants.

A search using available sequence data failed to identify other mapped STS elements
within published troponin gene sequences. However, the cardiac troponin I (TNNI3)
and slow skeletal muscle troponin T (TNNI1) genes have been independently localized,
in both cases to chromosome 19q13.4 [33,34]. We recently determined the genomic
structure of the cardiac troponin I gene [7] and have subsequently analyzed two
independent P1 genomic recombinant clones which we have shown to contain the
whole of both the cardiac troponin I and slow skeletal troponin T genes by
hybridization using oligonucleotides corresponding to their respective 5’ and 3’ ends.
Preliminary analysis of one of these P1 clones reveals that the genes are organized head
to tail (in the order cardiac troponin I - slow skeletal troponin T) and lie within 3 kb of
each other (figure 4).

Tnlc TnTslow
[ | [ ]
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L Ly —wi—L
1-5 67 8 1 2-56 7-9 1011 12 -14
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Figure 4. Structure of the cardiac troponin I and slow skeletal troponin T gene locus. The organization of
the locus is based on restriction mapping and sequence analysis of a Pl recombinant clone. Approximate
positions of coding exons are shown as open boxes. Filled boxes are non-coding exons. The structure of the
cardiac troponin I (Tnlc) gene is derived from previous studies [7]. The structure of the slow skeletal
troponin T (TnTs) gene is based on preliminary mapping and sequence analysis. Exon sequences were
identified by reference to published mRNA sequence [48]. * Denotes exons in the slow skeletal troponin T
gene subject to alternative splicing [48,49]. R, H and Cla are restriction sites for EcoRl, Hindlll, and Clal
respectively.

While all sarcomeric proteins, including isoforms of actin, myosin light chain and
tropomyosin, are encoded by multigene families, only the myosin heavy chain genes
have been previously identified as being linked. These are grouped at two loci, one
containing the a- and - cardiac genes MYH6 and MYH?7 [35] the other containing the
skeletal muscle genes MYH1-MYHS5 [36,37] and probably originated through tandem
gene duplication. The functional significance of myosin gene clustering remains unclear
but the organisation of the skeletal muscle cluster does not correlate directly with their
developmental order of expression [37] as is seen, for example, with the globin [38] and
homeobox [39] gene clusters. For the troponin I and T genes the situation is different
as pairing is between members of two different gene families where the observed
linkage is not easily related to their pattern of expression. For example, while the fast
skeletal troponin I and T genes are co-expressed and could, therefore, be co-regulated
by a single locus controi region, the closely linked cardiac troponin I and slow skeletal
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troponin T share no common site of expression in the adult or the embryo.

Their organisation suggests that the troponin genes are derived from triplication of a
locus containing an ancestral troponin I/troponin T gene pair resulting in three
paralogous chromosomal regions [40]. This raises the possibility that other closely
linked genes may exist at each of these three sites as has been demonstrated in other
cases [41]. Current data is limited for most other species, but we note that in both
Drosophila and C. elegans the single troponin I and troponin T genes are located on the
same chromosome [42-44]. A further possibility is that the ancestral locus may have
contained a single gene with combined functions of both troponin I and troponin T. In
this respect we note that smooth muscle caldesmon acts as the allosteric regulator of
actin-myosin interaction and combines functional features of both troponin I and T [45].
If there were a single ancestral gene, separation of two distinct transcription units would
have preceded triplication of the locus and the subsequent divergence of the
independent patterns of regulation seen in the current human gene pairs. Consistent with
this, our data show that the cardiac troponin I and slow skeletal troponin T genes are
organized head to tail and are in very close proximity. The third component of the
complex, troponin C, is derived from the family of proteins containing the calcium-
binding ‘EF’ hand and has evolved independently in so far as the genes encoding the
cardiac/slow skeletal muscle isoform (TNNC2) and the fast skeletal muscle isoform
(TNNCI1) are located at separate sites on chromosome 20 [28] and 3p [27],
respectively. Detailed structural analysis of the troponin I/T gene pairs is now required
to determine their precise organisation and whether linkage may be important for their
regulation. In particular, close physical linkage has implications for the analysis of
mutations involved in familial hypertrophic cardiomyopathy. A large number of
mutations in the cardiac troponin T gene have been described which result in this
disease. A recent report has described mutations in the cardiac troponin I gene raising
the possibility that further troponin genes may also be involved [46]. Close physical
linkage will result in co-segregation of both members of each gene pair and any
structural rearrangement of the locus could affect expression of both genes. Exclusion
of the second troponin gene as possible cause of inherited disease may therefore be a
necessary precaution when analysing troponin mutations causing familial hypertrophic
cardiomyopathy.

Conclusion

In summary, a total of eight troponin genes have been identified in the human genome
and these show distinct patterns of temporal and spatial expression. We have chosen
to analyse the human cardiac troponin I gene as a model of developmentally-regulated
cardiac-specific gene expression. Functional studies using a series of promoter deletion
constructs indicate that a minimal promoter containing 98 bp is sufficient to drive
transcription in cardiac myocytes. This region includes an Initiator element, an AT-rich
(TATA/MEF-2) element, CACC box and two GATA elements. DNA-binding assays
and site-directed mutagenesis demonstrate that each of these elements is important for
efficient transcription of the promoter. In parallel studies we have defined the
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organization of the troponin gene families and revealed that the six human genes
encoding the different troponin I and T isoforms are organized as paralogous pairs
located on three different chromosomes. Analysis of the pair comprising the cardiac
troponin I and slow skeletal troponin T genes reveals that they are organized head to tail
and lie within 3 kb of each other. The functional significance of this linkage remains
unclear but is of interest as these genes share no common site of expression in the adult
or the embryo.
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9. RETINOID SIGNALING: INSIGHT FROM GENETICALLY
ENGINEERED MICE

Pilar Ruiz-Lozano, and Kenneth R. Chien

Introduction

To dissect the complex molecular and positional cues which guide various states of
cardiac morphogenesis, a number of laboratories have employed gene-targeting
approaches and examined the physiological role of putative cardiogenic candidate
genes. Various of these candidate genes were selected by virtue of their temporal and
spatial pattern of expression during cardiogenesis [1], by their functional effects in vitro
and in vivo [2,3], or by their ability to control the cardiac gene program [4-11]. A wide
variety of defects have been reported that range from abnormalities in the aortic
arch/aortic sac, conotruncal, and outflow tract, individual defects in the right and left
ventricle, defects in trabeculation, and in the atrioventricular cushions [for review, see
12].

The RXRo. model

In particular, the retinoid family of nuclear receptors appear to play an important role
in cardiac function. Among the two related families of nuclear retinoid receptors,
RARs (encoded by 3 different genes o, B and y) and RXRs (o, B and ), both of which
are members of the superfamily of ligand-inducible transcriptional regulators. A single
mutation of RXRa is necessary and sufficient to yield profound defects in cardiac
morphogenesis while RAR receptors have synergistic effects to mutations in RXR«,
thus suggesting that RXR/RAR are the physiologically active partners [13,14]. RXRa
null mutant mice display malformations in the eye, defects in the ventricular compact
zone, and abnormalities in cushion tissue mesenchyme [9,15-16], and die around
embryonic day 14.5 from heart failure [17]. Due to the ability of retinoid receptors to
regulate transription in a ligand (vitamin A deriatives)-dependent manner, these defects
presumably arise as a consequence of individual deficiencies in the cellular mRNA
content of particular RXRa target genes. Relatively little is known regarding the
downstream target genes which are essential for these steps in cardiac morphogenesis
and function, and which must ultimately be under the control of vitamin A signaling
pathways.

P.A. Doevendans et al. (eds.), Cardiovasrular specific gene expression, 8§7-97.
© 1999 Kluwer Academic Publishers.
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Strategies to analyze downstream target genes

Several strategies have been described to search for components of the retinoid
signaling pathway, including in vitro studies on retinoic acid responsive cells [16] and
direct examination of candidate genes [17]. Via the isolation of in vivo targets of RXRa
by subtractive hybridization, we have systematically analyzed the mRNA population
that is downregulated in the mutant versus the wild type embryos. To our knowledge,
this study provides one of the first reported comprehensive analyses on gene expression
based on a genetically modified mouse model and supports the utility of this approach
toward the analysis of the growing list of mice which harbor a deficiency in a specific
transcription factor. This could be of particular value in the analysis of the diverse
pathways regulated by transcription factors and the molecular dissection of the
physiological alterations of the growing number of null mutant animal models.

Isolation of RXRa downstream target genes via a directional tag subtraction
cloning strategy with cDNA libraries derived from RXRa -/- and wild type
embryos

To isolate putative RXRa downstream target genes, we used a subtractive hybridization
method to generate a cDNA library of clones that were enriched in the wild type versus
the RXRa mutant embryos [18]. Two independent strategies were employed based
upon either the generation of whole embryo cDNA (eWpT7 and eKpG) or embryonic
cardiac ventricle (VWpT7 or vKpQG) libraries derived from wild type and RXRa -/- day
13.5 embryos [18]. Subtraction was performed either through eWpT7 minus eKpG, or
by vWpT7 minus vKpG. Purified single stranded fractions corresponding to mRNAs
enriched in the wild type were separated, PCR amplified, and cloned to yield the wild-
type subtracted libraries (eSpT7 and vSpT7), where 96% of the input target was
removed (figure 1A). Subsequently, we picked and arrayed 432 clones randomly from
the subtracted cDNA libraries and hybridized replica filters with the subtracted, the
unsubtracted wild type whole embryo (target) and the unsubtracted mutant whole
embryo (driver) cDNA probes. These cDNA clones, enriched in the subtracted probe
and non detectable with the driver probe, were selected as candidates for RXRa
downstream mRNAs (figure 1B). We determined the cDNA sequence of 115 selected
clones, which resulted in the identification of three classes of cDNAs (table 1). A
portion of the subtracted clones represented novel sequences, which displayed both
ubiquitous and tissue-restricted pathways of expression

Differential expression pattern of selected cDNAs during embryonic development
of wild type versus RXRa-/- embryos

We analyzed the differential expression of a group of subtracted clones from the wild-
type mouse embryo day 13.5 and compared this to the expression pattern in RXRe null
mutant littermates by either in situ hybridization (ISH) on paraffin-embedded embryos
or Northern blot analysis of total RNA samples. A summary of validated clones is
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shown in table 1 and several examples are provided in figure 2. In particular, clone G1,
encoding the 14.5b subunit of the NADH-ubiquinone oxidoreductase (mitochondrial
Complex I), was ubiquitously expressed in the wild-type and showed a markedly
reduced expression in the RXRa -/- embryo (figure 2A). Atrial myosin light chain-2
(MLC-2a) was persistently expressed in the RXRa mutant ventricles (figure 2 ), as
previously described [17].

A significant number of the subtracted cDNAs (50%; 61/115) encoded known enzymes
involved in energy metabolism. For instance, clone G1 encodes the 14.5b subunit of the
NADH-ubiquinone oxidoreductase complex [19], and appeared 33 times in the
subtracted library. Other clones involved in energy metabolism were also found in the
subtracted library, including NADH-I , Fructose 1,6 bisphosphate aldolase [20]; and the
glucagon receptor [21,22].

Tgfget Driver
wild-type embryos RXRo mutant embryos
l cDNA directional libraries l
whole embryo in pT7T3D € WpT7 eKpG  whole embryo in pGEM
Isolated ventricies In pT7T3D  yWpT7 vKpG Isolated ventricles in pGEM
l in vitro transcription l
sense RNA
senfe RNA
antisense cDNA \ /
hybridization
cDNA:RNA
target-enriched sequences
purification (HAP)
PCR
+32pdCT/ Winto pT7T3D
Subtracted probe Subtracted library

Figure 1A4. Differential screening of the subtracted RXRo. cDNA library. Strategy of subtraction: Directional
¢DNA libraries from either whole embryo or isolated cardiac ventricles were generated in two different
phagemid vectors. Inserts were in vitro transcribed and antisense target cDNA was hybridized to sense driver
cRNA. Target-enriched sequences were purified by HAP chromatography and used to generate either the
subtracted probe or the wild type subtracted library.
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Figure 1B. Differential screening of the subtracted RXRoa cDNA library. Clones from the RXRo+/+ minus
RXRo-/- subtracted libraries were picked and arrayed to make replica filters. Each filter was hybridized with
unsubtracted RXRa. -/- cDNA probe (DRIVER), unsubtracted RXRa. +/+ cDNA probe (TARGET), or RXRa
+/+-minus-RXRa -/- SUBTRACTED c¢DNA probe.
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Selective energy deprivation in the embryonic hearts of RXRa« -/- embryos

To initially assess energy status in the RXRo mutant, we determined the ATP content
in different embryonic tissues. ATP content in skeletal muscle and fetal liver was
similar in the three RXRa genotypes. In contrast, a 60% reduction of the ATP content
per milligram of total protein was observed in the isolated ventricles of RXRa null
mutant embryos. Heterozygotes displayed an ATP concentration similar to wild-type
samples in every tissue measured (figure 3). These data were reproduced in three
independent experiments, using a total of 20 embryos (6 wild-type, 9 heterozygous, 5
homozygous). These results suggest that mutations affecting mitochondrial oxidative
systems have pronounced effects in organs, such as heart, that are more reliant on
oxidative energy production. In the systematic examination of putative downstream
target genes by this subtraction cloning strategy, we have found that a high proportion
of the subtractive clones encode proteins involved in energy metabolism. For example,
bovine heart Complex I is composed of 41 different subunits and is the largest proton-
translocating oxidoreductase in the mitochondria respiratory chain [23,24]. This
complex catalyzes the transfer of electrons from NADH to ubiquinone which is coupled
with a vectorial transfer of protons across the mitochondrial membrane, thereby driving
ATP formation (for a review, see [25]). Interestingly, in the RXRa-deficient embryos,
there was a virtual complete deficiency in the subunit 14.5b of Complex I. Since
subunit 14.5b of Complex I (clone G1) was present at a 50% level in the RXRa
heterozygous deficient embryos, this relationship supports the concept that this gene
may indeed be a direct target of RXRa during the course of cardiac development in a
manner dependent on RXRa gene dosage. G1 mRNA mis-expression in retinoid-
deficient rat embryos further supports a direct role of ligand-activated retinoid receptors
on the regulation of metabolic genes.

Subclass Sequence i Dwmeg!a_ﬁon,
i as, situ
/Motif pattern hybridization
Metabolic genes
Gl 145bNADH-Q DH 'Ubiquitous 33 Yes
w85 NADH-T Tongue, pituitary 7 Yes
3vi2 Glucagon receptor Ubiquitous 7 Yes
3vil F1,6 bP aldolase Ubiquitous 10 Yes
3vl6 Phosphorylase Ubiquitous 4 Yes
Novel genes
c8 Novel Fetal liver 12 Yes
3v2 Novel Ubiquitous 3 Yes
B2 Novel Fetal liver 8 Yes
10v2v5 Novel Heart 1 No
B8 Novel Skeletal muscle 2 No
Other
w70 CARP* Cardiac muscle 4 Yes
v17 PSD-95 Ubiquitous 2 Yes
3v9 Rhodopsin Skeletal , brain, neural 7 Yes
4G6 Mitochondrial DNA 15 ND
TOTAL 115

Table 1. Subclassification of subtracted cDNA clones isolated from wild type versus RXRe. -/- mouse
embryos 13.5. Name of the subtracted clones, sequence homology and frequency of a determined sequence
among isolated clones are indicated. Individual clones were analyzed independently by in situ hybridization.
Whether they were differentially expressed (downregulated) in the mutant RXRo. compared to the wild-type
embryos is indicated in the right column. (ND; not determined) (From [18], with permission).
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RXR o +/+ RXR o -/-

G1

MLCZ2a

C8

Figure 2. Differential expression of mRNAs in RXRa targeted embryos, as revealed by in situ hybridization.
A Midsagittal sections through wild type (RXRa +/+) or null mutant (RXRa. -/-) embryonic day 13.5
littermates were hybridized with riboprobes for the selected subtracted clones, GI1 (NADH:ubiquinone
oxidoreductase), or the novel cDNA clone C8, displayed a reduced but detectable expression in the mutant
animal. Note the persistent ventricular expression of MLC-2a in the mutant heart. The atrial myosin light
chain (MLC-2a) antisense riboprobe was used as a control for the integrity of the RNA in both embryos, as
well as a control for the aberrant expression in the RXRa mutant null embryo (as reported in Dyson et al.,
1995). The name of each probe is shown in the right panel. v, ventricle; a, atria; L, liver. (From [18], with
permission).
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A severe deficiency in this component would be expected to act in the mitochondrial
respiratory chain in a manner analogous to the delivery of respiratory inhibitors that
work at the ubiquinone step, such as synthetic capsaicin analogs [26]. Therefore, ATP
depletion would be expected to be particularly prominent in organ systems which are
highly dependent on high energy phosphates for the maintenance of normal function.
Since the heart requires ATP for the maintenance of its normal contractility, and
displays a high degree of ATP utilization to maintain this function [27], it would be
expected that any impairment in this process might first appear in cardiac tissues.
Consistent with this notion, the ATP levels in the ventricles of RXRa-deficient embryos
were significantly lower than control, and approached levels that are consistent with
marked energy deprivation. Thus, associated with this deficiency in the mitochondria
respiratory chain, there is clear evidence of energy deprivation. This effect appeared to
be selective for the heart, as ATP content in other tissues within the mutant embryo
were maintained at control levels. The specific decrease in ATP content in the mutant
heart may imply a metabolic deficiency for which the heart is a more sensitive tissue.
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Figure 3. ATP content. ATP content was measured in different embryonic tissues of various RXRo. embryos
(+/+, wild type,; +/-, heterozygote and -/-, null mutant). Tissues were: Skeletal muscle (Sk), liver (L) and
ventricle (V). ATP measures were normalized as nmol of ATP per milligrams of total protein. Data are
plotted as mean values and standard error. *: Value statististically significant from control as per one factor
ANOVA analysis (p <0.05) (From [18], with permission).

The RXRa cardiac phenotype may represent a secondary effect of RXRa on
metabolic pathways and consequent dilated cardiomyopathy

The phenotype seen in RXRa deficient hearts is mimicked by a diversity of mice that
harbor deficiencies in a wide variety of transcriptional factors and other signaling
molecules, including WT-1, BARK-1, myc, and TEF-1 (reviewed in [12]). This
phenotype, known as the "thin myocardial wall syndrome" [28], has been thought to be
due to a maturational arrest in ventricular lineages, reflecting an inherent defect in
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myocardial proliferation and/or to be an index of relative hypoplasia of the ventricular
wall. However, given that the current study shows direct evidence for severe energy
deprivation and down-regulation of genes associated with cardiomyopathy in the human
setting, a distinct alternative possibility exists that the RXRa phenotype, and perhaps
the other phenotypes as well, actually represent the process of chamber dilation that is
seen in the setting of adult heart failure. This view is supported by the recent finding
that the requirement for RXRa in preventing "thin wall myocardial" syndrome is not
in ventricular muscle cells per se [29].

Working model for cardiac defects in RXRa ' "embryos

RXRo™
Cardiac morphogenic Defects in cardiac
defects energy metabolism
v e
Decreased ventricular
Aortic sac function ‘
Thin myocardial wall;
Atrioventricular cushion chamber dilatation
* \
Increased wall tension l
5

y

lVentricular musclﬂ Heart failure

Figure 4. Working model for the onset of ventricular chamber dysmorphogenesis in RXRa. -/- embryos.
RXRo deficiency affects the expression of genes responsible for morphogenesis and genes that regulate
embryonic metabolism. A severe energy deprivation exists due to the down-regulation of metabolic target
genes associated with cardiomyopathy . Subsequent to a decrease in ventricular function, the chamber
dilation, thinning of the ventricular wall, and ultimately heart failure ensue as a secondary event.

In the mouse, and in other species, including man, heart failure is associated with
cardiac chamber dilatation and a thinning of the ventricular wall. This phenotype is also
seen in MLP-deficient mice (see Chapter 4), which display cardiac chamber dilation
during the onset of cardiomyopathy and heart failure [30]. The finding of embryonic
heart failure, as documented by a decrease in cardiac contractility [17], in combination
with the current study which identifies downstream metabolic target genes for RXRa,
are suggestive of a mechanistic model in which RXRa regulates at least two separate
sets of genes: genes responsible for morphogenesis and genes that control energy status.
Alterations in the expression of cardiac morphogenetic genes would result in defects in
the aortic sac, atrioventricular cushion, conotruncus or ventricular muscle. A deficiency
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in maintaining energy status of cardiac muscle would result in a decrease in ventricular
chamber function [31], concomitant dilatation and thinning of the myocardial wall,
leading to increased wall tension and finally heart failure (figure 4). Our studies [18]
underscore the importance of the maintenance of mouse cardiac function in the course
of cardiac chamber morphogenesis, even though we can not rule out the possibility of
a certain degree of cross-talk between both pathways. Taken together, we propose a
model whereby the relative thinning of the ventricular wall and dysmorphogenesis of
the ventricular chamber in the RXRa deficient mice may represent a secondary effect
at the onset of a dilated cardiomyopathy due to energy deprivation as a result of
dysregulation of a panel of metabolic target genes. Further studies on the mechanistic
role of both the morphological and metabolic target genes in specific cardiac
morphogenic defects are required to critically test this model.

Conclusion

We have used subtracted hybridization to investigate the molecular basis of retinoid
associated cardiomyopathy and have identified a collection of metabolic genes that
suggest an intriguing relationship between cardiac morphogenesis and cardiac
performance. This type of form and function linkage has not been previously described
and may have broader applications to other developmental systems.
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10. VENTRICULAR EXPRESSION OF THE ATRIAL
REGULATORY MYOSIN LIGHT CHAIN GENE

Pieter A. Doevendans, Ronald Bronsaer, Pilar Ruiz-Lozano, Jan Melle van
Dantzig, and Marc van Bilsen

Introduction

The techniques of molecular biology have opened new diagnostic pathways in clinical
cardiology. These pathways include the molecular genetic analysis of families with
cardiac diseases like hypertrophic cardiomyopathy and dilated cardiomyopathy (DCM).
Although four chromosomal loci are associated with the inherited form of DCM, the
genes involved are still unknown [1]. In most patients with dilated cardiomyopathy
inheritance appears less important and the etiology remains obscure.

To assess the clinical value of changes in gene expression, in unraveling mechanisms
of cardiac failure, molecular diagnostic routes are being evaluated. These techniques
include in situ hybridization to detect viral RNA and Northern blotting to unmask
changes in gene expression associated with the development of DCM. In addition,
Western blotting and immunohistochemistry can be used to evaluate changes at the
protein level. These studies can be conducted in human tissue samples either obtained
by endomyocardial biopsy, or from explanted hearts. As the availability of human tissue
is limited, initial studies have been conducted in animal models. Specific questions
concerning transcription can be addressed in vitro in cultured neonatal rat ventricular
myocytes (NRVM). Under these artificial circumstances myocyte hypertrophy can be
induced by hormonal and cytokine stimuli.

Recent studies reported distinctive morphological changes in hypertrophic NRVM
mediated by alternative gene programs. For instance, stimulation of cardiomyocytes by
cardiothrophin-1 through a Gp130 signaling pathway leads to elongation of cells, and
the induction of atrial natriuretic protein (ANP), while the «-skeletal actin level is
unaffected [2]. In contrast, phenylephrine stimulation leads to broadening of the
myocytes through G-protein signaling activation and induction of both ANP and «-
skeletal actin [3]. In hypertrophic transgenic mice overexpressing Ras (a central
intracellular signaling protein), ANP and brain natriuretic peptide (BNP) are
upregulated, without changes in the levels of sarcomeric proteins. The changes in gene
expression depend on the inducing stimuli and subsequent activation of signaling

P.A. Doevendans et al. (eds.), Cardiovascular specific gene expression, 99-116.
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pathways [2-4]. These studies suggest that different hypertrophic conditions resulting
in changes in myocyte morphology and function are associated with different molecular
fingerprints. Whether evaluation of the molecular fingerprint will be helpful to
determine the cause of cardiac disease remains to be determined. The molecular make
up of cardiomyocytes could potentially be used as a prognostic marker, as has been
demonstrated for excreted peptides like BNP [5-7].

The myosin light chains (MLC) present an interesting family of genes as they can be
used as molecular markers for chamber specification during cardiogenesis. In addition,
mutations in the MLC genes can give rise to familial hypertrophic cardiomyopathy. The
essential (MLC-1) and regulatory (MLC-2) proteins are part of the hexameric myosin
complex (figure 1). Different cell types express related isoforms derived from distinct
genes (table 1). The usefulness of the cardiac MLC-2 genes, as markers for chamber
formation during murine embryonic development was demonstrated in several
studies[8,9]. The ventricular isoform (MLC-2v) is expressed from day 8 post coitum
(pe) initially in ventricular cardiomyocytes and later in slow skeletal muscle. In contrast
the atrial isoform (MLC-2a) is active in the entire heart tube including the ventricular
prechamber, and becomes restricted to atrial cardiomyocytes around day 10 (figure 2).
In homozygous retinoid X receptor o (RXR-e) deficient mice, persistent expression of
the MLC-2a gene in ventricular cardiomyocytes was found. The maturation of the
ventricular tissue was impaired leading to a thin wall, diminished trabeculation and
septal defects. The murine embryos died around day 14-15 pc, due to cardiac failure[10,
11].

Table 1. Mammalian regulatory, phosphorylatable myosin light chains.

Gene Nomenclature Expression

MLC-2 fast MLC-2f Fast skeletal muscle [45]

MLC-2 slow/ventricular MLC-2s, MLC-2v  Slow skeletal/ventricle muscle [9]

MLC-2 mandibular MLC-2m, MYLS5 Mandibular muscle, fetal skeletal
muscle [46]

MLC-2 atrial MLC-2a Atrium [8]

MLC-2 sm MLC- C20 Smooth muscle and

non-muscle [47]

The pattern of the MLC-2a gene during embryonic development makes the gene an
interesting molecular target to study. Potentially under pathologic conditions MLC-2a
could be re-expressed in ventricular myocytes under hypertrophic or failing conditions
as part of a re-activated fetal gene program.

In this study we report the identification of the MLC-2a promoter. The behavior of the
endogenous MLC-2a gene in cultured and stimulated NRVM and hypertrophic adult
rat ventricular tissue was studied. In addition, deletion fragments of the MLC-2a
promoter driving luciferase were used to analyze the activity of the MLC-2a promoter
in transfected NRVM under various hypertrophy stimuli.
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A B C

Figure 1. Schematic representation of striated muscle. A) The microscopic aspect of the cross striations and
the various structural units composing the sarcomere in a relaxed state. B) Schematic drawing showing the
thin and thick filament and their position at the same magnification as panel A. C) Proteins assembled in the
sarcomere with the myosin crossbridges interacting with actin. The position of the MLC-2 is indicated at the
neck of the myosin molecules (arrow). Note the position of the regulatory myosin light chain at the hinge of
the tail and neck of the myosin heavy chain.

Methods

Isolation of genomic clones of the murine MLC-2a gene

The murine clone of the MLC2a gene was isolated from the 129SVJ mouse-liver
genomic library in Lambda FIX ®II Vector (Stratagene, La Jolla Ca). This library has
an average insert size varying form 9.0 to 22.0 Kb. In brief, the cloning procedure wa
as follows: Y1090 R E. coli bacteria were grown overnight in the presence of 0.2%
maltose and incubated with a dilution of the library at 20.000 pfu per 600 pl cells for
each 90 mm NZY plate. From each plate duplicate filters (Hybond-N, Amersham,
Buckinghamshire UK) were lifted. The filters were treated by alkaline solutions to
denature DNA, and were UV cross linked at a wave length of 312 nm for 3 minutes.
Filters were prehybridized for 30 minutes in SSPE, (0.9M NaCl, 0.05M Sodium



102 P.A. Doevendans et al.

Phosphate, SmM EDTA), Denhardt’s solution (0.1% bovine serum albumine, 0.1%
Ficoll™, 0.1% Polyvinylpyrrolidone) and 0,5% SDS. Hybridization was performed
using 400 bp of the murine MLC-2a cDNA as a probe [8]. For the hybridization
500.000 cpm/ml of heat denatured probe was added with 100 pug/ml of sonicated
denatured salmon sperm DNA. Hybridization was performed overnight at 65°C and
followed by high stringency washes going to 0.1x SSPE and 0.1% SDS at 65°C. The
filters were wrapped in SaranWrap and positioned in a cassette with Kodak X-Omat
(Rochester, NY) film for autoradiography. After three rounds of screening pure phage
colonies could be selected and amplified
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Figure 2. Relative expression levels of ventricular (MLC-1v and 2v) and atrial (MIC-1a and 2a) myosin light
chain genes and atrial natriuretic peptide in ventricular myocytes during embryonic development (days post
coitum) and one week post partum (pp). Data are based on visual interpretation of in situ hybridization and
northern blot results (semiquantitative).

Characterization of genomic clones of the MLC-2a gene

All the primers listed in the methods section are shown in the 5'-3' orientation.
Candidate clones were characterized by restriction analysis. The restriction fragments
were size fractionated by gel electrophoresis and transferred to a Hybond-N
(Amersham) filter by capillary transfer. Filters were subsequently used for Southern
analysis. To identify the 5' end of the cDNA an oligonucleotide was generated
complimentary to GTTGTGCCTGCTTGGT (39-55), and for the 3' end the
oligonucleotide GGCTCACCTCAATAAA (545-566) [8]. In order to identify the
transcription initiation site of the MLC-2a gene, primer extension and the 5' rapid
amplification cDNA ends (RACE, GibcoBRL, Gaithersburg MD) kit was used. The
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template for these reactions was poly A purified murine mRNA from adult mouse atrial
tissue. RNA was isolated by the RNAzol method (Cinna Biotecx, New York, NY) and
poly A selected by using a poly-T column. Of the isolated mRNA 1 pg was used for the
5' RACE reaction to identify the transcription start site.

Sequencing was carried out according to the method of Sanger et al. [12]. Cycle
sequencing was performed with ABI Prism Dye Terminator Cycle Sequence Ready
Reaction kit (Perkin Elmer, Norwalk CT).

Neonatal Rat Ventricular Myocyte culture

Animals were handled according to the guidelines of the Animal Welfare Committee
of the University of Maastricht. Cultured NRVM were prepared as previously described
[13]. In brief, myocytes were isolated from the ventricles of 1-2 day old Wistar Kyoto
rats by digestion with Collagenase II (Worthington, Lakewood NJ) and pancreatin
(GibcoBRL, Paisley UK) at 37°C in a spinner flask. Purification of the cell suspensions
was performed on a discontinuous Percoll gradient (Sigma Chemical Co, St Louis MO).
The myocytes were plated in gelatinized 60 mm culture dishes at low density (3.5x10*
cells/cm? ), in Dulbecco’s modified Eagle Medium (DMEM) (Gibco BRL, cat no:
42430-025) and medium 199 (Gibco BRL, cat no: M199, 31153-026) 4:1 (v/v)
supplemented with 10% horse serum and 5% fetal calf serum, (Sera-lab, Sussex
England) and antibiotics (100 units/ml penicillin and 100 wg/ml streptomycin,
GibcoBRL). Following overnight attachment in this medium the cells were washed
twice with DMEM, and incubated with DMEM/medium199 (4:1; v/v) supplemented
with glutamine and antibiotics. For myocyte stimulation studies the cells were incubated
for 48 h in serum-free DMEM, containing glutamine and antibiotics in the presence of
either 10° M phenylephrine (PE; Sigma), 10® M endothelin-1 (ET-1; Bachem,
Bubendorf Switzerland), or B-estradiol 10® M (ICN pharmaceuticals, Costa Mesa CA).
To evaluate the effects of serum, cells were maintained in 0%, 1%, or 10 % (v/v) new
born calf serum (Sera-lab).

Plasmid constructs and transfection by calcium phosphate precipitation

Using convenient restriction sites in the 5' untranslated region of the MLC-2a gene
deletion fragments were generated. (Pvu II: 1.8 Kb, Bam HI 0.2 Kb). Additional
constructs containing 0.45 and 1.0 Kb of the MLC-2a regulatory DNA were generated
by PCR and subcloning. All constructs were sequenced either at the ends to check for
correct positioning or sequenced completely to exclude PCR-induced mutations. The
fragments were cloned into the pXPIl[l4Jor pGL2 (Promega, Madison WI)
promoterless luciferase vector. Transient transfection of the myocytes was performed
by the calcium phosphate precipitation method [15]. Each 60 mm culture dish of
myocardial cells was transfected using 8 xg of a luciferase reporter vector and 2 ug of
a cytomegalovirus--galactosidase expression vector. One day after transfection cells
were washed twice with DMEM and were stimulated with PE, ET-1 or B-estradiol. The
cells were harvested 48 h later. To control for transfection efficiency the CMV-
galactosidase (pON 249) [16] was used, while RSV-luciferase [17] served as a positive
control. Data represent at least six experiments using three distinct cesiumchloride
purified plasmid preparations.
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Luciferase and f3-galactosidase Assays

Cells were lysed in buffer containing (100 mM K,HPO,:KH,PO, (92:8 vol.), pH 7.9,
0.5% Triton x-100, 1mM dithiothreitol) and assayed for B-galactosidase and luciferase
activity. The final composition of the -galactosidase reaction was 100 mM sodium
phosphate, pH 7.3, 0.1 mM magnesium chloride, 2 mM magnesium sulfate, 40 mM B-
mercaptoethanol and 4 mg/ml Ortho-Nitrophenyl-B-D-Galactopyranoside. 8-
Galactosidase activity in 201 of cell extract was measured in triplicate at 420 nm in a
Pharmacia-LKB Ultrospec-III spectrophotometer (Pharmacia Biotech AB, Uppsala
Sweden). The final composition of the luciferase reaction medium was 67 uM D-
Luciferin, 2 mM ATP, in 300 x1 of KTME (100 mM Tricine, 10 mM MgSO,, 2 mM
EDTA, pH 7.8). Luciferase activity in 10 u1 cell extract was measured in triplicate in
a Perkin Elmer Luminesence Spectrometer LS 50 B (Perstorp Analytical Lumac,
Landgraaf, the Netherlands). Data are presented as relative luciferase activity based on
the luciferase/ galactosidase ratio.

Abdominal aortic banding in rats

Wistar rats weighing 150-200 g were anesthetized with sodium pentobarbital
(60mg/kg). The aorta was approached transperitoneally through a right lateral
abdominal incision. The aorta was subsequently clipped above the renal arteries, and
narrowed to a diameter of 0.25 mm. Thereafter the abdomen was closed in three layers.
After surgery the rats were treated with Temgesic® subcutaneously to relieve
postoperative pain. The rats were harvested 4 weeks after surgery and left ventricular
free wall tissue was used for RNA isolation.

RNA isolation and Northern Blotting _

RNA was isolated from NRVM and left ventricular tissue using the TRIzol reagent
(Gibco). The quality of the RNA was routinely assessed by size fractionation on
formaldehyde-agarose gels followed by ethidium bromide staining. Northern blot
hybridizations were performed by minor modifications of a previously described
method[18]. Briefly, the RNA (10 «g) was size fractionated by formaldehyde-agarose
gel electrophoresis and transferred to nylon membranes (Hybond-N, Amersham
Buckinghamshire UK) by capillary transfer. Filters were baked at 80°C for 30 minutes
followed by a UV cross-linking of the RNA at 0.4 J/cm?. Filters were prehybridized for
30 minutes at 65°C using a RapidHyb Buffer (Amersham). Subsequently, a 450 bp
fragment of the MLC-2a cDNA, random labeled with &**P dCTP (Dupont de Nemours
NV, Brussels Belgium) was added to the hybridization-solution and incubated for 2 h
at 65°C. Stringent posthybridization wash conditions were used (0.1 x SSC, 0.1% SDS
at 65°C). Expression of the MLC-2a gene was detected by autoradiography and
phosphor imaging. As a control, for loading and transfer efficiency, the filters were
routinely stained with methylene blue to visualize the 18 S and 28 S RNA bands. In
addition hybridizations were performed using randomly labeled 18 S and ANF cDNA
as probes. Quantification of Northern blot data based on three independent myocyte
isolations.
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rt-PCR

First-Strand cDNA synthesis using 5 ug total RNA was performed using a poly-dT
primer and the enzyme Reverse Transcriptase (Gibco) in a volume of 20 pl. Following
termination of the first-strand synthesis reaction, the samples were incubated with
RNase H at 37° for 20 minutes. The same first-strand preparation was used for
analyzing each of the gene products by PCR. PCR was performed with 2.5 pl of the
first strand reaction, 1 unit of 7ag polymerase (GibcoBRL) and 50 pmol of the
appropriate primers in a reaction volume of 25 pul. The primers used for MLC-2a
detection were sense S5-GCATGTTCGACCCCAG-3' and antisense 5'-
AGTTCAGGCACAGAG TTTATT-3' giving a PCR product of 240 bp. Quality of the
First Strand cDNA was checked by PCR with murine GAPDH specific primers [19],
giving yield to a PCR product of 300 bp. Primer sequence antisense
5’TTATTATAGGGTCTGGGATG 3’ and sense 5'-ACACTGAGGACCAGGTTGTC-
3"

Data analysis

Luciferase\Galactosidase ratio was calculated to correct for differences in transfection
efficiency within one experiment. To correct for variation in consecutive experiments
the Luc\Gal ratios are expressed as relative to the Luc\Gal ratio of the 0.2 Kb MLC-2a
promoter fragment, which was arbitrarily set at 1.0. The other results are represented
as calculated activities relative to the 0.2 Kb fragment. For statistical analysis the non-
parametric Kruskal Wallis test was applied. P-values of <0.05 were considered to be
statistically significant.

Results

Genomic structure of MLC-2a

Two different phage colonies (AM1, AM2) were selected after 3 rounds of plaque
purification. The phage genomic DNA insert size turned out to be 14 (AM1) and 13 Kb
(AM2). For restriction analysis the purified phage DNA was incubated with BamH I,
Bstx I, EcoR I, Hind III, Not I, Pst I and Sst I. Restriction analysis revealed a major
overlap between the inserts of AM1 and AM2. Accordingly clone AM1 was used for
further analysis. By Southern blotting the localization of the MLC-2a cDNA on the
AMI clone was confirmed. The genomic structure of the MLC-2a gene is shown in
figure 3. The sequence and position of the 5' end of the cDNA and 5' untranslated
region were identified through primer extension and the 5> RACE method. An antisense
oligonucleotide was made complimentary to MLC-2a ¢cDNA (ATGAGAAGC
TGCTTGAATC, 390-407) [8]. Primer extension failed to present the complete cDNA
end, as the extension product terminated repeatedly in the first coding ATG triplet.
Therefore 5'-RACE was performed and the amplified DNA was cloned into TA-cloning
vector (Invitrogen, San Diego CA) and sequenced. The first exon was identified, and
the start of the coding region was designated as +1 (figure 3). The first exon appeared
to be 22 basepairs (bp) long and terminated in ATG, providing the first triplet of the
coding region.
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Following determination of the transcription start site over 3.0 Kb of the 5' flanking
region was sequenced. Sequence comparison with known sequences in GenBank release
83.0 (1994) using the nblast NIH program, revealed a 96% homology of the region -2.5
to -2.0 Kb to cDNA (exon 11) of the rat glucokinase gene [20]. More recently the
sequence of the murine glucokinase gene was reported and as expected homology to
exon 11 was 100% [21]. The mouse glucokinase gene has been mapped to mouse
chromosome 11, and therefore, by inference the MLC-2a gene must be on the same
chromosomal locus. Low homology (< 10%) to several genes was found by the nblast
computer algorithm for the 5 flanking region of the MLC-2a gene close to the
transcription initiation site. These findings indicate that the 5' flanking region of the
MLC-2a gene spans 2045 bp. In addition the sequence of the 3' flanking region and the
introns was determined (figure 3). AMI contained approximately 700 bp of 3' flanking
region. By sequence analysis of the genomic clone and comparison to the cDNA
sequence the intron-exon boundaries were defined. The coding region of the MLC-2a
gene encompasses 7 exons.

Murine atrial MLC-2 Gene

Glucokinase ATG EcoRI EcoRI Notl

Exon XI I VII

Figure 3. Schematic representation of the genomic structure of the regulatory atrial myosin light chain.
Exons are shown as black, introns white and flanking region as shaded boxes. Indicated is the position of
exon 11 of the mouse glucokinase gene. The 5’ flanking region is 2045 bp in length. Seven exons were
identified, together with the introns the length of the genomic fragment is 2125 bp. The shaded box labeled
3" indicates the part of the 3’ flanking region of which the DNA sequence is known.

Endogenous atrial MLC-2 expression in ventricular myocytes in vitro

The expression of the MLC-2a gene in cultured ventricular cardiomyocytes was
determined by Northern blotting (not shown) and rt-PCR (figure 4). The effect of
various serum conditions on the level of expression was assessed. Even in the absence
of serum (0%), expression of the MLC-2a gene was detected both by rt-PCR and
Northern blotting. The highly sensitive rt-PCR approach did not reveal the presence of
any MLC-2a message in total RNA from adult mouse ventricular tissue, thereby
validating the specificity of the PCR-conditions applied. The quality of the extracted
RNA and rt-PCR reaction was comparable for the different conditions tested, as shown
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by the expression of the housekeeping gene (glyceraldehyde-3-phosphate
dehydrogenase: GAPDH). Stimulation of NRVM with PE and ET-1 showed a
significant increase in the message for the MLC-2a gene. These findings indicate
activation of the endogenous promoter of the MLC-2a gene in NRVM. The endogenous
ANF signal showed a similar pattern of induction at 1 and 10% serum addition and after
PE, ET-1 and P-estradiol treatment. There was no marked change in the level of
expression of ribosomal RNA (18S) detected by Northern blotting.

Marked differences in myocyte appearance were observed under different experimental
conditions. Cardiomyocytes maintained in the absence of serum or treated with -
estradiol became small and cornered. Whereas myocytes kept in medium with 10%
serum showed no marked changes going from plating medium to the experimental
conditions. ET-1 caused a marked increase in cardiomyocyte size compared to serum
and PE treated myocytes.

——

MLC-2a primers

2

L 234567

Figure 4. rt-PCR for MLC-2a and GAPDH. No PCR product was generated with adult mouse ventricular
RNA (lane 1). Total RNA from murine atrial tissue was used as a positive control (lane 2). Expected 250 bp
PCR bands were found when using RNA from cultured ventricular myocytes, in the absence of serum (3),
10% serum (4), ET-1 (5), PE (6) and B-estradiol (7). The rt-PCR was applied here as a qualitative assay.
The amount of PCR product does not necessarily correlates with the amount of mRNA template. The 300 bp
murine GAPDH fragment was amplified to check the quality of the isolated total RNA.

Exogenous atrial MLC-2 promoter activity in ventricular cardiomyocytes in vitro

Deletion fragments of the MLC-2a promoter driving luciferase were transfected in
NRVM. Cells were maintained in the absence of serum and treated with either B-
estradiol, PE or ET-1 or untreated. Transfection with the 0.2 Kb MLC-2a promoter
fragment showed no significant differences in relative luciferase activity comparing
treatment versus non-treatment. Relative to the 0.2 Kb fragment, the 0.45 Kb fragment
showed higher expression levels. No increased luciferase activity was measured upon
stimulation experiments with the promoter fragments < 1.8Kb. In contrast, PE
stimulation resulted in approximately threefold increase in relative luciferase activity
in the 1.8 Kb construct (figure 5). The induction by ET-1 was comparable,
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approximately 2.5-fold for the 1.8 Kb fragment. B-Estradiol treatment of the cells
resulted in a marked induction of relative luciferase activity, when the cells were
transfected with the 1.8 Kb promoter fragment (10-fold). The stimulatory effect of 8-
estradiol was not observed with promoter fragments of 1.0 Kb or less. The increase of
luciferase activity of the 1.8Kb fragment upon p-estradiol, PE or ET-1 stimulation was
statistically significant compared to the 0.2 Kb fragment (figure 5).

18S probe

18S__ o
il B R ANF probe

MLC-2a probe

1 2 3 4 5 6

Figure 5. Results of transient transfection experiments in cultured rat neonatal ventricular cardiomyocytes.
Different deletion fragments of the MLC-2a promoter were used varying in size form 0.2 to 1.8 Kb. Following
transfection cells were incubated with medium in the absence of serum (0%), endothelin-1 (10° M),
phenylephrine (10° M) or B-estradiol (10°M). There was a significant increase in the level of promoter
activities of the 0.45 Kb fragment without treatment and for the 1.8 Kb fragment after treatment (*, p< 0.05
Kruskal Wallis). The relative luciferase activity for the 0.2 Kb fragment were (mean +sd): no treatment, 2209
(+£1102); endothelin-1, 2110 (+738); phenylephrine, 2359 (+978), B-estradiol, 1903 (+473).

Endogenous atrial MLC-2 expression in ventricular tissue in vivo

Rat cardiac tissue was analyzed by Northern blotting. Four weeks after aortic banding
cardiac hypertrophy was shown as an increase in heart to body weight ratio (not
shown). Atrial and ventricular tissue from untreated and ventricular tissue from sham
operated rats was included as a control. As anticipated the atrial tissue of all mice was
positive for both ANF and MLC-2a. In control ventricular tissue the signal remained
below the detection level (figure 6). In ventricular tissue of aortic banded rats the re-
expression of ANF and MLC-2a was demonstrated. After 12 hours of blot exposure a
marked expression of the MLC-2a gene was seen relative to the ANF level.
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MLC-2a promoter activity in ventricular myocytes after treatment

0 1 2 3 4 5 6 7 8 9 10

Luc/gal ratios relative to 0.2 Kb MLC-2a promoter fragment

Figure 6. Representative Northern analysis showing the re-expression of MLC-2a and ANF in ventricular
tissue from aortic banded rats. Hybridization signal with 18S shows equal amounts of RNA per lane. Lane
1 is rat atrial tissue representing a positive control sample. Lane 2 is ventricular tissue from an untreated
rat. Lanes 3 and 5 show the hybridization signals of MLC-2a and ANF in ventricular tissue from two different
rats following aortic banding. Lane 4 and 6 contain ventricular tissue samples of sham operated rats.

Discussion

Genomic clones containing the complete MLC-2a cDNA and >6.0Kb of the 5' flanking
region were isolated and characterized. The MLC-2a gene contains 7 exons which is
consistent with the genomic structure of related family members [8,22].

The MLC-2a gene is re-expressed in cultured NRVM. The MLC-2a mRNA is
detectable when the cells are maintained in the absence of serum and levels increase
further when either 10% serum, ET-1, PE or B-estradiol is added to the medium.
Transient transfection studies with deletion fragments of the MLC-2a §' flanking region
reveal that the region spanning from -1.0 to -1.8 Kb is responsible for upregulating
reporter gene (luciferase) activity upon treatment of myocytes with ET-1, PE and 8-
estradiol. In left ventricular tissue of aortic banded rats expression of the MLC-2a gene
was demonstrated at the mRNA level.

Re-expression of MLC-2a in cultured NRVM

The endogenous MLC-2a gene is expressed in NRVM in defined serum-free medium,
whereas in neonatal rats expression of MLC-2a is exclusively found in atrial myocytes.
The re-expression of the MLC-2a gene shown in this study suggests that the procedure
of isolating and culturing ventricular cardiomyocytes in itself provides the stimulus for
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re-expression. Several factors could be important for the induction of MLC-2a
expression under these conditions. Myocyte isolation is traumatic as the myocytes are
separated from neighboring cells and the extracellular matrix becomes degraded. The
cardiomyocytes are plated at a relative low density, so that there is basically no
restoration of cell/cell contact. In addition, the cells will require attachment to the
culture dishes to survive the procedure. In theory each of these factors could be
responsible for the induction of MLC-2a expression indicating dedifferentiation. The
re-expression of fetal genes in cultured cardiomyocytes in the absence of serum, was
shown by Wollert et al. [2] for the ANF and « skeletal actin gene. Their study, total
RNA from neonatal rat cardiomyocytes was analyzed after a 48 hour incubation period
in serum free medium.

Re-expression of the MLC-2a gene after ET-1 and PE treatment

Treatment of cultured NRVM with PE and ET-1 increased MLC-2a expression
concordant with morphological signs of hypertrophy. ET-1 and PE cardiomyocyte
treatment resulted in expression of immediate early genes, the induction of contractile
protein synthesis [23] and the reactivation of a fetal gene program [24-29]. Different
receptor-signaling pathways in ventricular cardiomyocytes are involved in sensing
hypertrophic stimuli [30]. Endothelin receptor A is the predominant receptor isoform
found in cardiomyocyte membranes [25], and PE activates the a-adrenergic receptors.
Endothelin receptor A and a-adrenergic receptors have been shown to interact with G-
proteins. For both hormones signaling involves activation of the Ras/Raf pathway,
while several other routes of intracellular signaling can be used [31]. In general the
signal transduction pathways connecting the receptor for a hypertrophic stimulus to
transcriptional regulation are diverse and highly complex through cross-talk between
the pathways involved (review [32]).

Although there are many similarities in the hypertrophic response induced by ET-1 and
PE, several reports indicate that different fetal gene expression programs exist and
morphologic signs of hypertrophy can vary. This has been underscored by a prolonged
versus transient ANF expression in NRVM after PE and ET-1 treatment, respectively
[26]. Furthermore, Fuller et al. [33]showed that the expression of fetal genes can be
blocked without attenuation of the morphological signs of hypertrophy, by over-
expressing a phosphatase (Mitogen-activated protein kinase phosphatase 1). MKP1 can
inactivate mitogen activated protein kinase, a key protein in the Ras/Raf signaling
pathway [31]. In our experiments treatment of cardiomyocytes with B-estradiol showed
a high level of MLC-2a expression without overt cell enlargement, suggesting different
pathways of morphological cardiomyocyte hypertrophy and reactivation of a fetal gene
program, generally associated with hypertrophy. This effect of estrogen treatment on
sarcomeric gene expression in cardiomyocytes has not been reported previously.
Cardiotrophin-1 (CT-1) treatment of cardiomyocytes induces specific hypertrophic
morphologic changes. The CT-1 protein belongs to a family of cytokines requiring the
receptor protein gp-130 to mediate its effect. CT-1 induces expression of ANF but not
skeletal c-actin. In contrast stimulation by PE showed elevated levels of both ANF and
skeletal o-actin. PE treatment gave widening and lengthening of cardiomyocytes,
whereas the CT-1 induced hypertrophy was characterized only by lengthening of the
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cells [2].

The situation in vivo is more complex. Ventricular myocyte selective overexpression
of the constitutively active Ras gene (dominant positive) in transgenic mice resulted in
a hypertrophic phenotype with intracavitary flow obstruction [4]. Molecular analysis
of this mouse model of hypertrophic obstructive cardiomyopathy showed a selective
upregulation of atrial and brain natriuretic factor, without increased levels of contractile
protein expression (including MLC-2a) [4]. These findings are in line with the in vitro
results with CT-1 stimulation. In contrast, re-expression of MLC-2a in the ventricles of
aortic banded wild type mice was demonstrated by RNA analysis. Despite the role of
the Ras/Raf pathway in mediating ET-1 and PE responses, the results in the transgenic
mice and aortic banded mice indicate that the Ras/Raf signaling cascade may not be
directly responsible for ventricular re-expression of the endogenous MLC-2a in mice
in vivo. All these studies show differences in the genes activated down stream of the
signaling cascade upon hypertrophic stimuli. It is likely that determination of the
hypertrophic molecular fingerprint can be helpful in determining the signal pathway
activation and potential cause of cardiac disease.

Exogenous MLC-2a promoter activation in ventricular myocytes

The 0.45 Kb promoter fragment contains several E-boxes, one GATA and one retinoic
acid responsive element in addition to the conserved cis elements of the 0.2 Kb
fragment. The relatively strong promoter activity of this fragment can be important for
future transgenic experiments [34]. The unstimulated 1.0 and 1.8 Kb constructs are less
active compared with the 0.2 Kb. This repressive effect is not dependent on serum
conditions or neurohormonal stimulation and suggestive for the presence of a
transcriptional silencer in the region between 0.45 Kb to 1.0 Kb. The MLC-2a promoter
fragments of 1.8 and 3.0 Kb are strongly activated by ET-1 and PE treatment, as
assessed by the increased luciferase activity. The transfection data indicate the presence
of cis elements responsible for ET-1 and PE induction between position -1.0 Kb to -1.8
Kb. Sequence comparison revealed, amongst others, two AT-rich elements within this
promoter fragment that may act as potential myocyte enhancer factor (MEF2) binding
sites.

The cis element of the MLC-2v promoter involved in PE-induced upregulation has been
mapped to the HF1B site, also an AT- rich element with which MEF2 can interact [35].
The transgenic experiment with the constitutively active RAS gene shows that the
behavior of the endogenous complete MLC-2v promoter is different from the in vitro
results, as no upregulation of MLC-2v transcription was documented [4]. The role of
the AT-rich element in the MLC-2a promoter will need to be addressed in future
studies.

Estrogen activation of the MLC-2a promoter

B-Estradiol treatment of NRVM, transfected with the 1.8 Kb promoter fragment,
resulted in a 10-fold increase in relative luciferase activity. The DNA site required for
estrogen induction has been mapped to the fragment from -1.0 to -1.8 Kb of the MLC-
2a promoter, as shown in this study.

Functional estrogen receptors in ventricular myocytes were demonstrated by Grohe et
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al. [36]. Estrogen receptors belong to the superfamily of nuclear receptors or more
specifically to the steroid hormone receptors (Class 1) [37,38]. The activated receptors
translocate to the nucleus and homodimerize after ligand (estrogen) binding. The
ligand-receptor complex binds to a palindromic sequence AGGTCA with a spacing of
three nucleotides. After ligand-receptor interaction with the cis element of the target
gene an interaction with the transcription initiation complex has been shown to occur.
Through this interaction the level of transcription can be upregulated [38]. Sequence
comparison of the MLC-2a promoter fragment from -1.0 to -1.8 Kb revealed a
conserved hormone responsive element. The physiological significance of this finding
is unclear. So far the effect of estrogens has been studied epidemiologically [39], and
in oncology and vascular biology. It has been shown that estrogen treatment has
beneficial effects on vascular tone, vascular resistance and cardiac output in monkeys
[40,41]. Whether estrogen treatment induces the expression of MLC-2a in ventricular
tissue in vivo is presently unknown. The behavior of the transfected MLC-2a promoter
is very interesting and provides a unique tool to unravel the signaling pathway involved
in estrogen-

receptor interaction and DNA binding in cardiomyocytes.

Conclusion and future perspective

MLC-2a as a molecular marker

Previous studies have shown the value of the MLC-2v and MLC-2a genes as molecular
markers during chamber formation in cardiogenesis. The expression pattern of the two
genes is unique, where the ventricular isoform is ventricular specific. In contrast the
MLC-2a gene is initially active throughout the complete heart tube similar to ANF and
MLC-1a. The MLC-2a has however a short lasting expression in cardiomyocytes
differentiating into the ventricular phenotype. This makes the gene a valuable tool in
unraveling the molecular process of ventricular chamber formation. Another interesting
feature is the expression of the MLC-2a gene in transcription factor knock-out
experiments leading to embryonic lethality at day 8 (GATA 4, [42]), 10 (MEF2c [43],
Nkx2.5 [44]), 11 (TEF-1 [45]), 14 (RXRa [10]). Apparently yet unidentified
transcription factors are crucial for cardiogenesis and the MLC-2a promoter contains
the clues to identification of these potentially dominant factors.

This study demonstrates the value of MLC-2a as a molecular marker in cardiac
hypertrophy. Furthermore, the results presented show that it is important to distinguish
direct promoter mediated changes in gene expression from a general induction of a so
called fetal gene program. MLC-2a and ANF can be upregulated in cardiomyocytes
without morphological signs of hypertrophy. The lack of MLC-2a expression in
constitutively active Ras overexpressing mice points to the value of the MLC-2a gene
as a molecular marker in hypertrophy.

Atrial specific gene therapy
Several genes have been described that are expressed exclusively in atrial tissue. For
instance, the MLC-1a, MLC-2a and ANF promoters can be used for atrial specific gene
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expression. The ANF promoter has already been used successfully in transgenic
experiments [46,47]. All three genes are re-expressed in ventricular tissue under
pathologic conditions. The short lasting expression of MLC-2a in ventricular tissue
makes the promoter valuable for early transient genetic interventions during
cardiogenesis. The value of the MLC-2a promoter is currently being evaluated in
transgenic mice.
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11. EXPRESSION OF RAT GAP JUNCTION PROTEIN
CONNEXIN 40 IN THE HEART

W. Antoinette Groenewegen

Introduction

Cells of the myocardium are electrically coupled through gap junction channels. They
allow ions and small molecules to pass from one cell to the next and in this way conduct
the cardiac action potential. This results in synchronized activation of the cardiac cells
and allows coordinated contraction of the heart. Gap junction channels (for a review see
[1]) consist of two hemi-channels and these in turn are made up of 6 protein subunits,
connexins. At least fifteen different, but highly homologous mammalian connexins
genes have been cloned. In the heart, connexin(Cx)43 (where 43 indicates the predicted
molecular weight from the cDNA in KiloDaltons) is the most widely expressed
connexin, while other cardiac connexins, Cx40 and Cx45, show a much more restricted
pattern of expression. By immunostaining, Cx43 protein is detected throughout the
heart but cannot be detected in the SA-node, the AV-node, the top of the AV-bundle
and the top of the bundle branches. This is true for both neonatal and adult rat heart. By
contrast, Cx40 exibits a clearly different expression pattern [2]. During embryonic
development, Cx40 expression is widespread throughout the myocardium, but is
gradually down-regulated in a region-specific manner towards birth. By the neonatal
stage, Cx40 can still be detected in the atrium and, in addition, is clearly expressed in
the ventricular conduction system. In the adult rat heart, Cx40 can only be detected in
the ventricular conduction system including the top of the AV-bundle. Thus in the adult
rat, Cx40 appears associated with fast conducting tissue and it is interesting to note in
this context that the single channel conductance for Cx40 gap junction channels is about
3 times larger than that for Cx43 gap junction channels [1]. In addition, Cx40 hemi-
channels can not form electrically functioning channels with Cx43 hemi-channels from
neighbouring cells. How the spatio-temporal expression of the Cx40 gene is regulated
is largely unknown. In order to begin to understand the regulation of the Cx40 gene at
the transcriptional level, we set out to identify the Cx40 promoter sequence.

P.A. Doevendans et al. (eds.), Cardiovascular specific gene expression, 117-24.
© 1999 Kluwer Academic Publishers.
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Methods

5'-RACE (Rapid amplification of cDNA ends) was performed using a kit from
Gibco/BRL according to the manufacturers protocols. cDNA was synthezised using
anti-sense primer A (5-TTCCTGCATGCGCACAGTGT-3"), basepaire (bp) 303-322
[3]. The first PCR was performed with anti-sense primer B (5'-
CAACCAGGCTGAATGGTATC-3'"), bp 173-192 [3] and the anchor primer provided
with the 5'-RACE kit. The nested PCR was performed with anti-sense primer C (5'-
CCATCTTGCCAAGTGTTGGA-3', figure 1, bp -16 to 4) and the universal
amplification primer provided with the kit. PCR products were cloned into pPGEM-T
(Promega) for sequencing. Genomic clones were isolated from a AEMBL3 rat genomic
library using a BglIl/Xhol fragment of the rat Cx40 cDNA (kindly provided by Dr D.L.
Paul, Harvard Medical School, Boston, U.S.A.) according to standard protocols.

The putative promoter sequence upstream of exon 1 was obtained by long
distance(LD)-PCR mediated genomic walking [4] using GenomeWalker (formerly
PromoterFinder) Libraries from Clontech. Briefly, the kit provides five separate rat
genomic DNA library-digests that were prepared by cutting each with a different blunt
cutting restriction enzyme. Special DNA adaptors were then added to the blunt DNA
fragments. Nested PCR reactions with gene-specific primers and primers that anneal to
the adaptors were then performed in our laboratory according to the manufacturers
protocols. The size of the PCR product that is obtained depends on the distance between
the gene-specific primer and the restriction enzyme with which the DNA had been
digested to prepare the library-digest. We performed two genome walks, one in the anti-
sense direction using primers E and F (see figure 1) and one in the sense direction with
primer G (5-AAGGGGTGGAGAGAGAAAGAGGA-3') and primer H (5'-
GAGGAGGGAGGGCGATGGGATA-3") that anneal to the sequence identified by the
anti-sense genomic walk. Selected PCR products were cloned into pGEM-T vector for
sequencing. Primer extension was carried out as described [5] using primer I (figure 1,
bp -73 to -34 cDNA sequence). RNase protection was performed using the RPA II
system from Ambion.

ggg'rGGCEAAGAGCAAATAACACTGGACAGTEAACAGCAGCCAGAGCCTGAAGAAGCCA cDNA
Primer F Primer E

...gatcagtggcccagagcatgatgggaccttctaaacctcttgaaacatcccacgcggaca Genomic
-110 -100 -90 -80 -70

ACTCCAGGGCGGAGGAAAGGAAGCAG AAGGCTCAGCACCAGTCTCCAACACTTGGCAAGATGG.. cDNA
Exon 1 <€~ —» BEwn2

Intron 1
tctttetgtttetgctctatttgcag AAGGCTCAGCACCAGTCTCCAACACTTGGCAAGATGG. . Genomic

-60 -50 -40 -30 -20 -10 1

Figure 1. 5'-end DNA sequences from Cx40 cDNA isolated by 5'-RACE and from genomic Cx40 DNA from
a AMEMBL3 clone. Capital letters indicate exon | and 2 sequences, lower case letters indicate intron
sequence, italics indicate bases of the tail sequence. The translation initiation signal ATG is in bold type. The
sequence for the anti-sense primers E and F are indicated by the arrows, the complement was synthesized.
These sequences can be accessed in the Genbank database with accession numbers AF025765 (¢cDNA
sequence) and AF025767 (genomic sequence).
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Results and discussion

Isolation of 5'-end sequences for Cx40

The genomic organization of several other connexin genes consist of 2 exons, the
complete coding sequences being contained in the second exon [1]. A small
untranslated exon, exon 1, is situated several Kb upstream of the coding sequences. We
assumed the genomic organization of the rat Cx40 gene to be similar and since the 5'-
untranslated exon 1 sequences for the Cx40 mRNA were unknown [3], we first needed
to identify this sequence in order to subsequently isolate the Cx40 promoter sequence.
The PCR method 5'-RACE was used to amplify the unknown 5'-end sequences from
both lung and adult heart RNA. Sequencing of the cloned PCR products revealed
approximately 110 bp new 5'-end sequence which was identical in the PCR products
amplified from both tissues (figure 1; Genbank accession number: AF025765).
Genomic Cx40 clones were isolated from a AEMBL3 library using a probe derived
from the coding sequences. Figure 2 shows a restriction enzyme map of the genomic
region around the coding sequences. The 9 Kb HindIII fragment was subcloned and the
sequence upstream of the coding region was obtained. Comparison of this genomic
sequence (figure 1; Genbank accession number: AF025767) to that obtained by 5'-
RACE from lung and heart mRNA showed that these sequences diverged ~34 bp
upstream of the ATG translation start codon (figure 1), which indicated the presence of
an intron. The additional Cx40 cDNA sequence we designated exon 1. Southern
blotting with oligonucleotide probes from exon 1 against the ~7.0 Kb Smal fragment
digested from one of the genomic clones (figure 2) did not give a hybridization signal
and it was therefore concluded that exon 1 is located more than 5.5 Kb upstream of the
coding sequences in genomic DNA. Together our data indicate that Cx40 gene structure
is similar to that of the other connexin genes and consisted of two exons, a small
untranslated exon 1, separated by a large intron from exon 2.

1kb

Figure 2. Partial restriction enzyme map of genomic DNA flanking the Cx40 coding sequence (dotted box)
obtained from two overlapping genomic clones. Probe indicates the part of the coding region DNA that was
used as a probe to screen the AEMBL3 library. S: Smal; H: Hindlll; Xh: Xhol; Xb: Xbal; E: EcoRI, the lines
underneath the map indicate the position of the two AEMBL3 clones. Dotted lines indicate that the clone
extends beyond this part of the map.
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S"-untranslated sequences for Cx40 mRNA from other tissues

The gene for the gap junction protein Cx32 has been shown to contain several
alternative exon 1 sequences, which are expressed in a tissue-specific manner [6,7].
Expression of these alternative Cx40 mRNAs, which only differ in their 5'-untranslated
sequences, is presumably driven by alternative promoters. We investigated whether the
5'-untranslated sequence described above was also present in some other tissues of the
cardiovascular system in which Cx40 is known to be expressed.

Cx40 cDNA from neonatal rat heart, the rat aortic smooth muscle cell line A7r5 and
again from adult rat heart were analysed. PCR was performed using forward primer D
(figure 1, bp -115 to -94 cDNA sequence) which anneals to the most 5'-untranslated
sequence of the Cx40 mRNA identified above and anti-sense primer B which anneals
in the coding region (see Methods). The expected band of ~300 bp was obtained in each
tissue, while control reactions were negative (not shown). From these results we
conclude that the 5'-end sequence is also present in Cx40 mRNA from neonatal rat
heart and A7r5 cells, and we confirmed its presence in adult rat heart.

Isolation of genomic DNA upstream of the Cx40 gene

We first performed an anti-sense PCR walk using two anti-sense primers E and F (see
figure 1) that were designed to anneal to the 5'-end of exon 1. Figure 3 schematically
shows the PCR products obtained in all five library-digests, ranging in size from ~ 350
bp to ~ 6 Kb. No product was obtained in the water control reaction while the positive
control reaction gave the expected size fragment (not shown). Two products, the 350
bp product from the Pvull library-digest and the 3 Kb product from the Sspl library-
digest were cloned into pGEM-T vector and the sequences at the 3'-end of these
fragments were found to be identical. This suggested that the sequence obtained was
upstream of exon 1. However, since there was no overlap between the newly identified,
putative promoter sequence and exon 1 sequence, we needed to confirm that this new
upstream sequence is linked to the Cx40 gene. Therefore, sense primers G and H, based
on the upstream sequence identified by the anti-sense walk, were synthesized and PCR
was performed in the sense direction. In three out of the five library-digests, specific
PCR products were obtained (lower part figure 3). Two products (from Pvull and Sspl
library-digests) were cloned and sequenced at their 5'-ends. The sequences from both
clones were identical thus confirming that the putative promoter sequence is upstream
of the Cx40 gene. In addition, the data confirmed the cDNA sequence of exon 1 in
genomic DNA.

Transcription start site mapping

We mapped the transcription start site for Cx40 mRNA more precisely by primer
extension and RNase protection assays in RNA from different tissues. By primer
extension with primer I, the same two bands were obtained in each tissue of 85 and 84
bp (figure 4). Because reverse transcriptase does not always extend to the very end of
the mRNA molecule, these two bands probably only represent one transcription start
site, and indicates that exon 1 is 85 bp. For other tissues, 20 pg of total RNA was
analyzed in each case.
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Exon 1

. E—

Antisense walk
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EcoRV —
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Pvull
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IIIv
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1kb

Figure 3. Schematic representation of the PCR products amplified in the LD-PCR genomic walking
experiments. The sequences for the anti-sense primers E and F used in the anti-sense walk (represented by
the arrow pointing left in the upper part of the figure) are indicated in figure I. PCR products were obtained
in all five library-digests. The blunt cutting enzymes used to produce the genomic DNA digests are indicated
on the lefi. Thus, a Dral site is present ~6 Kb upstream of exon 1. Similarly, the position of the other enzyme
sites upsteam or downstream of exon | can be inferred from the size of the PCR products. In the sense walk
(lower part), products were obtained in three of the library-digests. The sequences for the sense walk primers
G and H (represented by the arrow pointing right in the lower part of the figure) are given in Methods.

M 1 2 3 4 5 6 78 9 10

85bp —
84 bp —

Figure 4. Transcription start site mapping of Cx40 mRNA in different tissues by primer extension analysis:
Lane I probe only, lanes 2, 3 and 4: A7r5 RNA (20, 10 and 5 ug respectively), lane 5, adult lung; lane 6,
adult atrium, lane 7, adult ventricle; lane 8, neonatal lung; lane 9, neonatal atrium, lane 10, neonatal
ventricle, 20 ug total RNA/lane; lane M: a sequencing reaction was used as size marker, only one lane of
the reaction is shown.
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The data show that Cx40 mRNA levels varied between tissues, with A7rS cells
expressing the highest level of Cx40 mRNA, followed by neonatal and adult lung RNA
expressing reasonably high levels of Cx40 mRNA. In neonatal atrium and ventricle
Cx40 mRNA levels were still detectable, but, in adult atrium and ventricle no bands
could be detected by this method. These relative levels agree with published data on
Cx40 distribution in these different tissues and developmental stages [2,3,8]. In
addition, RNase protection analysis was performed on RNA from the same tissues as
above using the 350 bp PCR product obtained in the anti-sense walk (see above) as a
probe for exon 1. In A7r5 cells, two bands of 85 and 87 bp were obtained (results not
shown). On prolonged incubation of 10 pg total RNA from A7r5 cells with RNase A/T1
mixture or with a higher concentration of the RNase mixture to digest unhybridized
cRNA probe, the upper of the two bands disappeared, indicating that the 87 bp band
was an incomplete RNase digestion product. Therefore, we conclude that RNase
protection analysis also indicates one transcription start site and that the size of exon 1
is 85 bp. Thus the size of exon 1 deduced by these experiments is in agreement with that
obtained by 5'-RACE. The relative levels of Cx40 mRNA detected by the RNase
protection assay in 20 pg total RNA from the different tissues (not shown) were similar
to those detected by the primer extension assay.

While the possibility of alternative exon 1 sequences cannot be ruled out completely,
our data do not indicate their existence. Since the levels of Cx40 mRNA detected by
both primer extension and RNase protection using exon 1 probes are in agreement with
what is known about Cx40 distribution. This also argues against any significant
contribution in Cx40 expression from alternative promoters in the tissues at the
developmental stages examined in this study. It therefore seems likely that the upstream
sequence that we have isolated by LD-PCR controls the transcription of the Cx40 gene
in these different tissues.

Analysis of the putative promoter sequence for transcription factor binding sites

The sequence of ~1000 bp upstream of the transcription start site was determined and
figure 5 schematically shows the putative transcription factor binding sites that are
present in this region (Genbank accession number AF025766). We noticed the TATA-
like sequence TTAAAAA at -29 bp. There is a Spl binding site just upstream of the
transcription start site that overlaps with an AP2 site. In addition, potential binding sites
for AP1, several E-boxes, an NFkB site and Nkx-2.5 site are present. E-box sequences
are associated with muscle specific gene expression [9] and they bind the bHLH family
of transcription factors. In the heart two bHLH proteins dHAND and eHAND are
essential for cardiac development and their expression coincides with Cx40 expression
[10]. Also the binding site for the homeobox Nkx-2.5 is interesting. This transcription
factor is expressed during embryonic development as well as in the adult stage of the
mouse heart. Interestingly, the gene for Atrial Natriuretic Factor, another
developmentally and region-specifically regulated gene, is a target for Nkx-2.5 [11].
Future studies in which parts of this upstream region will be analyzed for promoter
activity in reporter-gene constructs will detail the activity of the Cx40 promoter.
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Figure 5. Schematic representation of the transcription factor binding sites in the DNA sequence upstream
of the transcription start site (Tsp) indicated by the arrow. The sequence TTAAAAA is a TATA-like element
at -29 bp. The sequence can be accessed in the Genbank database with accession number AF025766.

Summary and conclusions

We have isolated the 5'-end sequences for rat Cx40 mRNA. Cx40 mRNA from lung,
adult and neonatal heart and A7r5 cells all contain the same 5'-end sequence. We have
shown that the Cx40 gene consist of two exons separated by a large intron of at least 5.5
Kb. Genomic DNA upstream and downstream of exon 1 was amplified by LD-PCR
mediated genomic walking. Fine mapping of the transcription start site by primer
extension and RNase protection analysis indicated one transcription start site in a
number of tissues examined, showing that exon 1 is 85 bp long. The same primer
extension/RNase protection analyses revealed that Cx40 mRNA level was highest in
AT7r5 cells, followed by neonatal and adult lung, neonatal atria and ventricle. The
upstream region of the connexin gene was analysed for the presence of consensus
sequences for transcription factor binding sites. It contains a TATA-like sequence and
a number of potential binding sites for Sp1l, AP2, AP1, NFkB, NKx-2.5 and E-box
sequences. Our data suggests that the same region of upstream DNA regulates Cx40
gene transcription in the different tissues examined. Therefore spatio-temporal control
of Cx40 gene expression may be due to different transcription factors or differences in
the level of transcription factors.

Acknowledgements

[ wish to thank my co-workers Dr H.J. Jongsma, Dr H. M.W. v.d. Velden, A.A.B. van
Veen, Dr M.J. van Kempen and Dr F. Coenjaerts for their helpful discussions and
contributions to this work. This study was supported by the Netherlands Heart
Foundation, grant numbers M93.002 and M96.001.



124 Groenewegen W.A.

References

—_

Gros DB, Jongsma HJ. Connexins in mammalian heart function. Bioessays 1996;18:719-30.

Van Kempen MJ, Vermeulen JL, Moorman AF, Gros D, Paul DL, Lamers WH. Developmental
changes of connexin40 and connexin43 mRNA distribution patterns in the rat heart. Cardiovasc Res
1996;32:886-900.

Haefliger JA, Bruzzone R, Jenkins NA, Gilbert DJ, Copeland NG, Paul DL. Four novel members of
the connexin family of gap junction proteins. Molecular cloning, expression, and chromosome
mapping. J Biol Chem 1992;267:2057-64.

Siebert PD, Chenchik A, Kellogg DE, Lukyanov KA, Lukyanov SA. An improved PCR method for
walking in uncloned genomic DNA. Nucleic Acids Res 1995;23:1087-88.

Ausubel FM, Brent R, Kingston RE, Moore DD, Seidman JG, Smith JA, et al. Current Protocols in
Molecular Biology. 1997.

Neuhaus IM, Dahl G, Werner R. Use of alternate promoters for tissue-specific expression of the gene
coding for connexin32. Gene 1995;158:257-62.

Sohl G, Gillen C, Bosse F, Gleichmann M, Muller HW, Willecke K. A second alternative transcript of
the gap junction gene connexin32 is expressed in murine Schwann cells and modulated in injured
sciatic nerve. Eur J Cell Biol 1996;69:267-75.

Beyer EC, Reed KE, Westphale EM, Kanter HL, Larson DM. Molecular cloning and expression of rat
connexin 40, a gap junction protein expressed in vascular smooth muscle. J Membr Biol
1992;127:69-76.

Mably JD, Liew CC. Factors involved in cardiogenesis and the regulation of cardiac-specific gene
expression. Circ Res 1996;79:4-13.

Delorme B, Dahl E, Jarry-Guichard T, Brand J, Willecke K, Gros D, et al. Expression pattern of
connexin gene products at the early developmental stages of the mouse cardiovascular system.
Circulation Research 1997;81:423-37.

Durocher D, Chen CY, Ardati A, Schwartz RJ, Nemer M. The atrial natriuretic factor promoter is a
downstream target for Nkx-2.5 in the myocardium. Mol Cell Biol 1996;16:4648-55.



125

12. SYMPATHETIC REGULATION OF CARDIAC DELAYED
RECTIFICATION: RELATIONSHIP TO CARDIAC
ARRHYTHMIAS

Robert S. Kass

Introduction

Electrical impulses control the frequency, strength, and duration of contraction of the
heart. During the normal cardiac cycle, a regular rhythmic pattern must be established
of time-dependent changes in cellular permeability to maintain the cardiac cycle that
underlies normal cardiac function. Impulses, which originate in the sinoatrial (SA)
node, are conducted by the myocardium throughout the atria until they converge at the
atrioventricular (AV) node, pass through the bundle of His and the Purkinje fiber
conducting system, and eventually excite the working myocardial cells in the ventricles.
As the heart is a dynamic organ and must adjust its output with changes in physiological
demand, control of electrical activity by neurohormones is essential in the maintenance
of proper cardiovascular function. Recent work has linked defects in several ion channel
proteins to at least two forms of inherited cardiac arrhythmias: the Long QT Syndrome
(LQTS) [1] and the Brugada Syndrome [2]. In the cases of these diseases identified
mutations in ion channel structure have been shown to cause functional changes in
channel properties using heterologous expression of the channel proteins [3]. The data
obtained to date indicate that the inherited changes (mutations) in channel structure
change channel activity in a manner that is consistent with most disease phenotypes, but
by themselves, are not sufficient to account for fatal cardiac events and sudden cardiac
death (SCD). Other factors must be considered. Here one factor, the regulation of a key
potassium current, the slow delayed rectifier channel Iy, will be discussed in the
context of a possible link to fatal events in one form of the long QT syndrome: LQT1
as this form of LQTS is most likely to lead to fatal arrhythmias in the face of
sympathetic stimulation [4].

P.A. Doevendans et al. (eds.), Cardiovascular specific gene expression, 125-37.
© 1999 Kluwer Academic Publishers.



126 R.S. Kass

Slow Potassium Channel Activity in Heart

Noble and Tsien [5] provided the first quantitative investigation of time-dependent
outward currents that activate over the voltage range of and with a time course similar
to the action potential of the cardiac ventricles. Because the underlying conductance(s)
of these currents activate slowly and with a delay compared to the rapidly activating
sodium and calcium channel currents, the currents were referred to as "delayed rectifier"
conductances. Several very important characteristics of cardiac delayed rectification
emerged from this study. Two components of potassium-sensitive current were found
to be activated during prolonged depolarization to voltages positive to -50 mV in the
sheep cardiac Purkinje fiber. Although the currents were sensitive to the external
potassium ion concentration, they were not perfectly potassium-selective as judged by
the equilibrium potentials of the two current components. Consequently, the names I,
and I,, were chosen to identify the components. The dominant permeant ion, based on
equilibrium potential measurements, was indeed found to be potassium [5,6]. Key
properites of these currents were established early on. The first component, I,
activated with time constants that were voltage-dependent and on the order of 0.05 to
0.5 second, depending on membrane potential (figure 1). The current activated at
voltages positive to - 50 mV, a voltage range important to plateau voltages. The second
component, I,, was characterized by extremely slow activation kinetics, less potassium
selectivity, and a relatively linear instantaneous current-voltage relationship. Both
current components were used to successfully reconstruct the measured currents [5] as
well as the Purkinje fiber action potential [7]. After this pioneering work, other groups
reported similar slowly activating and non-inactivating potassium-sensitive currents in
a wide variety of cardiac preparations [8,9]. In most cases, the kinetics of activation and
deactivation of these currents was complex, and the interpretation of the data as
representative of two individual current components was preserved. Because of the
unique relationhip between the time course of the gating of these channels and the
action potential duration of the ventricle, it was thought very early on that changes in
this current induced by epinephrine might be important in controlling action potential
duration in the face of elevated sympathetic tone [6,7,10].

Pharmacological Dissection: Discovery of Novel Components

Sanguinetti and Jurkiewicz [10], in an attempt to resolve the mechanism of action of the
drug E4031, a putative class III agent, found that currents measured during depolarizing
test pulses appeared to be less sensitive to this compound than tail currents measured
after termination of the test pulses. They reasoned that this effect could be due to either
[1] voltage-dependent block of the drug or [2] specific inhibition of a current
component that rectifies during depolarization but is measurable as a decaying tail
current after termination of the depolarizing test pulse. They concluded that delayed
rectification in ventricular cells consists of two components: one that activates rapidly
but then spontaneously inactivates with depolarization (Iy,); and a second,
approximately ten-fold larger component, which is lanthanum- and E-4031-insensitive
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and does not inactivate, which was labeled Iy, because of its slow kinetics. I, is the
dominant component of Iy recorded positive to voltages of + 20 mV in the ventricle, and
importantly it is the component that is sensitive to catecholamines [12].

0
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Figure 1. Membrane currents in response to step potential changes from a holding potential (-30 mV) in the
plateau range. The currents in response to steps -10, -20, -50, -70 and -80 mV are shown. Large slow current
changes occur in response to positive steps. The current changes in response to negative steps are smaller
and at -80 mV there is virtually no slow current change. The records of recovery of current following returns
from -10 and -50 mV are also shown. Note that the time courses are not symmetric and that time course of
current following return from -10 mV contains a slow component which is almost absent in the case of
recovery from -50 mV [5].

Neuromodulation of delayed rectification in the heart

Cardiac electrical and mechanical activity is modulated extensively by the
neuroendrocrine system. Key to this control is the regulation of K* currents in different
anatomical regions of the heart. Changes in heart rate must be accompanied by
concomitant control of the action potential durations to ensure a proper temporal
relationship between diastolic filling and systolic ejection. Because delayed rectifier
channels are such major determinants of action potential duration (APD), their
neurohomonal regulation, which has been shown to be closely linked to control of
APDq, [10] 1s key to cardiac function.

B-Adrenergic Stimulation

Stimulation of the sympathetic nerves releases norepinephrine from nerve terminals that
extensively innervate the heart. This causes marked increases in heart rate, as well as
the strength of contractiou, and a shortening of the cardiac action potential. Closely
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linked to changes in heart rate and contractile activity are the well-known stimulatory
effects of B-adrenergic stimulation not only on L-type calcium channel activity, which
has been investigated extensively by many groups, but also on one component of
delayed rectification in the heart (I,). Sympathetic regulation of this K* channel is not
linked directly to stimulation of L-type calcium channel activity nor to enhanced entry
of calcium ions through modulated L-type channels [13].

Tsien et al. [14] first showed that cAMP can increase Iy in isolated calf Purkinje fibers
and since that work, many groups have shown that $-adrenergic agonists, cAMP and
its analogues, and phosphodiesterase inhibitors increase Iy, in Purkinje fibers and other
multicellular preparations [10,15,16] as well as in isolated cardiac myocytes [17,18].
The effects of B-stimulation are dramatic: four- to six-fold increases in current
amplitude have been measured (figure 2). Thus, the importance of Iy, regulation to
control of the action potential duration should not be underestimated.
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Figure 2. Concentration-dependent actions of noradrenaline on the Purkinje fibre action potential and
twitch. Storage oscilloscope records of membrane potential and tension obtained during a continuous micro-
electrode impalement. A, prolongation of the action potential duration by 20 nM-noradrenaline. B, reduction
of action potential duration by 500 nM-noradrenaline. Twitch height is increased by both concentrations.

Studies of I, in single cells have provided evidence that B-adrenergic enhancement of
I 1s associated with phosphorylation of an intracelluar protein by protein kinase A
(PKA), although this remains to be proven directly. Support for the hypothesis that I
is regulated by a cytoplasmic, cAMP-dependent signaling pathway has been obtained
from experiments performed using isolated cardiac myocytes. Iy has been shown to be
increased by extracellular application of B-adrenergic agonists or membrane-permeable
cAMP analogues, as well as by direct intracellular application of cAMP or the catalytic
subunit of cAMP-dependent protein kinase [17,19,20,21]. Forskolin stimulates I in the
absence of agonist, whereas dialysis with either the regulatory subunit or a specific
inhibitor of the enzyme prevents agonist-induced enhancement of Iy. These results,
reviewed in more detail by Anumonwo et al. and Hartzell [22,23] all are consistent with
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the hypothesis that f-adrenergic enhancement of I is associated with phosphorylation
of an intracellular protein by protein kinase A, and all support the key view that
regulation of Iy by cAMP-dependent phosphorylation is crucial to normal heart
function.

Molecular genetics: Identification of Delayed Rectifier Genes

Molecular genetic and biochemical approaches to the study of ion channel proteins have
revealed remarkable conservation of channel structure that spans species and tissues.
Key to identification of the molecular basis of electrical activity in native cells is the
correlation of functional properties of native and recombinant channels as well as other
means of identification such as immunological identification of native and recombinant
proteins.

Most voltage-gated K™ channels have structural similarity to a class of channels first
isolated from experiments with the fruit fly Drosophila by both the Jan [24] and Pongs
[25] laboratories. Powerful structural evidence for this conservation has recently been
provided by crystalization of a K* channel from a bacterium [26,27]. These channels,
the so-called Shaker A-type channels, are characterized by rapid activation followed by
voltage-dependent inactivation. The derived protein sequences of the Shaker channels
were found to have remarkable similarities to previously cloned Na® and
dihydropyridine-sensitive Ca** channels [28]. The hydropathy profile of the K* channel
proteins indicates six transmembrane-spanning hydrophobic segments (S1, S2, S3, S4,
S5, and S6). The fourth segment, S4, is positively charged and proposed to be the
voltage sensor of the channel that controls voltage-dependent gating. Na* and Ca**
channel proteins contain four regions of internal repeats. Thus, each K* channel is very
similar to one quarter of a Na" or Ca?* channel. Because Shaker-type K* channels
consist of only one region of internal repeats, it was thought that K* channels are
multimers with four subunits required to assemble a functioning channel-a hypothesis
supported by elegant experimental data of MacKinnon [27,29].

Molecular Genetics of Potassium channels and the Long QT Syndrome

The molecular identity of I, and I, had remained unknown until revealed by molecular
genetic analysis of an inherited disease, the long QT syndrome, because the predicited
sequence of a key subunit, minK [30,31,32], was distinct from other voltage-gated K*
channels.

The familial form of long QT syndrome is predominantly an autosomal dominant disorder
associated with recurrent syncope and a propensity to polymorphous ventricular tachycardia
(torsade de pointes) and sudden death [33,34]. As the name implies, the disease phenotype
is caused by inherited defects in the cardiac repolarization process. In 1995 major
breakthroughs in our understanding of this disease were achieved as defects in ion channels
were discovered to be linked and then shown to be causally responsible for two forms of
the disease: LQT-2 (chromosome 7) [35] and LQT-3 (SCN5A, chromosome 3) [36].
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SCNS5A surprisingly encodes the subunit of the human heart voltage-gated Na* channel.
Functional analysis of the discovered mutations indicated that the mutant channels failed
to inactivate complete upon maintained depolarization and hence contributed directly to
prolongation of the ventricular action potential [3,37-39]. Analysis of the LQT-2 linked
gene indicated that it was a member of the ether-a-go-go (EAG) channel family,
originally cloned by screening a hippocampal library [40,41] and later cloned from the
human heart and named HERG (Human Ether-a-go-go Related Gene) [41]. Importantly,
expression of the cRNA encoding this gene product elicited membrane currents with
voltage-dependent kinetic and pharmacologic profiles almost identical to that of I, [35].
Like I,, the HERG gene product activates over a more negative range of voltages than
Iy, and shows rectification at more positive potentials characterized by a negative slope
conductance at voltages positive to 0 or +10 mV. More recent studies [42] have shown
that this apparent inward rectification is caused by rapid C-type inactivation and could
be abolished by mutation of one amino acid residue (S631A) in the outer mouth of the
pore of HERG [43]. C-type inactivation involves movement of conserved core domain
residues that result in closure of the external mouth of the channel pore. Unlike C-type
inactivation in other channels, HERG appears to be unique in possessing voltage-
dependent inactivation [42,44].

Subsequent analysis of the functional consequences of LQT-2 mutations have indicated
that, in most cases, the mutations acted as dominant negative mutations causing a net
reduction in outward current during the critical plateau period and hence prolongation of
repolarization [45]. These data which correlate clinical recordings with biophysical changes
in expressed channel activity provide direct experimental proof of the functional importance
of specific potassium channel activity to human heart electrophysiology.

KvLQT]1, another novel K" channel gene, was subsequently discovered by positional
cloning and linkage to chromosome 11 from molecular genetic studies of another form of
the long QT syndrome, LQT-1 [46]. The initial report of the KvLQT-1 gene revealved
only a partial clone with high homology with the pore (p) region of other voltage-gated
K channels. Functional data were lacking. However, once the full length clone was
obtained, two very important studies revealed that KvLQT1 encodes a subunit of the
slowly-activating and non-inactivating delayed potassium current I, which was first
characterized by Noble and Tsien [47].

Ik, and the Long QT syndrome: identification of molecular properties based on
analysis of human disease

Importantly, the structural and functional role of a second subunit, minK, was revealed
recently by studies which clearly showed that expression of I, channels requires co-
assembly of minK along with KvLQT]1 subunits [45,48,49]. Until the discovery of this
link between Iy, and KvLQT1, the molecular basis of this important current had been
a matter of considerable controversy because it had been most closely associated solely
with minK. MinK is a gene cloned from cardiac tissue including human and encodes
a protein containing 129-130 amino acids, which contains only one membrane spanning
domain and no homology with other cloned voltage-gated K channels [50-53]. It is now
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clear that minK, by itself, does not form functional K" channels, but is an essential
subunit that co-assembles with the KvLQT1 gene product to form channels that underlie
Ix.. This work strongly suggested that mutations in either the KvLQT1 or minK genes
may affect biophysical, regulatory, or pharmacological properties of expressed Iy, and
hence repolarization (figure 3). Not surprisingly, subsequent studies confirmed this
prediction by linking LQT-1 to mutations in minK as well as KvLQT-1 [54]. Hence the
importance of Iy, and thus minK and KvLQT1 in regulating repolarization of the human
ventricle is validated by these findings.

Figure 3. The molecular architectures of KvLOT! and IsK [48].

Sympathetic Stimulation and LQT

LQT syndrome patients are particularly prone to develop serious ventricular
arrhythmias under sympathetic activation [33,34,55,56], and recent clinical data
strongly suggest that for carriers of LQT-1 gene defects adrenergic factors are more
likely to trigger cardiac events than carriers of LQT-3 or LQT-2 gene defects [57].
Because I, is regulated by norepinephrine (see below) and is a key factor in control of
action potential duration in the face of elevated sympathetic stimulation [10,50,58]. It
is very likely that suppressed activity of Iy, in carriers of KvLQT-1 gene defects
underlies, at least in part, sympathetic nervous system exacerbation of cardiac
arrhythmias in LQT-1 patients. Similarly, in other cardiac disorders in which
sympathetic modulation is altered such as congestive heart failure [59], it is now clearly
important to consider possible contributions of KvLQT-1 and minK gene products to
rhythm disturbances. Thus an understanding of the molecular basis of the regulation of
delayed rectification by neurohormones is key to understanding and treating these
disorders of cardiac rhythm.

Molecular basis of neuro-modulation of Iy,
In considering the molecular basis of Iy, regulation by PKA several factors must be

considered. First, because it is now clear that both minK and KvLQT1 subunits
assemble to form functional Iy, channels, potential phosphorylation sites on both
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channel subunits must be considered. Initial attempts to identify the molecular basis of
I, regulation relied on expression of membrane current in Xenopus oocytes injected
with minK cRNA. In these initial experiments, expressed currents were demonstrated
to be enhanced by PKA [60] indicating that it is possible to reconstruct the native
channel PKA enhancement. However, identification of specific sites on KvLQT-1 and
minK proteins that are targets of PKA phosphorylation remains to be established. A
putative role of minK in regulation of channels has been clearly shown by mutagenesis
experiments that first focused on PKC-dependent channel modulation. Initial
experiments indicated that protein kinase C (PKC) inhibited Iy, expressed in Xenopus
oocytes and that this inhibition could be prevented by mutation of a specific minK
residue [61]. Subsequent studies showed that species variation in minK could account
for differences in PKC regulatory actions [61-63]. These data provide the strongest
evidence that minK is an important regulator of I, activity and that the minK protein
is a likely target of regulatory enzymes. Recent work has shown that the KvLQT]1
protein itself can be the target of cAMP [64] (figure 4), and hence the molecular basis
of Iy, regulation is, no doubt, due to a combination of modulation of the two molecular
targets: minK and KvLQT1. Further work is needed to clarify putative roles of the
KvLQT1 protein as another target and further, how phosphorylation of these proteins
increases the magnitude of the expressed currents, the ultimate physiological response.
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Figure 4. Functional and pharmacologic characterization of KvLQT! currents in Xenopus oocytes.(a)
Families of currents from water- and KvLQTI-injected oocytes were elicited by I-sec voltage steps from a
holding potential of -80 mV to test potentials ranging from -100 to +40 mV in 10 mV increments. (b) Peak
current-voltage (I-V) relationship for 12 oocytes expressing KvLQOTI. Currents were recorded using the
protocol in a. (c) Dependence of tail current reversal potential (E,,,) on the K* concentration. Tail currents
were elicited at potentials of -110 to +10 mV after a pulse to +20 mV(n=6 oocytes), while the external K*
concentration varied between 2, 10, 40, and 98 mM. (d) Effects of E-4031, 4-aminopurine,
tetrathylammonium, and clofilium on KvLQT! current. Superimposed currents were recorded during 500-ms
steps to +30 mV, from -80 mV, during the same experiment. (e) Effects of cAMP on KvLQT! currents.
Currents were recorded using the protocol in a before and 10 min after the simultaneous addition of 10 uM
foskolin and 100 uM IBMX to the bath [64].
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Targeting of modulatory enzymes: selective regulation of ion channels by singaling
cascades

Identification of the molecular components that underlie regulation of cardiac delayed
rectification very likely will require studies of both target proteins and molecules that
direct the modulating enzymes. Recent studies of the molecular basis of the regulation
of cardiac L-type calcium channels (I,) have revealed that for this very well-studied
pathway, reconstitution of PKA-dependent enhancement of I, has required
heterologous expression of multiple channel subunits, but in addition, anchoring
proteins that have been shown to direct the posphorylating (PKA) enzyme to the target
protein (L-type calcium channel) [65-72]. Initial studies of the modulation of I, in
mouse heart engineered to overexpress the human B2-adrenergic receptor have shown
that, in cells isolated from these hearts, CAMP appears to be preferentially increased in
regions surrounding the L-type calcium channel vs the Iy, channels [73] strongly
suggesting that distinct targeting proteins are associated with these two channel types.
Elucidation of these targeting molecules will be an important contribution in unraveling
the molecular basis of regulation of cardiac ion channels. It should provide key new
information for the development of novel therapeutic tools to manage electrical
disturbances that result from an imbalance of the f-adrenergic control of heart electrical
activity.

Summary and conclusions

Although the LQTS is a rare inherited disorder, the information that has been revealed
by studying the molecular genetics of this disease has already made a profound impact
on our understanding of the molecular genetics of human heart function. Emerging from
these investigations is the picture that ion channel regulation, studied in in vitro cellular
biophysical experiments can reveal crucial factors that are needed for proper
physiological function of the human heart. The exciting combination of in vitro
electrophysiological studies with genetically-altered animal models will allow further
and specific testing of the roles of channel and signaling molecule mutations in the
genesis of cardiac arrhythmias. The linkage of Brugada’s syndrome to a mutation in the
human heart Na* channel is the first step in extending the lessons learned from LQTS
to inherited disorders that are more widespread and, perhaps, more likely to be lethal.
The role of the minimal potassium channel protein minK, will no doubt emerge to be
important in multiple disorders where there is linkage between sympathetic stimulation
and cardiac dysfunction.
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13. THE SARCO(ENDO)PLASMIC RETICULUM CA2%* PUMPS
IN THE CARDIOVASCULAR SYSTEM

Anne-Marie Lompré, Olivier Vallot, Marielle Anger, and Anne Ozog

Introduction

The sarcoplasmic reticulum (SR) is of major importance in the electrochemical
coupling in striated muscle. In the heart, approximately 80% of the Ca?* used for the
contraction-relaxation cycle is released from SR through the Ca*"-induced Ca?*-release
mechanism. In smooth muscle, SR is essential in the pharmacochemical coupling. The
effect on contraction of many agonists which act through the activation of the
phospholipase C cascade and production of inositol 1,4,5-trisphosphate (IP3) is
dependent on the release of Ca** from internal stores. On the other hand, entry of Ca?*
from the extracellular space induces local increases in Ca?* concentration sufficient to
release Ca** from the SR/ER of cardiac and smooth muscle cells by the Ca**-induced
Ca**-release mechanism activated by the ryanodine receptor (RyR). Calcium plays a
role in endothelial cell signaling as a messenger for the release of endothelial factors
regulating vascular smooth muscle and cardiac contractility. Both transsarcolemmal
Ca* flux and release from internal stores are responsible for the agonists-induced
increase in cytoplasmic Ca** concentration. In endothelial cells, the IP;-induced Ca?*-
release is the major mechanism in the Ca®* signaling pathway but the existence of the
Ca’*-induced Ca**-release mechanism and the presence of ryanodine receptors were also
demonstrated [1].

Restoration of a low cytosolic Ca?* concentration after cell activation is due to efflux
of Ca® to the extracellular space by the plasmamembrane Ca?*-ATPase and the
Na+/Ca? exchanger and refilling of the Ca*" stores by the sarco(endo)plasmic reticulum
Ca**-ATPases (SERCA). We will review some of the recent data on the SERCA
isoforms and their regulation in the cardiovascular system.

The Sarco(Endo)plasmic Reticulum Ca** ATPase isoforms.

The sarco(endo)plasmic reticulum Ca**-ATPase, SERCA, is composed of a single
polypeptide of 100 kD and is a member of an important family of homologous
enzymes, the P-type transport ATPases which catalyze the active transport of cations

P.A. Doevendans et al. (eds.), Cardiovascular specific gene expression, 139-50.
© 1999 Kluwer Academic Publishers.



140 A.-M. Lompré et al.

across cell membranes. This family comprises the plasma membrane Ca**-ATPases, the
Na*/K*-ATPases, and the H-ATPases. They are characterized by the formation of a
covalent aspartylphosphate intermediate, intimately linked to the translocation process.
For SERCA, ATP hydrolysis and enzyme phosphorylation result in translocation of two
Ca®" ions into the lumen of the SR.
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Figure 1. Schematic representation of the 3" portion of the SERCA genes showing the alternative splicing
mechanisms leading to the generation of two different transcripts for each gene. The arrows indicate the

position of the stop codon.
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The first SERCA was cloned by MacLennan et al. [2] and since then many more
sequences have been published. Six distinct SERCA isoforms encoded by three
different genes have been described (figure 1). The SERCA 1 gene encodes SERCA 1a,
present in adult fast skeletal muscle, and SERCA 1b, detected transiently in neonatal
fast skeletal muscle. The C-terminal 8 amino acids of the neonatal isoform are replaced
in the adult isoform by a single glycine residue. The SERCA 2 gene also encodes two
alternatively spliced isoforms expressed in a tissue-specific manner: In the adult,
SERCA 2a is present in heart, slow-skeletal muscles and some smooth muscle
containing tissues such as the aorta. SERCA 2a is also present in embryonic skeletal
muscle. SERCA 2b is a housekeeping isoform which is present at low levels in all cell
types and is abundant in smooth and some non-muscle cell types. Both SERCA 2a and
SERCA 2b are coexpressed in the media of the vasculature (figure 2). SERCA 2b
differs from SERCA 2a by the replacement of the last four C-terminal amino acids by
a peptide of 49 amino acids. Another isoform, SERCA 3, encoded by an independent
gene, was found in a wide variety of tissues [3]. More recently we and others have
shown that, in fact, it is coexpressed with SERCA 2b in specific cell types, mainly
endothelial cells (figure 2), the megakaryocyte cell lineage, platelets and epithelial cells
from trachea, intestine and salivary glands [4-7], the T-lymphoblastoid Jurkat cell line
and mast cells [8] and neuronal purkinje cells [9]. In salivary glands, SERCA 3 is
localized at the basal pole, whereas SERCA 2b is present at the luminal pole [6].

At early developmental stages SERCA 3 is present in the heart tube and later on, its
expression in the cardiovascular system is restricted to the arterial endothelial cells, but
we have not been able to detect SERCA 3 mRNA, either in veins or endocardium [10].
In the meantime, two distinct SERCA 3 sequences have been submitted to genebank.
The two proteins differ by the replacement of the last 6 C-terminal amino acids of
SERCA 3a by a 45-amino-acid peptide in SERCA 3b [11]. Their tissue distribution has
not yet been determined.

The functional differences between the various SERCA isoforms have been investigated
in vitro by transfecting the different cDNAs into Cos-1 cells. Analysis of the proteins
produced indicates that SERCA 1 and SERCA 2a translocate Ca®* with the same rate,
whereas SERCA 2b transports Ca*" more slowly and hydrolyzes ATP with a slower
turnover rate. The affinity for Ca>* of the different enzymes varies in the following
order: 2b >2a=1>>3a[12,13]. Moreover, SERCA 3a has a higher apparent affinity
for vanadate and a different pH-dependence than the other isoforms, suggesting a
different function for this enzyme [12]. Up to now, no data are available concerning the
biochemical properties of SERCA 3b.

The physiological importance of each isoform in vivo is not clearly established, but the
use of transgenic animals has provided new insight into the understanding of SERCA
2a and SERCA 3 function. Overexpression of SERCA 2a in neonatal cardiomyocytes
in culture by adenoviral vector [14,15] or in transgenic mice [16] confirms the central
role of SERCA 2a in contractile function. Indeed SR Ca*" uptake, the rate of decline of
the intracellular calcium transient and of the myocyte relenghtening, reflecting the
cytoplasmic Ca** lowering, were accelerated by 20 to 30% in cells overexpressing
SERCA 2a. This was associated with accelerated relaxation of the heart. Furthermore,
the rate of myocyte shortening and the rate of left ventricular pressure development
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were increased suggesting greater Ca’* release [16]. Post-rest contractions and the
force-frequency relationship reflects SR loading capacity. In muscles from the SERCA
2a-overexpressing mice, the time to half maximum post-rest potentiation was
significantly shorter than in the wild type littermates, suggesting that SR Ca** loading
in the rest interval is faster in trangenic animals. In transgenic animals or normal
isolated cardiomyocytes only limited amounts (20-30%) of SERCA 2a can be
incorporated into the SR membrane, despite very high levels of SERCA 2a mRNA.
However, expression of a SERCA 2a transgene in cardiomyocytes with abnormally low
SERCA 2 levels can rescue depressed cardiomyocyte SERCA 2 levels and intracellular
Ca”* transients [15].

The respective role of SERCA 2b and SERCA 3 in single endothelial or epithelial cells
was difficult to assign. To test the hypothesis that SERCA 3 plays a particular role in
Ca®* signaling, the group of G. Shull has generated SERCA 3 (a+b) deficient mice [17].
Homozygous mutant mice were viable, fertile and did not display an overt disease
phenotype. Because SERCA 3 is highly expressed in endothelial cells, they studied the
effect of null mutation on the vascular tone. The contractile response of aortic rings to
phenylephrine or KCl, as well as the relaxation properties in the presence of NO donors
were similar in wild type and mutant mice. However, the acetylcholine-induced
endothelium-dependent relaxation of precontracted vessels was significantly reduced
in homozygous mutants, suggesting that SERCA 3 is important in the Ca** signaling
involved in nitric-oxide mediated vasorelaxation. Surprisingly, the mutant mice were
not hypertensive as expected for NO-deficient mice.

Regulation of SERCA activity

In vivo, only SERCA 2 is regulated by phospholamban (PLB), since there is no PLB in
fast skeletal muscle where SERCA 1 is expressed. However, in Cos-1 cells the activities
of SERCA 1, SERCA 2a and SERCA 2b were all inhibited when they were coexpressed
with PLB, whereas SERCA 3 was unaffected by the presence of PLB [12,13,18]. The
PLB binding site is similar in SERCA 1 and 2, but this sequence is absent in SERCA
3 [18]. In vitro, PLB can be phosphorylated by the cAMP-dependent protein kinase
(PKA), the SR membrane-bound Ca?*/calmoduline-dependent protein kinase (SR CaM
kinase), the cGMP-dependent protein kinase (PKG) and the protein kinase C (PKC).
PKA and SR CaM kinase are involved in mediating the B-adrenergic response by
phosphorylation of PLB on serine 16 and threonine 17, respectively, whereas PKG and
PKC do not phosphorylate PLB in beating hearts. In smooth muscle, several studies
have demonstrated that cGMP is more effective than cAMP in decreasing cytosolic
Ca?". Moreover, in membrane preparations from aorta, phosphorylation of PLB is
higher in the presence of cGMP than cAMP. Finally, phosphorylation of PLB has been
observed in vivo, associated with increased Ca?*-ATPase activity, in conditions where
c¢GMP levels are increased [19,20 for review].
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SERCA 2a SERCA 2a SERCA 3

SERCA 2u SERCA 2h SERCA 3

Actin c-Smooth
Figure 2. A: In situ hybridization of sections from adult rat heart with SERCA 2a and SERCA 3 probes.
SERCA 2a is present in the cardiomyocytes in both atria and ventricles, the left atrium and ventricle are
presented. Higher magnification shows that SERCA 3 is present only in the endothelial layer of the coronary
arteries. B: hybridization of rat aorta with SERCA 2a, SERCA 2b, SERCA 3 and a-Smooth muscle actin
probes. SERCA 2a and 2b are coexpressed in the media whereas SERCA 3 is in the intimal layer.



144 A.-M. Lompré et al.

Modulation of SERCA expression in the heart

During ontogenic development

SERCA 2a was shown to be present at early developmental stages and turned out to be
the main isoform expressed in cardiomyocytes throughout development [10,21]. In
addition, we have shown that SERCA 2a mRNA was coexpressed with SERCA 3
mRNA [a+ b probe] in the rat heart tube at embryonic day (ED) 10, whereas SERCA
2b mRNA was not present in the heart, but was highly expressed in the mesenteric area.
Later on, ED 14-16, SERCA 2a mRNA was present in the heart and in the developing
skeletal muscles, and SERCA 3 in the endothelium of arteries and in the hemopoietic
cells in the liver [10]. In the adult, SERCA 2a was present in atrial and ventricular
myocytes, but higher expression was observed in the inflow tract and atria than in the
outflow tract and ventricles [10,21,22]. Furthermore, the ventricular part of the
conductive tissue was also almost devoid of SERCA 2 mRNA [21,23] and the other
isoforms were not upregulated in this region [23]. PLB mRNA was detected only at ED
12 and its pattern of distribution is reverse of that of SERCA 2a [21].

These data indicate that, as development proceeds, SERCA 2a remains the major
SERCA isoform present in cardiomyocytes. However, quantitative modulation of the
SERCA 2a mRNA level was observed during development and aging: the amount of
SERCA 2a mRNA is increased at birth [23, 24] and decreased during senescence [25-
27].

In cardiac hypertrophy

In 1989-90 three independent groups have demonstrated that, in animal models, severe
compensated hypertrophy secondary to pressure overload was accompanied by a large
relative decrease in the level of SR Ca?*-ATPase mRNA and protein associated with a
decreased SR Ca’*-uptake rate [24,28,29]. In moderate cardiac hypertrophy the
expression of SERCA 2 is unchanged [29] or even slightly increased [30]. Since then,
numerous studies were published on the subject. The data obtained in animal models
of pressure overload are generally in agreement with these previous results [20,30 for
review]. A relation was observed between changes in SR activity or Ca** pump protein
level and SERCA mRNA level, suggesting that regulation of SR activity occurs at a
pre-translational level. Furthermore, the decrease in SERCA mRNA level correlated
with that of ryanodine receptor mRNA level [30]. These data favor the idea that
alterations in SERCA expression lead to changes in the SR Ca?* uptake and Ca®* release
properties and that changes in SERCA expression levels account for the reduced Ca?*
transient and the reduced contractile properties of the hypertrophic hearts [31,32].
However, despite significant changes in myocardial relaxation and depressed SERCA
2 gene expression [31], no differences in SR Ca*" load and amount of SR Ca?* released
were observed between cardiocytes isolated from control and hypertrophied hearts
when normalized to cell volume [33]. Furthermore, reduced contractility and altered
Ca* transients without changes in the properties of the RyRs, with regard to density and
sensitivity to Ca®*, as well as unaltered ability of SR to store Ca?* as defined by the
amount of Ca®* released by caffeine, was recently reported in a strain of spontaneously
hypertensive rats (DahlSS/Jr) and in SH-HF rats in heart failure [34]. The ability of the
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voltage-gated Ca*" current, I, to trigger Ca** release from SR was reduced in both
hypertrophied and failing hearts. Because I, density and RyRs were normal, the authors
suggested that the defect in the excitation-contraction coupling resides in a change in
the positional relation between RyRs and the plasmamembrane Ca** channels.
Experiments are now needed to prove that the plasmamembrane Ca?* channels and the
Ca’" release channels are more distant in hypertrophied than in control hearts and that
this phenomenon is not specific to this particular type of hypertrophy. In some studies
[31,35] reduction in SERCA mRNA level was observed only 4 to 5 months after
imposition of the load and was considered as a marker of impaired cardiac performance
during the transition from compensated hypertrophy to failure. In other experiments
[29,30], decrease in SERCA 2 expression was observed earlier in compensated
hypertrophy. Thus, both duration and severity of the load are important factors in
determining relative changes in SERCA expression.

The results obtained on human failing versus non failing hearts are much more
conflicting. Either decreased or unchanged SERCA mRNA and protein level and
decreased or unchanged SR activity have been reported [36,37 for review]. Moreover,
in some studies no relation was observed between changes in SR function and SERCA
protein level [36], whereas in others these two variables were correlated [38]. Similarly,
the amount of SERCA mRNA was not correlated with the level of SERCA protein
[36,37]. These data are very difficult to interpret; regulation at the translational level
might occur or, alternatively, some of the discrepancies in the results may also be
accounted for by regional and cellular heterogeneity in the distribution of the SERCA
pump in hypertrophied hearts. In fact, changes in the architecture of the dyad, alteration
in the expression of the genes coding for the Ca?* pumps and Ca?* release channels,
regional and cell to cell heterogeneity in the expression of SERCA are likely to reflect
different stages of the progression from compensated hypertrophy to heart failure .

The sarcoplasmic reticulum in vessels

In hypertensive animals

Several lines of evidence indicate that diminished Ca*" pump activity contributes to
elevation of [Ca?'] in the hypertensive state [39, for review]. We measured SR activity
and the expression of the SR Ca?* pumps in the aorta from spontaneous hypertensive
rats (SHR) and wistar kyoto (WKY) rats [40,41]. The data indicate that 1) at 5 weeks,
before any increase in blood pressure in the SHR, the rate of oxalate-supported Ca**
uptake and the SERCA 2a/SERCA 2b ratio were similar in thoracic aortas from SHR
and WKY rats. 2) From 5 to 17 weeks in both SHR and WKY rats SERCA 2a mRNA
level was increased in parallel to the increase in a-smooth muscle actin mRNA,
suggesting differentiation toward a more differentiated smooth muscle phenotype. The
SERCA 2b mRNA level was unchanged. 3) When increase in blood pressure was
significant in SHRs, the oxalate-supported Ca**-uptake rate was higher in SHR than in
WKY. 4) In the abdominal aorta, the increase in activity was accompanied by an
increase in SERCA 2a and SERCA 2b at the mRNA level, but in the thoracic aorta the
increase in activity was less pronounced and not associated with an increase in SERCA



146 A.-M. Lompré et al.

mRNA levels [41]. High SERCA 2 mRNA and plasmamembrane Ca?* ATPase mRNA
levels were also found in thoracic aorta from 10-week-old SHR compared to WKY rats
[42]. Our data suggest that Ca?* transport is regulated at the pretranslational level, but
do not exclude that other mechanisms, such as alteration of the SERCA/phospholamban
ratio, also contribute to the alteration of SR activity in the aorta of SHR. To our opinion,
the increased intracellular Ca** level in vascular smooth muscle cells (VSMC) from
SHR cannot be attributed to a decrease in SR activity, but rather to an increase in the
amount of SR which may contribute to elevating vascular tone through Ca*" release
mechanisms. In agreement with this, Cortes et al. [43] have shown that, in Ca** free
medium, Ca*" release induced by thapsigargin (which represents release from SR/ER)
was twice as high as in rat aortic SMCs from SHR than in those from WKY rats. In
addition, they showed that the ryanodine-sensitive Ca** release induced by angiotensin
II is enhanced in VSMC from SHR. Thus, the ryanodine-sensitive, thapsigargin-
sensitive pool is greater in SHR than in WKY rats. SERCA 3 is a major isoform in
platelets, and the level of expression of the SERCA 3 gene was shown to be higher in
platelets from SHR compared to WKY rats [8]. The data on SR activity are conflicting
and in many other studies SR activity has been shown to be diminished in SHR. The
explanation for this discrepancy is unclear at present; strain differences may be one of
the explanations.

A point mutation of the SERCA 2 gene leading to restriction fragment length
polymorphisms was found in the SERCA 2 gene from SHR. A cosegregation analysis
of SERCA 2 genotype, systolic blood pressure and platelet intracellular Ca*
concentration in SHR suggests that the SERCA 2 gene contributes to increased
thrombin and intraplatelet Ca®* concentrations and that SERCA 2 is not identical to Az,
a major locus of rat chromosome 12 involved in hypertension [44]. Interesting results
may be obtained from a similar study performed on the SERCA 3 gene which, in
humans, is localized on chromosome 17p13.3.

The phenotype of the VSMCs and of platelets are different, but the mechanisms
involved in alteration of expression of the SERCA genes in SHR are the same since in
both cell types, the cell-specific SERCA gene is upregulated. Although the same
SERCA 2 gene is expressed in cardiac and VSMC, chronic hemodynamic overload has
opposite effects on expression of this gene in the two tissues: up-regulation in aorta and
down-regulation in heart.

In proliferating VSMCs

Proliferation and dedifferentiation of SMCs is observed in atherosclerosis and
hypertension and can be reproduced in tissue culture. When VSMCs proliferate they
undergo a transition from a contractile to a proliferative phenotype and this is associated
with major alterations in gene expression. Alteration in the response to caffeine,
ryanodine and angiotensine II has been reported in VSMC in culture and the data are
compatible with disappearance of the ryanodine-sensitive pool with proliferation
[43,45]. Which molecular events cause the changes in these pharmacological properties
remains to be elucidated.
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Conclusion

In conclusion, at least three different SERCAs are expressed in the cardiovascular
system, SERCA 2a in the cardiomyocytes, 2a and 2b in the vascular myocytes and
SERCA 3 in the endothelial cells. SERCA 2a and 2b have very similar functions, but
SERCA 3 has a much lower affinity for Ca** and is not regulated by PLB
phosphorylation. Expression of SERCA 2a in the cardiomyocytes is regulated during
development and in several pathological states, in particular in cardiac hypertrophy
consecutive to pressure overload. A decrease in SERCA 2 expression is likely to be a
major determinant in alteration of contractility of the hypertrophied heart. Expression
of SERCA 2a and 2b in vessels is regulated during hypertension and proliferation. Less
is known concerning SERCA 3 in endothelial cells but recent data tend to indicate that
it may play a key role in the Ca** signaling involved in NO-mediated vasorelaxation.
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14. POTASSIUM CHANNELS; GENES, PROTEINS, AND
PATIENTS

Connie Alshinawi, and Arthur A.M. Wilde

Introduction

Potassium (K") channels play a major role in generating cardiac electrical activity.
Cardiac action potentials are characterized by a long duration which is pivotal for
proper contraction. In physiological conditions the repolarization process is largely
determined by several potassium channels with different time and voltage
characteristics. These channels are distributed heterogeneously over different parts of
the heart. In addition, developmental changes in channel diversity are pertinent.
Furthermore, under the influence of a variety of stimuli, which include metabolic
changes, neurohumoral influences and disease, the set of expressed potassium channels
may change. In pathophysiological conditions such as cardiac hyperthrophy and/or
heart failure, altered characteristics of potassium channels usually lead to prolonged
repolarization. Arrhythmias ensue, based on either dispersion in repolarization or
reexcitation during the course of the action potential (afterdepolarizations and triggered
activity).

In recent years molecular techniques have significantly increased our understanding of
structure-function relationship of ion channels. Potassium channels were among the first
to be studied. Indeed, the structure of several families of potassium channels has been
elucidated and individual amino-acids, pivotal to specific characteristics of channel
function, have been identified. Moreover, since specific aberrations in genes encoding
for potassium channels seem to be associated with a specific phenotype (‘experiments
of nature'), genotype-phenotype comparisons in patients with K* channelopathies also
shed light on domains or residues of structural or functional importance. In this paper
we will track the way from gene to patient and emphasize those experimental data
pertinent to potassium channel function in pathophysiological conditions.

Genes and proteins

Shaker-type channels
Potassium channels consist of an assembly of at least 4 channel proteins (¢-subunits)
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around a central ion conduction pore and a number of ancillary subunits which are
capable of modifying function and properties of the channel. The first voltage
dependent potassium channel (Kv) cDNA was cloned from Drosophila melanogaster.
Subsequently various mammalian homologues of Shaker subfamilies Shaker (Kv1),
Shab (Kv2), Shaw (Kv3) and Shal (Kv4) have been described. Each a-subunit contains
six putative transmembrane segments (S1-S6) flanked by cytoplasmically located N-
and C-terminal domains (figure 1). A pore loop between S5 and S6, designated HS or
P loop, which contains the potassium channel signature sequence, forms the external
vestibule of the pore, while the S4-S5 linker and the C-terminal end of S6 appear to
form the intracellular mouth of the pore. The fourth transmembrane domain (S4) which
contains positively charged residues at every third position, functions as a voltage
sensor which slides across the membrane in response to changes in the transmembrane
potential, bringing about a conformational change in the channel, thereby mediating
gating. The N-terminus may function as an inactivation particle, occluding the
cytoplasmic end of the channel pore by a 'ball and chain" mechanism. Residues in H5
and S6 are also thought to be involved in inactivation presumably by bringing about a
conformational change that narrows the extracellular mouth of the pore ('C-type
inactivation', named after the involvement of residues in or near the C-terminus of the
protein; structure-function relation reviewed in [1,2]). Ancillary cytoplasmic subunits
associate with the Kvl and Kv2 subfamilies and modify gating [3] and membrane
expression [4,5]. No such subunits have been described for Kv3 and Kv4.

Only one member within Shaker subfamilies Kv5, Kv6, and Kv8 has hitherto been
identified. Although they possess the structural hallmarks of functional subunits, Kv5.1,
Kv6.1 [6] and Kv8.1 [7] are unable to express currents as homomultimers, but appear
to modify behavior of other Kv channel subunits from other subfamilies upon
heteromultimerization [8,9]. A similarly electrically silent subunit, jShall [10], has been
cloned from Polyorchis jellyfish and shown to produce a similar effect.

The diversity of Shaker-type channel mRNA in the heart is extensive. Northern
analysis, RNase protection assays and in situ hybridisation studies have detected
transcripts encoding members of the Kvl through Kv6 sub-families of the Kv
superfamily [11-13]. The potential number of expressed K* currents is also high. The
fact that members within one sub-family and between different subfamilies are able to
form heteromultimers [8-10,14], increases the number of potential phenotypes.
Moreover, further diversity can be introduced by association with modulatory (-)
subunits. Hence, finding the molecular correlates for native cardiac currents is not an
easy task. Additional confounding factors include variations in K* channel expression
in different anatomical regions of the heart [12] and variation of expression at different
stages of development [15]. Furthermore, variations attributable to species differences
do not allow direct extrapolation of findings in an animal model to what effectively
occurs in the human heart. In addition, channel phenotype in simple expression systems
can not always be related to channel properties in native tissues.

At present, Kv1.5 is thought to encode the ultrarapidly activating delayed rectifier
current, Iy, in mammalian atria, Kv4.2 and/or Kv4.3 probably produce the transient
outward current, I, while Kvs’ 1.2, 1.4, and 2.1 contribute in as yet undetermined
ways to outward currents (reviewed by Brown [16]; figure 1).
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Figure 1. Schematic representation of K+ channel structure (left panels). Representative members of each
family are given in the right columns (gene product and the putative current generated). The upper left panel
depicts the six membrane spanning segment channel with a pore (indicated) and the S4 domain acting as the
voltage sensor. Four of these proteins (alpha-subunits) assemble together, with or without modulatory 3-
subunits, to form functional K+ channels. In the middle left panels twin pore channels and 2 membrane
spanning segments channels are presented (TWIK and its drosophila homolog ORKI may encode for a
background potassium current Iy,). The lower left panel indicates the minK structure which for example
interacts with KCNQ! to from functional (I,) channels.
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HERG

The human ether-a-go-go (EAG) related gene (HERG) was cloned from a hippocampal
cDNA library by homology to the Drosophila EAG gene [17-18]. Other homologes of
HERG [19-23], have since been identified, demonstrating that the ERG potassium
channel genes constitute a distinct subfamily of the EAG family which is closely related
to the cyclic nucleotide-gated family in the potassium channel phylogenetic tree [24].
By PCR analysis of a somatic cell hybrid panel Warmke and Ganetzky [18] localised
HERG to human chromosome 7 and later, Curran et al. [25] mapped HERG by linkage
and physical mapping to 7q35-36, and showed that mutations in this gene are associated
with Long QT syndrome (LQTS2).

Like the a-subunits of the Shaker-type K* channels, HERG has six putative membrane-
spanning domains and a conserved putative pore domain. Despite this architectural
similarity, HERG subunits form inward-rectifier K" channels [26,27], which are
generally made up of a different class of K" channel subunits possessing two
membrane-spanning segments (K;, channels; see below). Inward rectification of HERG
is thought to be mediated by a C-type inactivation mechanism similar to that of the
Shaker-type channels but which in HERG proceeds much faster than transition of the
channel from closed to open state [27].

Heterologous expression of HERG in Xenopus oocytes [26,28] produced currents with
biophysical properties described for the native cardiac rapidly activating K* current
(Ix,), except that the kinetics of activation and deactivation were slower. Increased I,
current density is observed after coexpression with a small transmembrane modulatory
protein, minK or IsK encoded by the KCNE1 gene [29]. Lees-Miller et al. [22] and
London et al. [23] cloned N-terminal isoforms of mouse ERG (MERG) and
demonstrated that coexpression of full-length MERG (which corresponds to HERG)
and one of the N-terminal isoforms in Xenopus oocytes produced currents with
deactivation kinetics that were faster than those for MERG alone and matched the
physiological profile of Iy, for mouse myocytes. This, coupled with the overlapping
distribution of the two isoforms in the mouse [22,23], supports the hypothesis that these
isoforms coassemble in vivo to form the channel responsible for I, in mouse.

KvLQTI

KvLQT1 (gene now renamed KCNQ1) was identified by positional cloning in a family
with LQTS1 [30]. It is a member of a family of voltage-gated K* channels for which
very recently two other members, KCNQ2 [31,32] and KCNQ3 [33], have been
identified in man. This family shares the same general topology with the Shaker-type
channels. It is estimated that mutations in KCNQ1 account for >50% of inherited
LQTS.

KvLQT1 associates with IsK to generate the channel responsible for the slowly
activating delayed rectifier K* current (I) in the heart [34,35]. It has more recently
been suggested that the characteristics of the native IKs current also depend on the
relative expression of an N-terminal truncated isoform of KvLQT]1 (isoform 2 in [36])
which lacks the N-terminus and the initial part of the first transmembrane domain
[37,38]. This isoform which has an overlapping expression with the full-length
KvLQT1 isoform in the major anatomic regions of the heart is a strong negative-
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dominant of full-length KvLQT1 [37,38].

The current conducted by KvLQTT1 and IsK is not limited to the heart. This assembly
is also expressed in the stria vascularis of the inner ear [39,40], where it is responsible
for a key secretory role in the control of endolymph homeostasis associated with normal
hearing. Heterozygous mutations in either KCNQI1 [30] or KCNEI [41] have been
associated with the dominantly inherited, Romano-Ward (RW) LQT syndrome [42,43],
whereas homozygosity for mutations in either of the two genes [40, 44] have been
associated with the recessive Jervell-Lange-Nielsen syndrome (JLNs) [45], which is
also associated with congenital sensorineural deafness. The involvement of KCNE1
mutations in JLNS is in accordance with the fact that mice with a null mutation of this
gene display inner ear defects very similar to those of JLN patients [46]. However,
contrary to expectations this transgenic mouse did not have a prolonged QT interval.
This illustrates, as indicated before, the complexity of K" channel physiology and
pathophysiology in particular with regard to species variability.

The inward rectifiers

The most important inward rectifying K* channels present in the heart are Iy, ('the
inward rectifier'), the ATP-sensitive potassium channel Iy ,rp and the acethylcholine-
sensitive potassium channel I 5c;,. Secondary to its high conductance, I, is responsible
for a stable resting membrane potential, at least in physiological conditions. In the
absence of their physiological blockers (i.e. magnesium and polyamines) these channels
lack any voltage dependence and display an Ohmic current-voltage relationship. At the
molecular level this is reflected by the absence of the S4 transmembrane domain
described above.

I orp channels couple the metabolic state of the cell to its electrical activity [47].
Regulation is accomplished by metabolic factors, among which, the intracellular ATP,
ADP and lactate concentrations. The sensitivity to sulphonylureas, for a long time in
use for the treatment of diabetes mellitus, laid the way towards cloning of the channel.
Hence, the B-cell sulfonylurea receptor was the first to be purified and cloned [48]. It
appeared that the sulfonylurea receptor (named SURT1) did not possess ion-conducting
properties, but together with an inwardly rectifying K* channel (called Kir 6.2), K*
channels were formed with characteristics closely resembling functional pancreatic
I atp channels [49]. Closely related proteins (SUR2A and SUR2B) were shown to
reconstitute with Kir 6.2 functional I ,1p channels of the cardiac and skeletal type [50]
and the smooth muscle type respectively [51].

Finally, the muscarinic K* channel (Ix o¢,) is an inward rectifying K* channel with
similar two membrane spanning segments (figure 1). Kir3.1 (or in the older terminology
GIRK1) is likely to encode Iy scy [52]. The channel is coupled via G-proteins to an
extensive intracellular signal transduction pathway. It is likely that a number of subunits
are involved in regulation of the channel. Obviously their role is directly related to the
parasympathetic activation of the heart.
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Genes, proteins, and patients

The paradigm to study the role of potassium channels in clinical cardiac arrhythmias
is the congenital long QT-interval syndrome (cLQTS). The syndrome which occurs as
an autosomal dominant or recessive trait, is characterized by QT-interval prolongation
on the ECG and polymorphic ventricular arrhythmias (torsade de pointes), which often
occur in relation to exercise or emotion and which may give rise to recurrent syncope
or sudden cardiac death. Linkage analysis of the autosomal dominant inherited cLQTS
(Romano-Ward syndrome) indicated genetic heterogeneity with at least 5 loci and 4
genes identified [53,54]. These genes all encode for proteins which form (part of) ion
channels. The slowly activating delayed rectifier (I,) and the rapidly activating delayed
rectifier (Iy,) are involved by mutations in KvLQT1 (11p15.5, LQTS1) and HERG
(7935-36, LQTS2), respectively. MinK mutations (21q21.1-22.2, LQTS5) also affect
the characteristics of Iy, [41] and because the minK protein may also coassemble with
HERG proteins [29] I, may also be affected. In LQTS3 the Na* channel «-subunit
(encoded by the gene SCNSA on 3p21-24) is involved while the gene in LQTS4 (4q25-
27) has not been identified yet. As indicated above the recessive inherited cLQTS
(Jervell and Lange-Nielsen syndrome), associated with congenital deafness, is caused
by either (homozygous) mutations in minK or KvLQT1 (see above).

Based on the time and voltage characteristics of the involved currents one may
anticipate the phenotype of a particular gene defect. The trigger for arrhythmic events
may in particular be genotype-specific. Iy, is presumably the main K* current in
conditions of high sympathetic activity particularly at shorter cycle lengths. Indeed,
exercise-related events dominate the clinical picture in LQTS1 and in JLN syndrome
[55]. In LQTS?2 patients arrhythmic events occur both during exercise and at rest.

In heterologous expression studies KvLQT1 mutations associated with the Romano
Ward syndrome exert dominant-negative suppression of KvLQT1 function [56,57].
KvLQT1 mutations associated with the JLN type have a less severe dominant-negative
effect [57] or no dominant-negative effect [58], thereby accounting for the different
mode of inheritance of the two syndromes. Clinically, one would expect a less
malignant phenotype in carriers of the mutants with no or only a mild dominant-
negative effect. Indeed, QT-intervals in the parents of JLN patients, in which the
mutation is heterozygously present since the affected patient is homozygous for the
mutation, are only marginally prolonged [59]. A strong dominant-negative effect has
been described for one of the IsK mutations associated with the Romano Ward
syndrome [41].

Mutated HERG proteins also exert a dominant negative effect with resultant less
outward (potassium) current [60]. There are also mutations with a complete loss of
function [60]. Once again one would anticipate on a clinically less malignant phenotype
in carriers of the former mutants, but studies relating genotype to phenotype are not
(yet) available in LQTS2 patients.

Genotype-specific ECG's have also been described [61]. T-waves in LQTS1 patients
are wide with a relatively high amplitude whereas T-waves of low amplitude are present
in LQTS2 patients. The T-wave differences may be based on the (transmural)
distribution of mutated and normal proteins [62].
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Apart from the congenital LQTS, no other K* channelopathies have been recognized
in cardiovascular diseases thusfar. We antipate however, that more entities will be
described in which the above mentioned or other K* channel are causally involved.
As indicated in the introduction section, ion channel function and expression may also
be altered by environmental factors. A variety of cardiac diseases, including myocardial
ischemia and cardiac hypertrophy, and altered hemodynamic states can modify the
characteristics of ionic currents. QT-interval alterations and/or prolongation and sudden
cardiac death are common findings in these syndromes [63]. It is likely that the
synthesis and assembly of ionic channels in the sarcolemma is altered and/or the
regulatory units are affected in these conditions. Indeed, it has been shown that mRNA
transcripts of K* channel proteins are altered in experimental models of chronic
infarction [64] and in failing human myocardium [65]. We have shown the potential
importance of regulating proteins since different isoforms of KvLQT1 may interact in
a dominant negative way [38]. In this respect it is for example well conceivable that
different factors pertinent to these diseases may provoke alternative splicing of the
KvLQT1 gene with resultant increased expression of the isoforms which reduce the
magnitude of I,.

Conclusion

In conclusion, the molecular biology of K* channels has unraveled a variety of K*
channels genes encoding different K* channel families which all play a distinguished
role in cardiac electrophysiology. This increasing knowledge has proven to be of benefit
for patients and families in which K* channelopathies exist. It is anticipated that more
common cardiac disorders are also associated with altered gene expression leading to
altered K* channel distribution throughout the myocardium. This will undoubtly
underlie the clinical electrophysiological changes in diseased patients.
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15. EXPRESSION OF CX43 IN CARDIAC AND AORTIC
MUSCLE CELLS OF HYPERTENSIVE RATS

Jacques-Antoine Haefliger, and Paolo Meda

Introduction

Gap junctions are seen at sites where the plasma membranes of two adjacent cells
become closely apposed [1,2], reducing the intercellular space, which is usually about
200 nm wide, to a narrow gap of 2 nm (figures 1 and 2). In these regions, the two
interacting membranes feature specialized microdomains characterized by the
concentration of uniformely large protein assemblies named connexons (figures 1 and
2). These structures provide the wall of intercellular channels, that allow for the passage
of ions as well as for the exchange from one cell to another of metabolites and second
messengers up to 1kDa [3,4]. Such a direct cell-to-cell exchange of molecules can be
visualized using exogenous tracers, such as Lucifer Yellow [5]. After microinjection
into individual cells, the intercellular diffusion of this tracer, which cannot cross the cell
membrane, can be directly observed under a fluorescence microscope (figure 2). Gap
junction channels are formed by the hexameric assembly of membrane-spanning
proteins (figures 1 and 2), known as connexins, which in mammals belong to a family
of 13 members [2]. Five of these proteins, referred to as Cx43, Cx45, Cx46, Cx40 and
Cx37 have been identified in the cardiovascular system [6,7]. As yet, little is known
about their physiological role and their possible changes in cardiovascular diseases.

Gap junctions ensure the electrical and mechanical coupling of different types of muscle
cells [8]. Such a role is critical in the heart, since proper propulsion of blood in the
circulation, obligatory depends on the coordinated contraction of both atrial and
ventricular cardiomyocytes [9,10]. This contraction in turn is mediated by the rapid
propagation of action potentials to multiple cells, that should depolarize in coordination.
These events are dependent on gap junctional communications, whereby adjacent
cardiomyocytes exchange current-carrying ions. By diffusing from one cell to the next,
these ions synchronize the electrical and mechanical activity of neighbor cells [9].
Coordination of smooth muscle cells of the vascular wall is also critical to the local
modulation of vasomotor tone, thus contributing to the proper function of large vessels.
The aortic media, which is a sparsely innervated and electrically quiescent tissue, is
likely to be particulary dependent on gap junctional communication for coordinating

P.A. Doevendans et al. (eds.), Cardiovascular specific gene expression, 161-69.
© 1999 Kluwer Academic Publishers.
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Figure 1. Topography of a connexin channel. A) During biosynthesis, connexin proteins are inserted in the
membrane of rough endoplasmic reticulum (RER), which they cross four times. This arrangement provides
for two loops in the cisternal lumen, and for the location of both C-and N-termini in the cytoplasm. All
connexins feature three cysteine residues (open circles) in the two intracisternal loops. The C-terminus varies
in sequence and length in different connexins. B) During their intracellular transport, connexins arrange as
hexamers to form a tubular structure (called connexon) around a hydrophilic space of 2 nm diameter that
extends across the entire thickness of the membrane. C) At gap junctions, connexons of one cell dock with
those made by an adjacent cell. The alignement of two apposed connexons forms the wall of a channel, which
directly links the cytoplasms of two neighbour cells. Modified with permission from [5].
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the responses of smooth muscle cells to diverse neural and endothelial signals [11-15].
Thus, conditions perturbing the function of the aortic wall, as observed during chronic
hypertension, are expected to be associated with alterations of connexins, gap junctions
or coupling.

To assess whether conditions perturbing the function of heart and aorta are associated
with alterations of connexins, gap junctions or coupling, we have studied the expression
of Cx43, the physiologically predominant connexin of myocardial and aortic smooth
muscle cells [9,14,16], during chronic hypertension. To this end, we have first
investigated two rat models that are characterized by a similar degree of hypertension
and of hypertrophy of both aorta and heart, but differ markedly in the mechanism which
causes these changes. In the two kidney, one-clip model (2K,1C) hypertension was
produced by clipping one renal artery, leading to stimulation of renin secretion and to
an angiotensin II-dependent elevation of blood pressure [17,18]. In the
mineralocorticoid-salt induced model (DOCA-salt) hypertension resulted from
increased retention of sodium, in the presence of suppressed renin secretion [19,20]. In
a second step, we have investigated a third model, in which rats were made
hypertensive by inhibiting nitric oxyde synthase with N-nitro-L-arginine-methyl ester
(L-NAME) [21].

Results

Blood pressure levels were elevated 1.4-1.6 fold over that of normotensive controls in
all 2K,1C, DOCA-salt and L-NAME animals.

Effects of hypertension on heart

Hypertensive rats of the 2K,1C and DOCA-salt models showed a 30% increase in heart
index compared to normotensive controls (figure 3A). In agreement with this change,
Northern blot analysis showed a two fold increase in the expression of «-skeletal actin
mRNA in the two groups of hypertensive rats and histology revealed a thickening of the
left ventricular wall [22]. Hypertensive rats of the L-NAME showed a smaller increase
(18%) in heart index (figure 3A), and a lesser thickening of the left ventricular wall, in
spite of a three fold increase in the expression of a-skeletal actin mRNA (Haefliger et
al., unpublished results). Quantitative assessment by Northern blot analysis showed that
Cx43 expression was similar in the hypertrophied hearts of hypertensive rats of the
three models studied, and in those of normotensive controls (figure 4). This finding
correlated with the absence of significant differences in the amount of Cx43, which was
immunolabelled in heart muscle of 2K,1C and DOCA-salt animals [22].

Effects of hypertension on aorta

The thickness of the intima plus media layers of the aorta was significantly larger in
hypertensive than in normotensive animals, resulting in a 40% increase of the vessel
cross-sectional area (figure 3B), in spite of a constant lumen radius [22]. In the 2K,1C
and DOCA-salt hypertensive rats, these changes were due to an enlargment of smooth
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Figure 2. Connexins, gap junctions and coupling. A)
Immunostaining with antibodies and protein A-gold
particles reveals the plaque arrangement of
connexins (arrow) in regions where two plasma
membranes are closely apposed, reducing the
intercellular space to a gap of 2 nm (arrowheads). B)
By freeze-fracture electron microscopy, gap junctions
are identified as intramembrane aggregates of
proteic particles, each representing a connexon, on
the protoplasmic face (p) of the membrane. The
imprints of connexons which are observed on the
exoplasmic face of the membrane (e) indicate that
gap junction channels entirely cross the plasma
membranes of two adjucent cells. C) Microinjection
of one cell with Lucifer Yellow, is immediately
followed by the passage of this vital tracer in
neighbouring cells connected by gap junctions
channels. This event is referred to as intercellular or
Junctional coupling. The microelectrode used to
inject the dye is labelled (m). Bar represents 190 nm
in A and B, and 22 um in C. Reproduced from [5].

muscle cells, whose numerical density was slightly reduced. Quantitative assessment
of Cx43 gene expression by Northern blotting of total RNA, showed significantly
higher values in the aorta of the 2K,1C and DOCA-salt hypertensive rats than in that
of normotensive rats (figure 4). These changes were paralleled by a modest but sizeable
increase in the amount of Cx43, as monitored by immunolabelling of aorta cryosections
[22].

In contrast with these findings, the aortas of the L-NAME treated animals featured a
decreased level of Cx43 mRNA (figure 4), when compared to untreated controls, in
spite of a 25% increase of the vessel cross-sectional area (figure 3B).
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Figure 3. Thickening of cardiac and aortic walls in hypertensive rats. A) As compared to normotensive
animals (whose heart index was scored 1), the 2K, 1C and DOCA-salt hypertensive rats showed a similar
30% increase in heart index. In contrast, the L-NAME hypertensive rats showed only a 17% increase in this
parameter, which gives the weight of myocardium per unit animal weight. Values are expressed as mean +
SEM. Asterisks denote a difference significant at the p <.01 level. B) After four weeks of hypertension, the
aorta of 2K, 1C and DOCA-salt hypertensive animals showed a thickened wall, resulting in a 40% increase
in the cross-sectional area (control value was set to 1), despite of a similar internal diameter. The aorta of
L-NAME hypertensive rats was thickened to a lesser extent, resulting in a 25% increase in cross sectional
area. Asterisks denote a difference significant at the p <.01 level.

A B

Cx 43 mRNA (fold increase)
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Figure 4. Expression of Cx43 in heart and aorta of hypertensive rats. A) Analysis of heart RNA revealed that
the levels of the Cx43 transcript, which was mostly contributed to by cardiomyocytes, were not altered in the
three types of hypertensive rats we investigated.

B) Analysis of aorta RNA revealed that the transcript for Cx43, which was mostly contributed to by smooth
muscle cells, was increased about two fold in the hypertensive rats of the 2K, 1 C and DOCA-salt models. In
contrast, the hypertensive rats treated with L-NAME showed a 50% reduction of the Cx43 transcript
compared to control value (which was set to [ in all groups). Data of the 2K, 1C and DOCA-salt animals are
modified from [22].
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Discussion

We have examined the effects of chronic hypertension on the expression of Cx43, the
major native connexin of the cardiovascular system [23], in three different experimental
rat models.

After one month, the increase in blood pressure achieved in the three models was
comparable. We have found that hypertensive animals feature cardiac hypertrophy [22]
in the absence of differences in the levels of Cx43 connecting myocardial cells. This
finding suggests that Cx43 is not involved in the myocardial adaptation that
accompanies a hypertension-induced increase in heart load. This conclusion does not
rule out that other connexins (Cx45, Cx40, Cx37), which colocalize with Cx43 at
myocardial gap junctions [7,24], could participate in the cardiac changes during
hypertension. Indeed, the inactivation of the Cx43 gene in transgenic mice suggests
that, at least under certain conditions, Cx43 may be functionally replaced by other
connexins [25,26].

Under the conditions studied, the 2K,1C and the DOCA-salt hypertensive animals
exhibited a similar degree of thickening of the aortic wall, which was mostly accounted
for by the hypertrophy of smooth muscle cells and the accumulation of extracellular
materials. The hypertensive rats from these two groups also featured a comparable two
fold increase in the level of Cx43 that was expressed by the smooth muscle cells of the
aortic media. This change could not be related to the circulating levels of angiotensin
11, which were increased in the 2K,1C [27-29] but unchanged in the DOCA-salt model
[19]. Hence, the change in the expression of aortic Cx43 is likely to be associated with
the increase in blood pressure.

The molecular mechanism leading to the pressure-induced increase in the expression
of the Cx43 gene remains to be elucidated. The presence of multiple promoters in the
5'-untranslated region of this gene [30,31] raises the possibility that the regional
regulation of this increase, is controlled by tissue-specific transcription factors [32,33].
Interestingly, transcription of Cx43 may be promoted by increased expression of c-fos
[34], a transcription factor which accumulates in smooth muscle cells of rat aortas
following exposure to angiotensin II [35,36]. Cx43 may be implicated in modulating
the vasomotor tone of the aortic wall by providing an intercellular pathway for the
synchronous contraction of smooth muscle cells, through the propagation of gap
junction-permeant second messengers [12-15].

The finding that Cx43 was decreased in the aortic smooth muscle cells of rats treated
with L-NAME, in spite of the fact that this drug increased mean blood pressure as in
the 2K,1C and DOCA-salt models, further suggest that the Cx43-mediated cell-to-cell
communication is somehow related to the distensibility characteristics of conduits
arteries. Carotid distensibility is increased in the 2K,1C model but not in the L-NAME
model ([21,37] and Haefliger et al., unpublished results).
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Conclusion

We have found that the expression of Cx43 is differentially regulated in the
hypertrophic muscle cells of heart and aorta, and that this tissue-specific regulation
takes place in rats made similarly hypertensive by different mechanisms. Although,
further studies are needed to understand how the changes in Cx43 expression participate
in the adaptative response of the aorta to high blood pressure, our data indicate that
Cx43 may represent a suitable tissue-specific marker to monitor hypertension-induced
changes in the vasculature.

Acknowledgements

Dr. Haefliger is supported by a career award from the Max Cloétta Foundation. This
work was supported by grants from the Swiss National Science Foundation
(31-46770.96 to Dr. Haefliger, 32-53720.98 to Dr. Meda), the European Union
(BMH4-CT96-1427 to Dr. Meda), and the Foundation De Reuter (to Dr. Meda).



168 J.A. Haefliger et al.

References

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Meda P. Molecular biology of gap junction proteins. Mol Biol of Diabetes, Part I
1994;14:333-56. »

Bennett MVL, Barrio LC, Bargiello TA, Spray DC, Hertzberg E, Saez JC. Gap junctions: new
tools, new answers, new questions. Neuron 1991;6:305-20.

Beyer EC, Goodenough DA, Paul DL. Herzberg EL, Johnson RG, editors.Gap Junction.
New-York: Alan R. Liss, 1988; The connexins, a family of related gap junction proteins. p.
167-75.

Loewenstein WR. Junctional intercellular communication. The cell-to-cell membrane
channel. Physiol Rev 1981;61:829-913.

Haefliger J-A, Waeber G, Meda P. Communication intercellulaire par les canaux jonctionnels
"GAP": Réle en endocrinologie. Méd Hyg 1997;55:270-74.

Haefliger J-A, Bruzzone R, Jenkins NA, Gilbert DJ, Copeland NG, Paul DL. Four novel
members of the connexin family of gap junction proteins: molecular cloning, expression and
chromosome mapping. J Biol Chem 1992;267:2057-64.

Kanter HL, Laing JG, Beyer EC, Green KG, Saffitz JE. Multiple connexins colocalize in
canine ventricular myocyte gap junctions. Circ Res 1993;73:344-50.

Christ GJ. Modulation of al-adrenergic contractility in isolated vascular tissue by heptanol:
A functional demonstration of the potential importance of intercellular communication to
vascular response generation. Life Sci 1995;56:709-21.

Severs NJ. Pathophysiology of gap junctions in heart disease. J Cardiovasc Electrophys
1994;5:462-75.

Peters NS. Gap Junctions and Clinical Cardiology: from Molecular Biology to Molecular
Medicine. Eur Heart J 1997;18:1697-702.

Segal SS. Cell-to-Cell communication coordinates blood flow control. Hypertension
1994;23:1113-20.

Segal SS, Duling BR. Flow control among microvessels coordinated by intercellular
conduction. Science 1986;234:868-70.

Larson DM, Haudenschild CC, Beyer EC. Gap junction messenger RNA expression by
vascular wall cells. Circ Res 1990;66:1074-80.

Christ GJ, Brink PR, Zhao W, Moss J, Gondré CM, Roy C, Spray DC. Gap junctions
modulate tissue contractility and alpha adrenergic agonist efficacy in isolated rat aorta. J
Pharmacol Exp Ther 1993;266:1054-65.

Christ GJ, Spray DC, El-Sabban M, Moore LK, Brink PR. Gap junction in vascular tissues.
Evaluating the role of the intercellular communication in the modulation of vasomotor tone.
Circ Res 1996;79:631-46.

Bruzzone R, Haefliger J-A, Gimlich RL, Paul DL. Connexin40, a component of gap junctions
in vascular endothelium, is restricted in its ability to interact with other connexins. Mol Biol
Cell 1993;4:7-20.

Goldblatt H, Lynch J, Hanzal RF, Summerville WW. Studies on experimental hypertension:
production of persistent elevation of systolic blood pression by means of renal ischemia. J
Exp Med 1934;59:347-79.

Leenen FHH, De Jong W, De Wied D. Renal venous and peripheral plasma renin activity in
renal hypertension. Am J Physiol 1973;225:1513-18.

Gavras H, Brunner HR, Larah JH, Vaughn ED, Koss M, Cote LJ, Gavras I. Malignant
hypertension resulting from deoxycorticosterone acetate and salt excess. Circ Res
1975;36:300-09.

Liu DT, Birchall I, Hewitson T, Kincaid-Smith P, Whitworth JA. Effect of dietary calcium
on the development of hypertension and hypertensive vascular lesions in DOCA-salt and
two-kidney, one clip hypertensive rats. J Hypert 1994;12:145-53.



21.

22.

23.

24.

25.

26.
27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Connexin-43 in cardiac and aortic muscle cells 169

Delacrétaz E, Zanchi A, Nussberger J, Hayoz D, Aubert J-F, Brunner HR, Waeber B. Chronic
nitric oxyde synthase inhibition and carotid artery distensibility in renal hypertensive rats.
Hypertension 1995;26:332-36.

Haefliger J-A, Castillo E, Waeber G, Bergonzelli GE, Aubert J-F, Sutter E, Nicod P, Waeber
B, Meda P. Hypertension increases connexin43 in a tissue-specific manner. Circulation
1997;95:1007-14.

Beyer EC, Kistler J, Paul DL, Goodenough DA. Antisera directed against connexin43
peptides react with a 43-KD protein localized to gap junctions in myocardium and other
tissues. J Cell Biol 1989;108:595-605.

Bastide B, Neyses L, Ganten D, Paul M, Willecke K, Traub O. Gap Junction Protein
Connexin40 is preferentially expressed in vascular endothelium and conductive bundles of
rat and is increased under hypertensive conditions. Circ Res 1993;73:1138-49.

Reaume AG, de Sousa PA, Kulkarni S, Langille BL, Zhu D, Davies TC, Juneja SC, Kidder
GM, Rossant J. Cardiac malformation in neonatal mice lacking connexin43. Science
1995;267:1831-34.

Gros DB, Jongsma HJ. Connexins in mammalian heart function. Bioessays 1996;18:719-30.
Haefliger J-A, Bergonzelli G, Waeber G, Aubert J-F, Nussberger J, Gavras H, Nicod P,
Waeber B. Renin and angiotensin II receptor gene expression in kidneys of renal hypertensive
rats. Hypertension 1995;26:733-37.

Levy BI, Michel J-B, Salzmann J-L, Azizi M, Poitevin P, Safar M, Camilleri J-P. Effects of
chronic inhibition of converting enzyme on mechanical and structural properties of arteries
in rat renovascular hypertension. Circ Res 1988;63:227-39.

Morishita R, Higaki J, Miyazaki M, Ogihara T. Possible role of the vascular renin-angiotensin
system in hypertension and vascular hypertrophy. Hypertension 1992;19:62-67.

Yu W, Dahl G, Wemer R. The connexin43 gene is responsive to oestrogen. Proc R Soc
Lond B Biol Sci 1994;255:125-32.

Chen Z-Q, Lefebvre DL, Bai X-H, Reaume A, Rossant J, Lye SJ. Identification of two
regulatory elements within the promoter region of the mouse Cx-43 gene. J Biol Chem
1995;270:3863-68.

Petrocelli T, Lye SJ. Regulation of transcripts encoding the myometrial gap junction protein,
connexin-43, by estrogen and progesterone. Endocrinology 1993;133:284-90.

Piersanti M, Lye SJ. Increase in messenger ribonucleic acid encoding the myometrial gap
junction protein, connexin-43, requires protein synthesis and is associated with increased
expression of the activator protein-1, c-fos. Endocrinology 1995;136:3571-78.

Lefebvre DL, Piersanti M, Bai X-H, Chen Z-Q, Lye SJ. Myometrial transcriptional regulation
of the gap junction gene, connexin-43. Reprod Fertil Devel 1996;7:603-11.

Taubman MB, Berk BC, Izumo S, Tsuda T, Alexander RW, Nadal-Ginard B. Angiotensin II
induces c-fos mRNA in aortic smooth muscle. J Biol Chem 1989;264:526-30.

Naftilan AJ, Pratt RE, Eldridge CS, Lin HL, Dzau VJ. Angiotensin II induces c-fos
expression in smooth muscle via transcriptional control. Hypertension 1989;13:706-11.
Delacrétaz E, Hayoz D, Osterheld MC, Genton CY, Brunner HR, Waeber B. Long-term nitric
oxyde synthase inhibition and distensibility of carotid artery in intact rats. Hypertension
1994:23:967-70.



171

16. GENETIC ENGINEERING AND CARDIAC ION
CHANNELS

Andrew A. Grace, Richard C. Saumarez, and Jamie I. Vandenberg

Introduction

In recent years there have been significant advances in our understanding of the
molecular basis of the electrical activity of the heart with the cloning of many ion
channel sub-units [1] and descriptions of their patterns of expression [2,31]. The
situation now is such that our knowledge of individual ion channels considerably
exceeds that of how they function in vivo and how their activities are co-ordinated to
ensure normal cardiac activity. One important impetus to changing this state-of-affairs
is the need for improved understanding of cardiac arrhythmias. Abnormalities of
cardiac ion channel expression and function are known to contribute to the genesis of
arrhythmias although it is not known precisely how [4].

Arrhythmogenic substrates can be divided into complex and discrete subsets. Most
arrhythmias arise in patients with structural cardiac diseases where electrophysiological
phenotypes are complex and are not easily open to molecular dissection [4,5].
Conversely, the identification of discrete, relatively simple and therefore experimentally
amenable arrhythmogenic substrates in the long-QT [4,6,7] and Brugada [8,9]
syndromes offer great opportunities for improving the understanding of mechanisms
that may be of broad applicability. In combination with in vivo techniques of genetic
manipulation [7,10] and the development of refined methods of physiological
assessment [4,11-14] it seems likely that knowledge of arrhythmia mechanisms will
now have molecular underpinning. The purpose of this short review is to consider the
problems inherent in these approaches and suggest some ways forward.

Ion channel Expression and Complex Arrhythmogenic Substrates

Heart failure, an example of a complex arrhythmogenic substrate, is usually associated
with scar formation following myocardial infarction with half of reported deaths caused
by ventricular arrhythmias due to re-entry of waves of excitation [S]. Under these
circumstances, structural (e.g. fibrosis), cellular (e.g. myofibrillar disarray, myocyte
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hypertrophy) and gene expression (e.g. structural proteins, ion channel) changes
contribute to arrhythmogenic substrates both in animal models [15] and clinically
[5,16]. These changes together alter the electrophysiological properties of myocardium
and predispose to reentry.

The few studies of ion channel gene expression in heart failure have generally shown
decreased expression of potassium channel genes consistent with the patterns of delayed
repolarization that have been observed [5,16-18]. Delayed repolarization is also likely
to modify refractoriness setting up conditions for reentry [4,5]. Complex cardiac disease
may therefore best be regarded as being due to quantitative, and polygenic, changes in
ion channel expression associated with complex phenotypes that are not easily open to
complete functional molecular dissection.

Ion Channel Function and Discrete Arrhythmogenic Substrates

The long-QT and Brugada syndromes may present with syncope, seizures or sudden
cardiac death as a result of ventricular arrhythmias [8,19] and arise directly as a result
of specific ion channel mutations [6,9]. Indeed, the elucidation of the molecular
genetics of these conditions has had an important impact on our thinking by showing
how discrete changes in ion channel function may have profound electrophysiological
consequences. Several genes have been implicated in monogenic long-QT syndromes.
In LQT1, LQT2 and LQTS there are mutations in potassium channel genes (KvLQOT1,
HERG and KCNEI, respectively) that normally contribute to repolarization [6,20].
These mutations impair function. By contrast, in LQT3 there is a gain-in-function with
mutations in SCN54 resulting in destabilization of the inactivation gate of the fast
inward sodium channel, prolonging the inward current and hence delaying
repolarization of the action potential [21,22]. Mutations in SCN54 also result in the
Brugada syndrome although here the underlying mechanisms are likely to be very
different [9]. Specifically, it appears that a mis-sense mutation leads to more rapid
recovery from sodium channel inactivation and that a frame-shift mutation causes the
channel to be non-functional [9].

The pathogenesis of arrhythmias in the long-QT and Brugada syndromes is however
unresolved [4,19,23]. In vitro studies in models of long-QT syndrome suggest that
delayed repolarization leads to secondary depolarizations which could hypothetically
initiate re-entry [4,19,24]. Notwithstanding, the electrophysiological phenotype is likely
to be more complex. For example, electrogram fractionation has been observed in high-
risk patients with both long-QT syndrome [14,24] and primary ventricular fibrillation
[25].

The relation between such monogenic conditions and arrhythmias raises several
questions. For example, do individual ion channel mutations lead to arrhythmias via
distinct or similar mechanisms? How relevant is the analysis of these rare monogenic
conditions to genetically complex cardiac diseases? The development of animal models
with mutations introduced into ion channel genes, comparisons to other animal models
of heart disease and the development of electrophysiological measurements for use both
in these models and clinically is likely to help to resolve such issues [4,17].
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Electrophysiological Analysis of Arrhythmogenic Substrates

It is not possible to predict with any precision which patients may be at risk of
arrhythmias [26]. Programmed stimulation and the induction of arrhythmias is used to
guide management in patients with previous myocardial infarction but has little value
in the assessment of cardiomyopathies [27,28], the long-QT syndromes [14,29] or
primary ventricular fibrillation [25]. An ideal method of assessment would reflect those
features likely to mediate reentry. Accordingly, new techniques are required to quantify
the relationship between intraventricular conduction, repolarization and refractoriness
[23] to estimate the likelihood of re-entry [4,28].

In the normal heart electrograms are usually composed of single bipolar voltage
deflections. In abnormal tissue, however, electrograms are often composed of multiple
discrete components and this abnormal response is termed fractionation (see figure 1;
[28,30]). The quantitative analysis of electrogram fractionation in response to premature
stimuli was developed, on an empiric basis, as a method for detecting the multiple
electrical pathways presumed to occur in the disordered myocardium of patients with
hypertrophic cardiomyopathy [27,28]. Analyzing fractionation patterns is reasonably
successful in detecting patients at apparently high risk of developing arrhythmias
[27,28] and is now undergoing prospective assessment in large-scale multi-centre
studies (supported by the British Heart Foundation and Biomed II). The relationship
between the quantitative analysis of electrogram fractionation and prognosis suggests
an assay of the ability of hypertrophic myocardium to support re-entry [27,28].
Electrogram fractionation in response to premature stimulation has also been detected
in patients with primary ventricular fibrillation [25] and the long-QT syndrome [14].
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Figure 1. Principles of electrogram fractionation. Electrograms recorded from normal ventricular
myocardium in response to premature stimuli are usually composed of single bipolar voltage deflections.
Conversely, abnormal tissue is characterized by electrograms composed of multiple components; a pattern
termed fractionation [28]. The multiple components of such fractionated electrograms are thought to reflect
multiple pathways or wavelets of excitation in the region of the recording electrode [28]. The number of
components, the electrogram duration and the induction of fractionation at longer coupling intervals are all
thought to reflect a greater propensity to develop re-entry circuits. a) An electrogram recorded at an S,S,
coupling interval of 170 msec in a normal rabbit heart. b) An intraventricular conduction (fractionation)
curve showing the latency to each component, duration of the electrogram and the S,S, coupling interval at
which the electrogram duration started to increase.
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Pharmacological Manipulation of Cardiac Ion Channels

The application of electrogram fractionation to animal models provided an opportunity
to directly link the changes in individual ion channels to clinically obtained measures
of arrhythmia risk. As a first step to realizing this aim we have recently developed a
model of long-QT syndrome to see whether measurements of electrogram fractionation
could be obtained in hearts from small animals [14]. Langendorft-perfused ferret hearts,
prepared as previously described [31], with platinum electrodes placed at 8 epicardial
sites have been used with computer-driven stimulation performed at 4 sites with applied
decremental sequences similar to those used in man. Electrograms are recorded from
the remaining 7 electrodes and analyzed using clinical protocols (see figure 2) [27,28].
Anthopleurin-A (AP-A) which inhibits the open-to-inactivated state transition (O=I)
of the sodium current has been used to model LQT3 [24,32,33] and LQT2 has been
reproduced using quinidine, d,/-sotalol or dofetilide. The addition of these agents
reproduce the abnormalities in repolarization, refractoriness, conduction delay and
electrogram fractionation observed in high-risk long-QT syndrome patients (see figure
2).
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Figure 2. Electrogram fractionation in response to premature stimulation in perfused ferret heart. a) Cartoon
illustrating electrograms with decreasing S-S, coupling intervals. Pulses delivered with a S-S, of 200 msec
lead to electrogram fractionation (*) with an effective refractory period (ERP) at 150 msec. The pattern of
intraventricular conduction is characterized by determining the delay in each potential following the pacing
stimulus [28]. Electrograms are then analyzed as a set of delays which are plotted against the coupling
interval of the premature stimulus (S,S,) to give an intraventricular conduction curve [28]. b)
Intraventricular conduction curve. The delays for each electrogram potential are measured at a single
electrode in response to progressive shortening of S,-S, delivered by a distant electrode. Dofetilide (100 nM)
caused an increase in both the S,S, at which delayed conduction occurs (S,S,D) and the maximum duration
of the fractionated electrocardiogram (IED) with patterns that entirely reproduce the clinical data obtained
from patients with long-QT syndrome.
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These results confirm that the quantitative analysis of electrogram fractionation is
transferable between patients and experimental models; that there is a direct link
between the electrophysiological consequences of single ion channel mutations and
clinical risk in long-QT syndrome; and probably most importantly the
electrophysiological features of the long-QT syndrome arrhythmogenic substrate can
be reproduced in an animal model.

Genetic Manipulation of Cardiac Ion Channels

Gene-targeting should allow the relationship between single gene mutations and
electrophysiological phenotypes to be defined [4,13]. For complex cardiac disease
several transgenic and gene-targeted mouse models are available [7]. However, in order
to study how specific gene mutations provide arrhythmogenic substrates requires the
manipulation of ion channel genes directly [4,10]. The mouse is the most appropriate
system for genetic manipulation although many experimental problems need to be
addressed if these models of disordered cardiac electrophysiology are to be exploited
[4,13].

Human long-QT syndrome mutations provide a series of candidates for genetic
manipulation to produce potentially informative electrophysiological phenotypes [4,17].
These mutations do however pose problems in that the mouse myocardium expresses
a different complement of ion channels to humans. For example, the expression of
delayed rectifier potassium channel homologues (e.g. of HERG and KvLQT1) appear
notably different to humans [34] and in adult mouse the expression is low [35,36].
There are already some mice available with mutations that may be relevant to long-QT
syndrome [37]. For example, homozygous minK deletion results in a mouse with inner
ear defects due to impaired endolymph production and shaker-waltzer behavior and
may enable the contribution of minK to normal cardiac electrophysiology to be
determined [38].

Mouse Cardiac Electrophysiology

Several groups have demonstrated the feasibility of making electrophysiological
measurements in intact mouse heart [13,37,39]. The approach we are using is to
miniaturize the techniques needed to record and analyze electrograms and apply these
to the mouse. Langendorff-perfused mouse hearts are prepared using similar protocols
to those applied to ferret hearts (see above) and in recent experiments we have
demonstrated that these hearts can remain stable at 37°C and can be used to record
monophasic action potentials (not shown) and electrogram fractionation (see figure 3).
Gene targeting can then be used to manipulate individual ion channel function allowing
several questions to be addressed and specifically examine the relationship between
repolarization duration and refractoriness, the mechanisms leading to arrhythmias, the
interactions with other ion channels and the identification of modifier genes.
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Figure 3. Cardiac monophasic action potentials (mAPs) and electrogram fractionation in perfused mouse
heart. a) mAPs recorded at 2, 4 and 6 Hz. Action potentials are recorded using suction electrodes and
digitized using a CED 1401-plus analogue-digital converter operated using Spike 2 software (Cambridge
Electronic Design Ltd.) and PC-based programs have been written to allow rapid automated analysis which
includes: action potential duration (APD) at 10, 30, 50 and 90% repolarization; latency between trigger
spike and the action potential upstroke and the velocity of action potential upstroke (V... b) Electrogram
fractionation curve obtained in perfused mouse heart. The general pattern of response to premature
stimulation is similar pattern to that seen both clinically and in ferret heart (see figure 2).

Conclusions

Genetic manipulation of cardiac ion channels in the mouse is now absolutely
straightforward using available technologies [7,10]. The challenge will come with the
physiological assessment of these models [13] and the critical analysis of any data
obtained against a background of improved knowledge of the patterns of ion channel
expression and function in health and disease.
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17. RECEPTOR TYROSINE KINASE SIGNALING IN
VASCULOGENESIS AND ANGIOGENESIS

Thomas I. Koblizek, Werner Risau, and Urban Deutsch

Introduction

The formation of the vascular system is an important process during embryonic
development and several pathological situations. Knowledge of the molecular
mechanisms may lead to the development of therapies for pathological processes
involving both endothelial cell proliferation and new blood vessel formation as well as
those characterized by insufficient nutrient and oxygen supply of tissues. An example
for abnormal vessel growth are solid tumors, whose unlimited growth is absolutely
dependent on the formation of new vessels. The tumor vasculature allows for nutrient
supply and the formation of metastases [1]. Of similar negative influence is vessel
growth in several non neoplastic conditions like rheumathoid arthritis, diabetic
retinopathy and psoriasis [2,3]. In contrast, the growth of new vessels during collateral
formation in the ischemic limb or the ischemic heart would be highly desirable [4,5].
The formation of the vascular system starts early in embryonic development with the
generation of a primitive vascular plexus in the yolk sac by a process termed
vasculogenesis [6]. It describes the fusion of endothelial cell precursors called
angioblasts that have differentiated from mesodermal cells. While most organs of
endodermal origin like the lung are vascularized by vasculogenesis, tissues of
mesodermal and ectodermal origin like the kidney and brain are thought to be
vascularized mostly by a different process called angiogenesis [7]. Angiogenesis is the
generation of new vessels by budding and sprouting from already formed vessels or by
subdivision of larger vessels (also called non-sprouting angiogenesis or
intussusception). The newly formed vascular system is then reorganized by complex
and poorly understood processes according to the tissue requirements. Tissue oxygen
as well as glucose concentration are important regulators as low tissue levels induce the
expression of factors that can induce vessel growth. The reorganization includes not
only the formation of additional vessels but also the removal of excessive vessels, called
pruning. The mediators of vessel regression are not known. Also, there is no direct
evidence for programmed cell death (apoptosis) of endothelial cells during embryonic
development. This may reflect either the limitations of the methodology applied or the
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rapid disappearance of apoptotic cells [8]. However, at least during certain phases
endothelial cells seem to be dependent on survival factors [9].

Both intra- and extraluminal factors are involved in the further maturation of blood
vessels, which mature or regress along with the tissue or organ they supply. In the
developing vascular beds, the direction of flow can change, with arterioles becoming
venules and vice versa. Non-perfused blood vessels regress. Better perfusion of a tissue
may lead to hyperoxygenation and thus to vessel regression. Although initially laid
down independent of the circulation, the vascular system is than shaped by forces
generated by the circulation. Shear stress, for example, strongly affects endothelial
cells, inducing modification of cell-cell as well as cell-extracellular matrix junctions and
upregulating factors chemotactic for mesenchymal cells [10,11]. Simultaneously, the
vascular wall matures: the basal lamina is modified, pericytes and smooth muscle cells
differentiate and elastogenesis begins in elastic arteries.

Table 1. Genes important for the development of the cardiovasular system

Gene Lethal  Vascular knock-out phenotype Ref.
at day
Cytokines (ligands)
VEGF Ell impaired vasculogenesis and angiogenesis [17, 18]
Ang-1 E12 reduced heart trabeculation, remodelling and [39]
pericyte recruitment
Neuregulin  El1 reduced trabeculation of the heart [51]
TGFp1 E10.5 variable defects during vasculogenesis [52]
Receptors
Flk1 E10 absence of endothelial differentiation and [14]
vasculogenesis
Flt1 E9.5  formation of disorganized vessels during [16]
vasculogenesis
ErbB2/4 <E1l1 reduced trabeculation of the heart [53, 54]
Tie-1 E13.5 edema formations and hemorrhages [28, 29]
Tie-2 E10 reduced heart trabeculation, pericyte recruitment, [28, 35]
remodelling, sprouting
TGFBRIL <E13.5 defective vasculogenesis [55]
Signalling molecules
B-Raf <E13.5 enlarged vessels, endothelial apoptosis [56]
RasGAP E10 impaired remodelling (yolk sac), [57]
aberrant sprouting (dorsal aorta)
SOS1 E12 hemorrhaging, and reduced trabeculation [58]
in the heart
Gal3 E10 absence of tube formation (yolk sac); [59]

disorganized vessels (head)

Transcription factors
TEL Ell defective angiogenesis in the yolk sac [46]
LKLF E13.5 impaired tunica media formation and aneurysms [47]
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Candidate molecules for the regulation of cardiovascular development have been
identified in the past years and their in vivo role has been established by targeted gene
inactivation in mice (table 1). These include cytokines, their receptors, signaling
molecules, transcription factors and extracellular matrix proteins. In this article, we will
concentrate on the processes mediated by paracrine signals via protein ligands that bind
and modulate the activity of receptor tyrosine kinases (RTKs) expressed almost
exclusively on endothelial cells and how endothelial cells integrate the different signals.
The model for the key steps in the formation of new vessels is outlined in figure 1. So
far, there are two families of tyrosine kinase receptors that are expressed predominantly
on endothelial cells: the vascular endothelial growth factor receptors (VEGFR) and the
receptor tyrosine kinases with Ig and endothelial growth factor (EGF) homology (Tie,
figure 2).

Figure 1. Schematic drawing of
the regulation of new blood vessel
formation. Insufficient nutrient and
oxygen supply induces VEGF
expression  (filled circles) in
stromal cells (SC). Angl (stars) is
expressed in perivascular cells
(PVC) closer to the existing vessel.
Sprouting starts by invasion of
endothelial  cells (EC) after
degradation of the basement
membrane. Following a phase of
migration and proliferation of
endothelial cells a lumen is
formed. As soon as blood flow
starts in the newly formed
capillary, flow forces and shear
stress induce expression of PDGF
(filled triangles) in the endothelial
cells. PDGF recruits perivascular
cells to migrate to the capillary.
Increased oxygen concentration
leads to a decrease of VEGF
expression in the neighbouring
stromal cells. TGF-B (open
circles), activated by the contact
between endothelial and
perivascular cell, induces
perivascular cell differentiation
into a vascular smooth muscle cell
or pericyte (PCT), extracellular
matrix deposition and inhibits
endothelial cell proliferation.
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Their crucial importance for vessel growth has been shown not only in transgenic mice,
but also during tumor vascularization. By the use of dominant negative VEGFR2 or
soluble Tie2-Ig fusion proteins tumor growth could be drastically inhibited, suggesting
that VEGFR2 as well as Tie2 receptor signaling is required for tumor angiogenesis
[12,13].

Vascular Endothelial Growth Factor (VEGF) and its Receptors

The VEGFs are a family of disulphide-linked dimeric glycoproteins related to
platelet-derived growth factor (PDGF). It includes VEGF, also called VEGF-A,
placenta growth factor (PIGF), VEGF-B, VEGF-C and VEGF-D. Besides VEGF-A
(here referred to as VEGF), only VEGF-B has been reported to be a growth factor for
endothelial cells. Numerous studies have shown that VEGF has several properties
expected of a candidate regulator of angiogenesis: it is secreted by normal and tumor
cell lines; its expression can be strongly induced by hypoxia; it is an endothelial cell
specific mitogen; it is angiogenic in in vivo test systems such as the chorioallantoic
membrane and the rabbit cornea; it is chemotactic for endothelial cells and monocytes;
and it induces in endothelial cells the production of plasminogen activators which are
presumably involved in the proteolytic degradation of the extracellular matrix during
capillary sprouting.

VEGF receptors are transmembrane receptor tyrosine kinases characterized by an
extracellular domain with seven immunoglobulin-like domains and an intracellular split
tyrosine kinase domain. Both receptors for VEGF-A, VEGFRI1 (also called Flt-1) and
VEGFR2 (also called Flk-1/KDR) are coexpressed on endothelial cells, but it is not
known whether they interact functionally or form heterodimers like the PDGF
receptors. VEGFRI, in addition to its binding to PIGF and VEGF-B, is also a functional
receptor for VEGF-A on human monocytes which do not express VEGFR2.

During embryogenesis, VEGF and VEGFR2 are crucial for the differentiation of the
lateral mesoderm to form both the endothelial cell precursors (angioblasts) and may be
indirectly the hematopoietic cells [14]. In at least the erythroid lineage, VEGFR2
activity appears not to be cell-autonomously required as these cells can develop from
VEGFR2 deficient progenitors in chimeric embryos [15]. After differentiation,
VEGFR2 is rapidly downregulated in hematopoietic cells but is maintained in
endothelial cells. The other receptor for VEGF, VEGFRI, is also necessary for blood
vessel formation but at a later time. In VEGF-R1-/- mice, angioblast differentiation
occurs normally but the assembly of angioblasts into functional blood vessels is
impaired and intraluminal endothelial cells are observed in blood islands and the dorsal
aorta [16]. VEGF, the cognate ligand, acts in a paracrine manner as it is produced by
the endoderm, while VEGF receptors are expressed by mesoderm-derived angioblasts.
A threshold activity of VEGF seems to be necessary for endothelial cell differentiation
and blood vessel maturation because mice lacking a single allele of the normal VEGF
gene die in utero [17,18]. In these mice, angioblast differentiation is not affected
initially, but subsequent blood vessel formation in the yolk sac and in the embryo, e.g.
the dorsal aorta, is aberrant. Thus, it is apparent that the VEGF receptors and a
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sufficiently high concentration of their cognate ligand are necessary for the first steps
in blood vessel development, i.e. vasculogenesis. The results are consistent with the
hypothesis that VEGFR2 induction is the first step in angioblast differentiation and that
angioblast survival depends on the quantity and activity of the VEGF ligands.
During later stages of development, the localization of VEGF receptors in endothelium
and of VEGF mRNA in adjacent tissues indicates that VEGF also stimulates
angiogenesis in a paracrine manner. For example, VEGF is expressed transiently in the
ventricular zone of the developing mouse brain and appears to form a concentration
gradient that stimulates the ingrowth of capillaries from the perineural vascular plexus
[19]. Similarly, VEGF produced by astrocytes may guide capillary growth in the
developing retina [20].

Figure 2. Receptor tyrosine kinases in endothelial cells. VEGF and the related proteins, placenta growth
Jactor (PIGF), VEGF-B, VEGF-C and VEGF-D are the ligands of the VEGF receptor family members
(VEGFRI, VEGFR2, VEGFR3). Angl and Ang2 are ligands of the Tie2 receptor. Whereas Angl activates
the Tie2 receptor, Ang2 inhibits this activation [37, 38]. A ligand for the Tiel receptor has not been
published. VEGF and Tie receptors are transmembrane receptor tyrosine kinases with an extracellular
domain (shown at the top), a single transmembrane domain and a split intracellular tyrosine kinase domain
(shown at the bottom). VEGFRI (also known as Flt-1) binds VEGF with higher affinity than VEGFR?2 (also
known as the mouse FIk-1 or the human KDR receptor). VEGFRI is also a receptor for PIGF, an angiogenic
Jfactor that is expressed abundantly in the placenta and VEGF-B, an endothelial cell mitogen which is
expressed during mouse fetal development [48]. VEGFR3 (also known as Flt-4) is activated by VEGF-C, a
chemotactic factor for endothelial cells [49] and VEGF-D, an endothelial cell mitogen with structural and
Jfunctional similarities to VEGF-C [50]. VEGFR-3 is expressed in early vascular development of the mouse,
but becomes restricted to the lymphatic endothelium later in development. The promiscuity of receptors and
of ligands may result in a complex pattern of receptor-ligand interactions among the various family members,
but the specific functions of the new VEGF family members have not been elucidated.
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The specific role of VEGF as an embryonic angiogenesis factor is further supported by
experiments in which VEGF is overexpressed in the limb bud of chick embryos,
resulting in hypervascularization without alteration of limb morphogenesis [21].
Application of exogenous VEGF also induced hyperfusion of the dorsal aorta [22].
These results underline the critical dose-dependency of VEGF function.

The Tie Receptor Family and the Angiopoietins

Two other RTKs have been found to be expressed predominantly on endothelial cells.
With their unique extracellular domain composition, containing Ig-like loops,
fibronectin-like domains and EGF-like repeats, Tiel and Tie2/tek constitute a distinct
class of RTKs [23-27]. Generation of mice deficient in Tiel or Tie2 has demonstrated
an essential role for these receptors during mouse embryonic development. Tiel-/-
embryos exhibit marked subcutaneous and internal edema formation as well as local
hemorrhages and die between E13.5 and birth [28,29]. In these mice, the vascular
integrity is impaired such that intercellular junctions appear to be unaffected, as
revealed by ultrastructural analysis, while red blood cells can extravasate through
"electron-light" endothelial cells. To assess the ability of Tiel-/- EC to contribute to the
vasculature, chimaeras were created from wildtype morulae and embryonic stem cells
in which lacZ had been inserted into the Tiel locus thus disrupting the Tiel allele [30].
Whereas at E10.5 Tiel deficient EC contributed to all vessels, at E15.5 Tiel-/- cells
were underrepresented in angiogenesis-derived vessels such as those in the midbrain
and the kidney. These results suggest a different requirement for Tiel in vascular beds
derived by vasculogenesis versus those established by angiogenesis.

Although Tiel has also been found to be expressed on a subpopulation of hematopoietic
stem cells and B cells [31,32] analysis of the hematopoietic stem cells in Tiel deficient
mice has not revealed any distinct defect [33] and the function of Tiel in these cells
remains obscure.

Tie2 is the second member of this family of receptor tyrosine kinases. The expression
of both Tie receptors and VEGFR during embryonic development is almost
indistinguishable, except for the fact that VEGFR2 is the first to be detected at E7.0,
followed by Tie2 expression starting at E7.5 and Tiel commencing at E8.0 in the
extraembryonic mesoderm [34]. In spite of their almost identical embryonic expression
pattern, Tie2 deficient mice show a very different vascular phenotype from those of
VEGFR2 deficient mice [28,35,36]. The Tie2-/- mice die at E10.5 and show aberrant
heart development lacking trabeculae as well as persisting, primitive vessels in the yolk
sac and simple dilated vessels in the perineural plexus in contrast to the differentiated
vascular system in wildtype mice at the same stage. The latter defect may reflect a
function of Tie2 in vascular remodeling. Tie2 is also necessary for sprouting as
capillary sprouts in Tie2 deficient mice fail to invade into the neural tube.

Ligands for the Tie2 receptor have been identified and named angiopoietins 1 and 2
(Angl and Ang2 [37,38]). While Angl activates the Tie2 receptor (i.e., promotes
receptor phosphorylation) Ang2 antagonizes this activation. Angl deficient mice show
the same qualitative defects in heart development and vascular remodeling as the Tie2
deficient mice but survive until E12.5 [39]. The delayed lethality of the Angl
phenotype suggests either a basal ligand-independent activity of the Tie2 receptor or the
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presence of another as yet unidentified ligand. In addition, ultrastructural analysis of
capillaries in Angl deficient mice revealed a vastly reduced number of pericytes and
SMC integrated in the vessel walls that was also observed in Tie2 deficient mice. This
suggests a role of Angl in the process of vessel maturation, however a direct effect of
Angl in recruitment of perivascular cells remains to be shown. Although only a weak
mitogen for EC, Angl induces capillary sprout formation in an in vitro angiogenesis
assay [61]. In this assay, Angl and VEGF induce sprouting synergistically.

Ang2, the second ligand specifically binding the Tie2 receptor, inhibits Angl induced
Tie2 receptor autophosphorylation in endothelial cells. Interestingly, Ang2 itself can
induce Tie2 activation in transfected non-endothelial cells [38]. The mechanism of this
cell-type specific receptor activity is not known. Overexpression of Ang2 in all
endothelial cells in transgenic mice using Tie2 transcriptional regulatory elements leads
to a phenotype resembling those of Angl or Tie2 deficient mice, e.g. heart defects,
growth retardation and detachment of the endothelium from the underlying
mesenchyme. Interestingly, some aspects of these defects, like widespread vessel
discontinuities and loss of normal dentritic patterns seemed more severe suggesting an
additional role for Ang?2 apart from blockage of Angl induced Tie2 activation.

Signaling Downstream of Endothelial Receptor Tyrosine Kinases

In spite of their largely overlapping expression patterns, each of the receptor mutants
described exhibit a surprisingly different phenotype, indicating that the different
receptors have separate and unique functions during vascular development. Cellular
responses like sprouting and tube formation are limited to only a few cell types in vivo
and may utilize a cell type-specific molecular signaling machinery. Therefore, it
appears likely that these processes can not be assessed in transfected cells expressing
just one or a subset of these EC-specific proteins. Nevertheless, several of the more
general signaling pathways have been found to be activated by endothelial RTKs. These
cell surface molecules exert their biological functions by ligand induced
oligomerization and consecutive autophosphorylation. Tyrosine phosphorylation is
followed by binding and phosphorylation of intracellular signaling molecules, leading
to either modulation of their own enzymatic activity or their ability to bind yet other
downstream molecules. One well-studied pathway activated by VEGEF is the hydrolysis
of phosphatidylinositol 4,5-bisphosphat (PIP2) catalyzed by phospholipase C-y
(PLC-vy) which binds to both VEGFRI1 and 2 in response to VEGF stimulation [40,41].
The reaction product diacylglycerol (DAG) activates protein kinase C (PKC). A second
essential signaling molecule considered to be activated by VEGFR1 upon ligand
stimulation is the phosphatidylinositol-3-kinase (PI3K, [42]). This enzyme has been
shown to be essential for various cellular responses like proliferation, motility, cell
shape changes and inhibition of apoptosis. One other direct response to PI3K, the
elevation of free intracellular Ca?* has also been observed after VEGF stimulation. A
third pathway leading to the activation of mitogen activated protein kinase (MAPK) is
initiated presumably by binding and activation of the adapter molecules Shc and/or
Grb2 to VEGFR2 after VEGF stimulation. Also, phosphorylation of GTPase activating
protein (GAP) has been described, but this activation does not seem to be sufficient to
initiate VEGF dependent MAPK phosphorylation in transfected NIH3T3 cells like it
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is seen in endothelial cells [40]. Activation of the Src family members Fyn and Yes in
response to VEGF has also been described [43]. Recently, binding of another adaptor
molecule, Nck and two SH2-domain containing protein tyrosine phosphatases (PTPs)
SHP1 and SHP2 to VEGFR?2 has been reported [44].

The Tie2 receptor has so far only been described to bind Grb2 and SHP2 but not to
PI3K or PLC-y [45]. Whether activation of Tie2 modulates MAPK activity remains to
be shown. It is also unclear, if the Tiel receptor contributes to the celltype-specific
effects of Ang2 on endothelial cells vs. transfected cells. Molecules binding to the Tiel
receptor have not been identified yet.

Table 2. Signaling molecules binding to intracellular domains of endothelial receptor
tyrosine kinases.

Receptor: VEGFR1 VEGFR2 VEGFR3 Tiel Tie2
Signaling PLCy [40, 41] Grb2 [44] Grb2 [60]  ? Grb2 [45]
molecules: GAP [40] Nck [44] She [60] SHP2 [45]
p85/PI3K [42] PLCy [41, 44]
Shc [44]
SHP1 [44]
SHP?2 [44]

Potential nuclear targets of endothelial cell signaling

Ultimately, ligand induced tyrosine kinase receptor activation can result in induction
or repression of transcription of specific genes, the products of which exert functions
required for EC differentiation, proliferation and morphogenesis. Thus, cell type or
differentiation-specific transcription factors are the final mediators of RTK signaling.
As indicated by the specific vascular phenotypes of knock-out mouse embryos, TEL,
an ets-family member and LKLF, a zinc finger transcription factor, are candidate target
proteins of Tie receptors [46,47]. Both proteins seem to be required for the
maintainance and stabilization of blood vessel, similar to certain aspects of the Tiel and
Tie2 receptor deficiencies. As the expression of Tiel and Tie2 remains unaltered, it
appears possible that these proteins are functionally regulated by Tie receptors.

Concluding remarks

There has been a tremendous increase of research interest and consequently also insight
into the mechanisms of the formation of the vascular system. Now that some of the
players have been identified, it should be possible to study how these molecules act in
concert to create the appropriate signals for the EC to produce the complex and
perfectly adapted vascular tree of the adult organism. One major open question in the
field is the function of the orphan receptor Tiel. Also, heterodimer formation of both
the VEGF receptor family members as well as the Tie receptors has not been
demonstrated yet. This would give a possible hint to the EC-specificity of the signaling
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of these kinases. Another possible explanation would be signaling molecules specific
for EC. Adequate in vitro test systems could help to elucidate the importance of the
diverse signaling pathways for the numerous activities necessary to establish, maintain
and regulate the many diverse functions of the complex vascular system.
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18. MOLECULAR ANALYSIS OF VASCULAR DEVELOPMENT
AND DISORDERS

Peter Carmeliet, and Désiré Collen

Introduction

Blood vessels are among the first organs to develop during embryogenesis and are
essential for organogenesis and nutrition of the embryo. Although formation of blood
vessels most actively occurs during embryonic development, tissue vascularization
proceeds after birth in the retina, in the heart, and, cyclically, in the reproductive organs.
In addition, abnormal vessel growth importantly contributes to the pathogenesis of
several disorders with high morbidity and mortalitiy. Excessive vessel growth has been
implicated in the pathogenesis of retinopathies, cancer and inflammation. In contrast,
insufficient vessel growth may lead to tissue ischemia and failure. Although formation
of new blood vessels has typically been associated with endothelial cells, the
periendothelial mural pericytes (smaller vessels) or smooth muscle cells (larger vessels)
are equally important for normal and pathological vessel formation. Recent studies have
highlighted the importance of endothelial <--> periendothelial cell crosstalk during
normal and pathological blood vessel formation. Accordingly, integrated research into
the molecular mechanisms that regulate the development and function of both
endothelial and pericyte/smooth muscle cells has become a major focus in vascular
biology. A number of candidate molecules (growth factors, matrix component, adhesion
molecules, and proteinases) has been identified that stimulate or inhibit these processes.
Recently, remarkable progress in their molecular analysis has been achieved through
targeted manipulation of the mouse genome. The role of some of these molecules will
be discussed in this chapter.

Assembly of endothelial cells in embryonic blood vessels

Distinct cellular processes mediate blood vessel formation during embryogenesis [1-5].
Initially, mesodermal cells differentiate in situ into early hemangioblasts and form
cellular aggregates (blood islands), in which the inner cell population develops into
hematopoietic precursors and the outer cell population gives rise to the primitive
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endothelial cells. In vitro findings suggest that basic fibroblast growth factor (bFGF or
FGF2) may participate in angioblast differentiation via induction of a cellular receptor
for vascular endothelial growth factor (VEGF-A) [6].

The second stage involves "vasculogenesis", during which endothelial cells fuse and
form a primordial vascular network. The larger vessels of the embryo and the primary
vascular plexus in the lung, the pancreas, the spleen, the heart and the yolk sac arise by
this process [1]. Lumen formation of the primitive capillaries, an essential aspect of
vasculogenesis, may result from endothelial vacuolization (intracellular lumen
formation), or from a continuation of a preexisting lumen through joining of distal
endothelial cells (intercellular lumen formation). Gene inactivation studies in mice
indicate that these processes are controlled by VEGF-A [7,8], fibronectin [9], the os-
integrin receptor [10], VE-cadherin [11], transforming growth factor (TGF)-p1 [12],
and possibly FGF2 (see below). Whereas the VEGF-A receptor FLK1 may be involved
in positive regulation [13], another VEGF-A receptor FLT1 may antagonistically inhibit
this process [14]. In addition, immunoneutralization studies in the avian embryo
indicate that the o, integrin is involved in endothelial spreading and in the formation
of endothelial protrusions, required for lumen formation and vessel patterning [15].
During the third phase, a primitive vascular plexus develops into a complex organized
and interconnecting network. One mechanism involves intussusceptive microvascular
growth, whereby a preexisting vessel is split into two daughter vessels by formation of
transcapillary pillars and by invagination by surrounding pericytes and extracellular
matrix [16-18]. This process, whereby sinusoidal capillaries generate loops that remain
constantly perfused, seems to be of special importance in the lung, but is probably more
widespread than originally considered. It is also the predominant mechanism for
VEGF-induced vascular growth in the chicken allantoic membrane [16,19]. Although
its molecular mechanisms remain largely unknown, VEGF-A [7,8], the angiopoietins
(ANG), and the TIE receptors [20-24], and several extracellular matrix components [9]
may be implicated. A second mechanism of network expansion involves sprouting of
new blood vessels from a preexisting blood vessel ("angiogenesis"), such as occurs in
the brain, the kidney and the intersomitic vessels. In order for endothelial (or pericyte)
cells to emigrate from their preexisting site, they first need to proteolytically degrade
the surrounding basement membrane (plasminogen activators and matrix
metalloproteinases [25]), to loosen their interendothelial cell contacts (VE-cadherin
[11]), and to relieve the periendothelial cell support (ANG2 [23]). The endothelial cells
need to proliferate, to change their shape, to protrude extensions and to migrate towards
the angiogenic stimulus (VEGF-A [7,8]; the «,f; integrin [15]) (initiation step).
Subsequently, the endothelial cells are assembled in cords which form a lumen
(VEGF-A [7,8]; the «,f,integrin [15]), and fuse with other vessels (fibronectin [9];
VCAM-1 [26,27]; «, integrin [28]). As the endothelial tubes mature, they become
surrounded by periendothelial mural cells (ANG1 and TIE2 [22]; tissue factor [29];
PDGF-B [30,31]; TGF-f [112]) (maintenance and termination steps). Somewhat
surprisingly, certain extracellular matrix components (vitronectin [32]) and proteinases
[25] did not affect this process. This may suggest that several mechanisms of embryonic
vascular development are redundant or that they are compensated. It is conceivable that
angiogenesis inhibitors are involved in the termination of sprouting, but insights in their
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biological role awaits future study.

A third mechanism involves the intercalated growth of blood vessels ("non-sprouting
angiogenesis"), whereby preexisting capillaries merge, or additional endothelial cells
fuse into existing vessels to increase their diameter and length. This process is important
for vessel growth in the heart, and during healing of endothelial wounds [16,19], but its
molecular mechanisms remain enigmatic.

Hypoxia and metabolic stress are somehow important for these early steps of embryonic
vascularization, as evidenced by the vascular defects in embryos lacking the
arylhydrocarbon-receptor nuclear translocator (ARNT) [33,34], the hypoxia-inducible
factor (HIF)-1 (unpublished observations), or the von Hippel-Lindau (VHL) gene
product [35]. Although distinct tissues have been proposed to be vascularized by either
vasculogenic or angiogenic processes, more recent evidence challenges such a dogmatic
classification, as primary angioblasts with resultant vasculogenesis have also been
observed in the neural tube, the kidney and the somites [1, 36].

After the onset of circulation (e.g. during the organogenetic period; fourth phase), this
emerging vascular plexus becomes remodeled and pruned into a tree of veins,
capillaries and arteries, the expansion of which is matching the metabolic demands of
the growing embryo. It involves fusion and regression of blood vessels, changes in
lumen diameter and vessel wall thickness, and the deposition of specialized
extracellular matrix components (elastin, fibrillins) which provide the vessel novel
properties (viscoelasticity). Metabolic, hydrodynamic, hypoxic or rheologic factors, and
the interaction between endothelial and mural cells may determine these processes.
Vessel regression may result from endothelial cell emigration, transdifferentiation or
death [1]. Both the loss of endothelial survival signals [37,38], and the production of
death factors could mediate the latter process.

Another characteristic of this phase of blood vessel development is that endothelial cells
acquire particular heterogeneity due to specialized differentiation, which appears to be
dependent on interactions with local parenchymal cells [1,39]. For example, astrocytes
appear responsible for the induction of the blood-brain-barrier, whereas choroidal
epithelial cells induce the formation of fenestrated capillaries. Although the molecular
mechanisms of such organ-specific differentiations remain largely unknown, the
different VEGF-A splice forms have been suggested to be involved in the formation and
the maintenance of a fenestrated endothelium [1,39].

The vascular endothelial growth factor family

Vascular endothelial growth factor

VEGF-A, unlike other known angiogenic factors, has a unique combination of
properties: (1) it is produced by cells in close vicinity of endothelial cells, suggesting
paracrine regulation of blood vessel formation [40,41]; (ii) it is secreted and exerts a
direct and largely restricted effect on endothelial cells via interaction with cellular
receptors FLK1 (VEGF receptor-2) and FLT1 (VEGF-receptor-1) [42]; (iii) it induces
a pleiotropic response allowing endothelial cells to proliferate, to migrate, to assemble
into tubes, to survive, and is one of the most potent permeability factors [43,44]; (iv)
its expression is highly regulated by hypoxia, providing a physiological feedback
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mechanism to accomodate insufficient tissue oxygenation by promoting blood vessel
formation [45]; and (v) it is a potent growth factor since its over- or under-expression
significantly affects blood vessel formation in vivo [7,8,46]. The pattern of expression
of the VEGF-ligands and their receptors during embryogenesis suggests a role for these
molecules in vascular development. VEGF-A is produced by cells in close vicinity to
the developing endothelial cells [40]. The VEGF receptors FLT1 and FLK1 (see below)
have distinct but overlapping temporo-spatial expression patterns during embryogenesis
[41,47]. In contrast to the minimal levels of VEGF-A gene expression in most adult
tissues, VEGF-A expression is detectable in the adult kidney, possibly implicating a
role in the maintenance of endothelial cell homeostasis and/or in their fenestration
[43,44].

Targeted inactivation of a single VEGF-A allele resulted in haploinsufficiency with
embryonic lethality due to abnormal blood vessel development around 9.0-10.0 days
of gestation [7,8,48]. The dorsal aorta had a much smaller lumen. In addition, sprouting
of the vessels was reduced, and connections of the large blood vessels with the heart (in
the outflow region) appeared abnormal. In the yolk sac, large vitello-embryonic blood
vessels were absent, and only an irregular plexus of enlarged capillaries was present.
Significant vascular defects were also present in the placenta, but hematopoiesis
appeared normal [8]. Blood vessel development was more affected in homozygous
VEGF-A deficient embryos, generated by aggregation of homozygous VEGF-A
deficient embryonic stem cells with tetraploid embryos, than in heterozygous VEGF-A
deficient embryos. These data suggest a tight gene dosage-dependent relationship and
production of only minimally required VEGF-A levels during embryonic development.
Indeed, at 8.5 days post coitum, there were only some scattered endothelial cells within
the homozygous VEGF-A deficient embryo that failed to organize into a pair of dorsal
aortas. Taken together, VEGF-A is not essential for initiating the differentiation of
angioblasts to early endothelial cells, but affects further blood vessel formation at
different levels. Treshold levels of VEGF-A appear to be required for the continued
differentiation or, possibly, the survival of endothelial cells, and for their fusion into a
vessel around a large lumen. In addition, VEGF-A affects sprouting (and probably also
other forms of) angiogenesis, and controls remodeling of emerging vessels into an
interconnected network (as for example evidenced by the abnormal yolk sac vasculature
in heterozygous VEGF-A deficient embryos).

Hypoxia is an important regulator of angiogenesis and of the expression of VEGF-A
[45]. Hypoxic regulation of VEGF-A gene expression is mediated by hypoxia-inducible
factors (HIFs). To date, HIF-1a, HIF2a (also named EPAS-1, HRF or HLF [49-51]),
and HIF-1P (or ARNT) [49, 52] have been identified, which bind an enhancer
HIF-response element in the promoter region of VEGF-A. In addition, hypoxia
stabilizes the VEGF-A mRNA through interaction of RNA binding proteins with
sequences in the 3' untranslated region [45]. The VHL gene product has been implicated
in the latter process [53]. We and others have embarked on targetedly inactivating these
hypoxia-inducible factors that regulate VEGF-A gene expression. Embryos deficient
in the ARNT die around 10.5 days of gestation due to defective vascular development,
similar to that in VEGF-A deficient embryos [33]. However, different from the latter,
vascular defects were observed in the yolk sac and in some, but not in all regions within



Molecular analysis of vascular development and disorders 197

the embryo proper. Somatic ARNT deficient cells also had an impaired hypoxic
induction of gene expression and failed to develop higly vascularized tumors in vivo
[54]. In another ARNT inactivation study, ARNT deficient embryos died around 10
days of gestation due to placental hemorrhaging, delayed and abnormal neurogenesis
and visceral arch development [34]. Despite seemingly normal chorio-allantoic fusion,
the chorionic capillary plexus was underdeveloped. The yolk sac vasculature appeared,
however, normal. Deficiency of the VHL gene resulted in embryonic lethality around
10.5 to 12.5 days of gestation due to abnormal vascularization in the placenta [35]. Both
mutant embryo and placenta developed normally until 9.5 days of gestation. At the time
of chorioallantoic fusion and expansive growth of the placental labyrinth, VHL
deficient embryos lacked embryonic blood vessels in the placental labyrinth, but
presumably, the embryo proper appeared normal. The trophoblasts failed to develop
into syncytiotrophoblasts, and by 11.5 to 12.5 days, the placental labyrinth showed great
disruption, loss of normal structure, necrosis and hemorrhage. In addition, the yolk sac
in some embryos appeared atrophic and had reduced numbers of blood islands. An
intriguing question is whether VEGF-A mRNA expression in VHL deficient embryos
is affected. Analysis of embryonic stem cells lacking HIF-1 reveals that hypoxic or
hypoglycemic induction of several target genes (VEGF-A, phosphoglycerokinase,
lactate dehydrogenase) is significantly reduced to absent when cells were cultured as
embryoid bodies or monolayers in vitro [55]. In addition, HIF-1 deficient
teratocarcinoma's were significantly more avascular when grown in nude mice in vivo.
Taken together, these data imply important roles for hypoxia-inducible mechanisms in
control of angiogenic factors and blood vessel formation in vivo.

VEGF-homologues

More recently, other VEGF-related factors with a conserved pattern of 8 cysteine
residues have been identified. Homo- or heterodimerization of these ligands may
determine their biological specificity [56-58]. Placental growth factor (PIGF) is
expressed in the placenta and, to a lesser extent, in the heart, the lung and the thyroid
gland [59]. Although the role of PIGF homodimers on endothelial cell proliferation is
controversial, it may, via interaction with VEGF-A, modulate the mitogenic,
chemotactic and vascular permeability-inducing properties of the latter [56-58,60-62].
Deficiency of PIGF in transgenic mice did not compromize development, feritility or
placentation (G. Persico et al., personal communication). This was not anticipated in
view of the presumed role of PIGF in establishing vascular connections in the placenta.
However, initial analysis suggests that healing of skin wounds, formation of granulation
tissue, and vascular permeability after topical VEGF-A application are abnormal.
VEGF-B has similar endothelial mitogenic potency as VEGF-A, and is primarily
expressed in the heart, the skeletal muscle, the brain and the kidney [63]. VEGF-A and
VEGF-B are co-expressed in many tissues and are able to heterodimerize with each
other. VEGF-B remains largely cell-associated, possibly providing spatial cues to
outgrowing endothelial cells, or acting as a releasable pool to induce endothelial cell
regeneration after injury. Recent data suggest that VEGF-B deficient mice develop
normally and are healthy (U. Ericksson et al., personal communication).

VEGF-C (also called VEGF-related protein: VRP; or VEGF-2) stimulates migration
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and proliferation of endothelial cells, although with a lower potency than VEGF-A
[64-67]. At high doses, VEGF-C is able to interact with the VEGF receptor-2 or FLK1
[64,67]. In the adult, it is most abundantly expressed in the heart, the placenta, the lung,
the kidney, the muscle, the ovary and the small intestine. During embryonic
development, VEGF-C and FLT4 may initially be involved in the development of the
venous system, whereas at later periods, they colocalize in the perinephric, mesenterial
and jugular regions where the first lymphatic vessels sprout from venous sac-like
structures. Mice overexpressing VEGF-C in the skin specifically develop hyperplasia
of lymphatic vessels [68]. Since VEGF-C binds to both FLK1 and FLT4, the specific
effect of VEGF-C on lymphatic and not on endothelial cell function may relate to a
requirement for heterodimerization of both receptors.

FIGF (also called VEGF-D) is a VEGF homologue [69]. In vivo, VEGF-D is expressed
abundantly in the lung, the heart, the small intestine, and the fetal lung. It was also
expressed at lower levels in skeletal muscle, in the colon and the pancreas [70].
Although the structural similarities between VEGF-C and VEGF-D suggest similar
functions, their expression patterns differ [70]. VEGF-D is able to induce proliferation
and morphological transformation of fibroblasts [69], but its possible effects on
endothelial cells, and its regulation by hypoxia remain unknown to date.

VEGF receptors

Three receptor tyrosine kinases with seven immunoglobulin domains, that bind the
VEGF family members with different specifity and affinity, have thus far been
identified [42]: the VEGF receptor-1 (VEGFR-1or FLT1) binds VEGF-A and PIGF
[58,60], the VEGF receptor-2 (VEGFR-2 or FLK1) binds VEGF-A and VEGF-C
(possibly with a lower affinity, although controversial) [64,71], and the VEGF
receptor-3 (VEGFR-3 or FLT4) binds VEGF-C [64,72]. In addition, low-affinity
surface-associated receptors that selectively bind VEGF-A165 via the exon 7-encoded
domain have been identified in certain tumor cells [73]. A receptor for VEGF-D has not
been characterized yet, but because of its structural similarities to VEGF-C, FLT4 may
be a candidate. Deficiency of the VEGF receptor FLK1 resulted in embryonic lethality
around day 10 of gestation due to abnormal vascular development [13]. Histological
examination revealed complete absence of organized blood vessels and necrosis in the
mutant embryo proper. More recent analysis of chimeric wild type <-> homozygous
FLK1 null mutant mice indicated that endothelial cells were always wild type,
demonstrating a cell-autonomous requirement for FLK1 in endothelial cell
differentiation [74]. Targeting of the FLT1 gene also resulted in embryonic lethality
around 10 days of gestation [14]. Staining for LacZ (expressed by the targeted FLT1
promoter) revealed the presence of numerous differentiated endothelial cells, which,
however, failed to form an organized vascular network. These vascular structures were
abnormally large and fused, and contained enclosed LacZ positive endothelial cells.
These findings suggest a possible role of FLT1 in contact inhibition of endothelial cell
growth, or in endothelial cell assembly via controlling adhesion between endothelial
cell precursors.
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Role of extracellular matrix proteinases in endothelial biology

Movement of endothelial cells involves proteolysis of the extracellular matrix. Two
families of matrix degrading proteinases, the plasminogen activator (PA) and the matrix
metalloproteinase (MMP) system, can, in concert, degrade most extracellular matrix
proteins. The plasminogen system is composed of an inactive proenzyme plasminogen
that can be converted to plasmin by either of two plasminogen activators (PA),
tissue-type PA (t-PA) or urokinase-type PA (u-PA) [75]. This system is controlled at
the level of plasminogen activators by plasminogen activator inhibitors (PAIs), of
which PAI-1 is believed to be physiologically the most important [76], and at the level
of plasmin by alpha2-antiplasmin [75]. Due to its fibrin-specificity, t-PA is primarily
involved in clot dissolution [75]. u-PA binds a cellular receptor (u-PAR), and has been
implicated in pericellular proteolysis during cell migration and tissue remodelling
during angiogenesis, atherosclerosis and restenosis [77]. Plasmin is able to degrade
fibrin and extracellular matrix proteins directly or, indirectly, via activation of other
proteinases (such as the metalloproteinases) [78-80]. Plasmin can also activate or
liberate growth factors from the extracellular matrix including latent TGB-p1, FGF2,
IGF-1 and VEGF-A [43,78,81].

Matrix metalloproteinases (MMPs) constitute a family of proteinases able to degrade
most extracellular matrix components in the vessel wall [82-84]. In the mouse, MMP-13
(collagenase 3) is the primary interstitial collagenase, whereas MMP-2 (gelatinase A)
and MMP-9 (gelatinase B) degrade collagen type IV, V, VII and X, elastin and
denatured collagens. The stromelysins-1 and -2 (MMP-3 and MMP-10) and matrilysin
(MMP-7) break down the proteoglycan core proteins, laminin, fibronectin, elastin,
gelatin and non-helical collagens, while the macrophage metalloelastase (MMP-12)
primarily degrades insoluble elastin in addition to collagen IV, fibronectin, laminin,
entactin and proteoglycans. The membrane-type metalloproteinases (MT1-MMP and
MT2-MMP) activate gelatinase-A. Control of MMP activity is mediated by tissue
inhibitors of MMPs (TIMPs) in a tissue- and substrate-specific manner. Since MMPs
are secreted as zymogens, they require extracellular activation. u-PA-generated plasmin
is a likely pathological activator of several zymogen MMPs [80].

Quiescent endothelial cells constitutively express t-PA, MMP-2 and minimal MMP-1
[75,84]. Net proteolysis is, however, prevented by coincident expression of PAI-1,
TIMP-1 and TIMP-2 [76,85]. In contrast, when endothelial cells migrate, they
significantly upregulate u-PA, u-PAR, and, to a lesser extent, t-PA at the leading edge
of migration [84,86-88]. Although PAI-1 is also increased, its expression at different
locations and times allows a net increase in fibrinolytic activity [89,90]. A variety of
cytokines and growth factors with angiogenic activity modulate the expression of these
proteinases. VEGF-A and FGF2 (synergistically) induce expression of u-PA, t-PA and
u-PAR [78,91,92], whereas TNF- and interleukin-1 upregulate expression of MMP-1,
MMP-3 and MMP-9. TGF-f1 downregulates u-PA, and induces PAI-1, constituting
thereby a negative feedback for FGF2 and VEGF-A [78].

Although immunoneutralization or chemical inhibition of PAs and MMPs reduce
endothelial cell migration in vitro [84], surprisingly, mice deficient in u-PA and/or t-PA
[88], PAI-1 [89,93,94], u-PAR [95,96], Plg [97,98] or alpha,-antiplasmin (unpublished
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observations) develop normally without overt vascular anomalies. This is also true for
mice deficient in MMP-3, MMP-7, MMP-9, MMP-11, MMP-12 or TIMP-1. In the
adult, reendothelialization alongside denuded vessels was not different in mice deficient
in t-PA, u-PA, u-PAR, PAI-1 and Plg [80,89,96,97]. In contrast, hemangioblastoma
formation after Polyoma middle-T retroviral infection was dependent on generation of
u-PA-mediated plasmin [99]. These data suggest that migration of endothelial cells
alongside a denuded vessel does not require u-PA-generated plasmin, whereas invasion
of endothelial cells through an anatomic barrier of extracellular matrix requires plasmin
proteolysis.

Developmental regulation of smooth muscle cell assemby

Developmental regulation of smooth muscle cell assembly. In contrast to the vast
literature on endothelial cell function during blood vessel formation, relatively little is
known about the role of the periendothelial cells during this process [100].
Nevertheless, endothelial tubes are encapsulated by mural cells, e.g. pericytes in the
microvasculature, smooth muscle cells around larger vessels, and cardiomyocytes
surrounding the endocardium. They play important roles not only during the initial
sprouting and remodeling of the emerging vascular bed, but in addition are essential for
the stabilization and maturation of the vasculature via the production of specialized
extracellular matrices (elastin fibers). The biology of pericytes and smooth muscle cells
has been reviewed previously [101-106]. Pericytes associate abluminally with
endothelial cells, protruding processes parallel to the long axis of midcapillaries, or
encircling the wall of pre- and postcapillary venules and arterioles. They produce
several matrix components (collagen I, III, IV, fibronectin, tenascin, laminin,
glycosaminoglycans, osteolcalcin), and are "intramurally" embedded within a basement
membrane which they share with the endothelium [104]. The characteristics of the
midcapillary pericytes gradually change over a "transitional" phenotype to those of
"true" smooth muscle cells surrounding terminal arterioles, venules and larger vessels.
Although tissues differ widely in the number of pericytes or in their endothelial
coverage (retina > lung > skeletal muscle > cardiac muscle > adrenal gland etc), the
functional consequences of these differences during quiescent or angiogenic conditions
remain largely unknown [104].

Pericytes have heterogeneous functions in different tissues, suggesting tissue-specific
regulation [107, 108]. They may regulate capillary blood flow by vasomotor regulation
[101] and have been implicated in the maintenance of a selective permeability barrier
for plasma constituents [101,109]. Another property of pericytes is their plasticity to
differentiate into smooth muscle cells, which could be relevant for the transition of
midcapillary pericytes to smooth muscle cells when the vascular network expands and
capillaries develop into arterioles, such as for example during hypoxia in the lung [110].
Pericytes may also control endothelial cell growth and differentiation (see below), and
their responsiviness to hypoxia may be relevant in this context [111]. Intriguingly,
pericytes are among the few cell types thriving under hypoxic conditions.
Pericytes/smooth muscle cells in different locations differ in their embryonic origin.
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The mural cells of blood vessels proximal to the heart are derived from cardiac neural
crest cells (neuroectodermal origin), whereas those of vessels more distal to the heart
are derived from mesenchymal cells (mesodermal origin). Although the mechanisms
of pericyte and smooth muscle cell recruitment and differentiation remain largely
unknown, similarities between endothelial and pericyte growth have been recognized.
One mechanism may involve their in situ differentiation from mural precursors, similar
to the "vasculogenic" differentiation of angioblasts. Such differentiation of
mesodermally derived cells to smooth muscle a-actin expressing cells may occur in the
developing aorta, initially in the ventral vicinity and progressing distantly from the
endothelium [112,113]. Another mechanism of pericyte and smooth muscle recruitment
involves their (longitudinal) migration alongside a preexisting parent vessel to more
distal sites, such as occurs during hypoxic pulmonary hypertension [110]. A third
mechanism involves "pericyte sprouting". Indeed, when endothelial cells
(perpendicularly) emigrate from their preexisting site during sprouting angiogenesis,
pericytes also "sprout" from their parental vessels.

Endothelial cells are believed to recruit and organize mural cells through intercellular
communication, presumably via candidate signals such as PDGF-B [31,114,115], the
angiopoietins [22,23], tissue factor [29,116,117], and possibly FGF2. Once in contact
with endothelial cells, pericytes may inhibit endothelial proliferation, as evidenced by
the increased number of endothelial cells in PDGF-B deficient microvessels lacking
pericytes [31]. In addition, they induce endothelial differentiation (including for
example the intracellular distribution of actin fibers), and prevent tearing of endothelial
cells by production of extracellular matrix. TGF-f1, which only becomes activated
when endothelial and pericyte cells make close contacts, appears to mediate these
effects [12,101,118]. Plasmin, generated from plasminogen by plasminogen activators,
that are produced by endothelial, pericyte or epithelial cells, controls the activation of
the latent TGF-B1. Once the initial pericyte recruitment phase is over, the prenatal
blood vessels undergo another phase of development (maturation), characterized by
deposition of specialized extracellular matrix components such as collagen, elastin and
fibrillin. These matrix components provide the developing arteries viscoelastic
properties (elastin and fibrillin-2) [119] and strength (collagen and fibrillin-1) [120].

The tyrosine receptor kinase TIE2 and its angiopoietin ligands

Recently, two ligands for the TIE2 receptor, e.g. angiopoietin-1 (ANGI1) and
angiopoietin-2 (ANG2) were identified. ANGI1 specifically induced tyrosine
phosphorylation of TIE2 in endothelial cells, but, surprisingly, failed to induce
endothelial cell proliferation, migration or tube formation in collagen gels [121].
Targeted disruption of the ANG1 gene resulted in embryonic lethality around 11.0 to
12.5 days of gestation due to abnormal cardiovascular development [22]. Vascular
defects included a less complex and immature vascular network, characterized by more
dilated, and almost syncitial appearance of the vessels, much less distinction in size
between large and small vessels, and fewer and straighter branches. In addition, certain
vessels, such as the intersomitic vessels, appeared to regress beyond 11 days of
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gestation. Together, these findings suggest that remodeling of the initially homogeneous
capillary network into both large and small vessels is defective by a failure in
recruitment of periendothelial cells, possibly because endothelial cells fail to transmit
a recruiting signal (PDGF-BB) for mesenchymal cells in the absence of ANG1. ANG2
is a negative TIE2 ligand which blocks the action of ANGI in recruiting and sustaining
periendothelial support cells [23, 122]. In the presence of VEGF-A, ANG2 may
promote angiogenic sprouting by loosening the periendothelial cell support and
basement membrane encapsidation, whereas, in the absence of the VEGF-A survival
signal, it may induce vessel regression. Not surprisingly, transgenic mice
overexpressing ANG?2 also die during embryogenesis, with similar vascular defects as
mice lacking ANG1 or TIE2. Interference with tie2 gene function was accomplished
by generation of transgenic mice with a dominant negative TIE2 mutant due to
lysine-to-alanine mutation of codon 853 (TIE2-L853A) in the intracellular domain,
which abolished (auto)phosphorylation [123]. In addition, tie2 gene function was
disrupted via homologous recombination in embryonic stem cells (tie2-/-) [20]. TIE2-
L853A and tie2-/- embryos displayed immature dilated blood vessels without
distinction between large and small vessels, which were more fragile and ruptured,
inducing hemorrhaging in diverse cavities of the body.

Transforming growth factor-p1

Transforming growth factor-B1 (TGF-B1) is a multifunctional cytokine capable of
affecting blood vessel formation [124-127]. It can bind to several cellular receptors on
endothelial cells of which the receptor serine/threonine kinases type I and II have been
identified as signal transducing TGF-B1 receptors. In addition, TGF-P1 interacts with
other molecules such as betaglycan and endoglin, and combinatorial interactions
between these TGF-f binding molecules may modulate its biological role. TGF-f1
inhibits macrovascular endothelial cell proliferation, induces apoptotic endothelial cell
death, impairs endothelial cell migration, and reduces their proteolytic activity in vitro
[118,125]. However, TGF-B1 exerts pleiotropic and bimodal effects on endothelial cells
in vitro, which largely depend on its concentration, on the type and the density of
endothelial cells, on the nature of extracellular matrix components, and on the
interaction with other growth factors such as FGF2 and VEGF-A [125,128]. In fact,
TGF-P1 has also been shown to promote proliferation of angiogenic endothelial cells,
to induce formation of capillary-like tubes, and to increase expression of endothelial
PECAM, fibronectin and tight cell junctions in vitro [125,129]. The latter properties
may explain why TGF-B1 is angiogenic in vivo. However, TGF-B1 may induce blood
vessel formation in vivo indirectly via affecting inflammatory or connective tissue cells
which in turn can produce angiogenic molecules such as VEGF-A, PDGF, FGF2, etc.
[125,130-133].

Besides a possible direct endothelial cell effect, TGF-p1 may control blood vessel
formation via an effect on peri-endothelial mesenchymal cells by inhibiting their growth
and migration, by promoting their differentiation (for example of a-actin production),
and by inducing their production of extracellular matrix [134-136]. However, the role
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of TGF-B1 on smooth muscle cell function remains controversial, as TGF-B1 gene
transfer to the arterial wall or prolonged administration of TGF-f1 protein stimulate
intimal thickening [137-139], whereas neutralizing anti-TGF-f1 antibodies reduce this
process [140]. Its effect to increase extracellular matrix production appears to be the
most consistent mechanism of action. Part of the apparently contradictory roles of
TGF-B1 may be attributable (at least in part) to the bimodal effect of TGF-p1 on
smooth muscle cell proliferation via complex control of an autocrine PDGF-AA loop
[141,142].

Alternatively, the cellular response to TGF-1 may depend on the cell type (embryonic
versus adult smooth muscle cell phenotype, pericytes versus smooth muscle cells etc),
or depend on the contextual presence of other signaling molecules [132]. Endothelial
and smooth muscle cells secrete TGF-B1 in a biologically inactive form which can be
activated by plasmin, but only when both cell types make close contact with each other
[118]. TGFB-1 has been implicated in pathological vessel development, restenosis,
hypertensive remodeling and atherosclerosis [143]. Targeted inactivation of the TGF-f31
gene resulted in embryonic lethality in approximately 50% of homozygous TGF-p1
deficient embryos around 9.5 days post coitum [12]. Analysis of TGF-B1 deficient
embryos revealed vascular defects in the yolk sac ranging from delay in vasculogenesis,
development of small, disorganized and fragile vessels to regional absence of yolk sac
vessel formation, inducing wasting of the embryos. There were frequently no contacts
in the yolk sac between the endothelial cell layers and the apposed visceral endoderm
and mesothelial cells, respectively, suggesting that these contacts had either not formed
or were disrupted. As a result, the immature vitelline vessels were fragile, lacking the
structural support, and ruptured with leakage of blood in the yolk sac. Deficiency of the
TGF-B receptor type II similarly resulted in embryonic lethality due to defects in
hematopoiesis and vasculogenesis [144]. These results suggest that TGF-P1 is essential
for the early steps of blood vessel formation (vasculogenesis). Impaired terminal
endothelial differentiation may also play a role. In addition, TGF-f1 appears to be
essential for vascular integrity and maturation of the vascular bed, possibly by
impairing differentiation of mesenchymal cells to pericytes, or by reducing their
production of extracellular matrix.

Platelet-derived growth factor and its receptor

The PDGF family includes three dimeric ligands, PDGF-AA, PDGF-AB and
PDGF-BB, encoded by two different genes [125,145-147]. As for TGF-1, PDGFs
have pleiotropic actions on both endothelial and mural cells, but since the evidence for
an effect on pericytes and smooth muscle cells is more convincing, its role is discussed
in this section. The PDGF receptor type-alpha (PDGFR-«) binds the A- or the B-chain
of the PDGF dimers with high affinities, whereas the PDGF receptor type-f3
(PDGFR-p) only binds the B-chain. PDGFs are abundantly detected in the -granules
of platelets, but also in smooth muscle cells, leukocytes and endothelial cells. PDGF-BB
1s angiogenic in vivo [148-150]. However, it is not clear whether PDGF-BB acts
directly on endothelial cells, or elicits these effects by recruitment of inflammatory cells
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and mesenchymal cells, which produce angiogenic factor such as VEGF-A, TGF-f1 or
FGF2 [125,130-132]. In vivo, angiogenic microcapillary endothelial cells coexpress
PDGF-BB and PDGFR-J [115], whereas regenerating macrovascular endothelial cells
coexpress PDGF-A and PDGFR-a [151], suggesting autocrine endothelial growth
control by PDGF. In vitro, PDGF-BB induces proliferation and tube formation via
interaction with PDGF-J receptors but only of developing angiogenic endothelial cell
cords [125,152]. In contrast, macrovascular endothelial cells maintain expression of
PDGF-BB but lack expression of PDGFR- and fail to proliferate in response to
PDGF-BB.

Apart from an effect on endothelial cells, endothelial PDGF-BB appears to affect blood
vessel formation by inducing migration and proliferation of PDGFR-P expressing
pericytes in a paracrine loop. Smooth muscle PDGF-AA may stimulate growth of
smooth muscle cells in an autocrine loop [101,115,125,145,147,151,153]. Notably,
PDGF-BB appears to induce a migratory rather than a contractile differentiation, as
evidenced by the reduced levels of «-actin levels in PDGF-stimulated cells [154]. This
suggests that other factors (TGF-P1, tissue factor?) are required to induce a contractile
differentiation state, once mural cells have been recruited to the endothelium.
Application of the PDGF-B protein [155], or enhancement of PDGF-B expression in
the vessel wall [156] induces neonitima formation, whereas inhibition of PDGF activity
[157] or of PDGFR-P production in vivo [158] suppresses arterial remodeling and
initimal thickening.

Targeted disruption of the PDGF-B gene resulted in defective development of the
vascular smooth muscle cell lineage [30]. In kidney development, it is possible that
PDGF-BB, initially expressed by the differentiating glomerular epithelium, recruits
mesangial progenitor cells and subsequently, when PDGF-BB and PDGF-f receptor are
expressed by mesangial cells, stimulates proliferation of mesangial cells in an autocine
loop [159]. Lack of pericytes throughout the entire microvascular bed, due to impaired
recruitment (and proliferation) of PDGFR-p positive vascular wall progenitors, also
explains why PDGF-B-deficient capillaries were tortuous, variable in diameter and
aneurysmal, ultimately contributing to perinatal death owing to generalized
hemorrhaging [31]. Interestingly, naked endothelial tubes at sites of pericyte loss
contained increased numbers of endothelial cells, suggesting inhibitory control by
pericytes. It is currently unclear which signals (tissue factor, ANG1?) stimulate
induction of these vascular wall progenitors.

Loss of PDGF-B gene function also caused other defects of the smooth muscle lineage
development [30]. Indeed, the large arteries of the mutant embryos were markedly
dilated. However, since the number of smooth muscle cell layers appeared normal,
deficiency of PDGF-B resulted in dysfunction rather than hypoplasia or hypotrophy of
the smooth muscle cells, possibly related to the vasoconstrictor properties of PDGF
[145]. Similar defects in kidney development and hematopoiesis were observed in mice
lacking the PDGFR-P [160], suggesting that these processes result from signaling of
PDGF-BB through the PDGFR-P. Analysis of wild type <-> PDGFR- deficient
chimeric mice reveals the absence of differentiated smooth muscle cells in the aortic
wall, suggesting that the PDGFR-p plays an essential cell-autonomous role in smooth
muscle cell development (Bowen-Pope et al, personal communication). Taken together,
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PDGF-BB is not critical for endothelial tube formation, but appears to play a central
role in the structural integrity of the endothelial tubes via an effect on recruitment of
pericytes. PDGF-A may also be crucial for the development of the heart and blood
vessels, as Patch mice (lacking PDGFR-«) contain fewer smooth muscle cells around
their normal endothelial tubes, as well as a thinned myocardium [161].

Extracellular matrix proteinases I: The coagulation system

Initiation of the plasma coagulation system is triggered by tissue factor (TF), which
functions as a cellular receptor and cofactor for activation of the serine proteinase factor
VII (FVII) to factor VIla (FVIIa) [162,163]. The TF FVIla complex activates factor X
either directly, or indirectly via activation of factor IX, resulting in the activation of
prothrombin to thrombin and in the conversion of fibrinogen to fibrin. Because of an
efficient FXa-dependent feedback inhibition of TF FVIla by the Kunitz domain-type
inhibitor TF pathway inhibitor (TFPI), which is synthetized primarily by and bound to
the endothelium of microvessels, coagulation is initiated but rapidly shut off. Therefore,
sustained progression of the coagulation has been proposed to depend on a positive
feedback stimulation by thrombin and factor Xa, which activate factor XI, factor VIII
and factor V (the latter two serving as membrane-bound receptors/cofactors for the
proteolytic enzymes factor IXa and factor Xa, respectively) [164]. Apart from
antithrombin III, anticoagulation results from interaction of thrombin with
thrombomodulin, activating thereby protein C which, together with protein S,
inactivates factor Va and factor VIlla in a negative feedback loop [165]. Evidence has
been provided that the coagulation system may be involved in other functions beyond
fibrin-dependent hemostasis including cellular migration and proliferation, immune
response, metastasis and brain function [162,163,166,167]. The following evidence
suggests that TF participates in processes beyond initiation of fibrin formation: (i) it is
a member of the immunoglobulin superfamily and expressed as an immediate early
gene during inflammation and immune challenge [162,163]; (ii) its intracellular domain
mediates signaling during metastasis, cellular activation or growth factor production
[163]; (iii) it may participate in tumor neovascularization, possibly via an effect on
VEGEF expression [168-170], and (iv) it is expressed in a varitey of embryonic tissues
including the visceral endoderm cells in the yolk sac (which surround the endothelium),
and at later stages, in the smooth muscle cells of larger blood vessels [171,172]. Its
precise role and relevance in these processes in vivo remains, however, largely
unknown.

Targeted inactivation of the TF gene resulted in increased fragility of endothelial
cell-lined channels in the yolk sac in 80 to 100% of the mutant embryos [29,173-175].
At a time when the blood pressure increased during embryogenesis (day 9 of gestation),
the immature TF deficient blood vessels ruptured, formed micro-aneurysms and ‘blood
lakes’, and failed to sustain proper circulation between the yolk sac and embryo [29].
Since these are essential for transferring maternally derived nutrients from the yolk sac
to the rapidly growing embryo, the embryo became wasted and died due to generalized
necrosis. Similar observations were made when TF deficient embryos were cultured in
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vitro, suggesting that the observed vascular defects in the yolk sac were not merely due
to a possible defect in feto-maternal exchange [29]. Visceral endoderm cell function
appeared normal, suggesting that they were not responsible for the vascular defects. In
contrast, defective development and/or recruitment of periendothelial mesenchymal
cells (primitive smooth muscle cell or pericytes) appeared to be a likely reason for the
vascular defects. These cells surround the endothelium in yolk sac vessels, form a
primitive "muscular" wall and provide structural support by their close physical
association and their increasing production of extracellular matrix proteins. Microscopic
and ultrastructural analysis revealed that deficiency of tissue factor resulted in a 75%
reduction of the number of mesenchymal cells, and a diminished amount of
extracellular matrix [29]. Immunocytochemical analysis further revealed a reduced
level of smooth muscle a-actin staining in these cells, suggesting impaired
differentiation and/or accumulation. Because these primitive smooth muscle cells
provide structural support for the endothelium, the vessels in the mutant embryos are
too fragile and break open.

In contrast to the severe TF deficient embryonic lethality, deficiency of FVII did not
compromize embryonic development and only caused fatal bleeding after birth [176].
Differences in genetic background did not appear to explain the different phenotypes
since deficiency of TF, when generated in a similar mixed C57BIl/6J x 129/Sv]
background as FVII, still caused 85% embryonic lethality [175]. Transfer of maternal
FVII did not appear to rescue the FVII deficient embryos as it was minimally
detectable, even at supraphysiological maternal FVII plasma levels [176]. In addition,
it should be noticed that FVII mRNA levels in the yolk sac at 9.5 days of gestation were
minimal, and that FVII plasma levels in wild type embryos at 11.5 days of gestation
were only ~0.2% of those present in adult mice. In order to investigate the mechanism
of action of embryonic TF, its presumed hemostatic role in fibrin formation during
embryogenesis was studied [176]. Surprisingly, fibrin deposits in the visceral yolk sac
were not observed in our ultrastructural and immunocytochemical analysis of wild type
embryos, as would be expected in case TF deficient embryos would die secondarily to
a fibrin-dependent hemostatic defect. These findings raise some critical questions about
the presumed role of TF and FVII during early embryonic hemostasis. We cannot
exclude that minimal transfer of maternal FVII (undetectable by the present techniques)
rescues FVII deficient embryos. However, such minimal FVII transfer did not appear
to induce detectable fibrin formation, possibly suggesting that early embryonic
hemostasis may be less dependent on fibrin formation than anticipated. In fact,
generation of the coagulation factors Xa or thrombin (or others) may be also (or even
more) important for vascular development, as they affect proliferation and migration
of vascular cells directly [166,167,177], or indirectly via release of PDGF [145]. The
abnormal embryonic development in embryos lacking the thrombin receptor (PAR-1)
[178] or factor V [179], in contrast to the normal development of fibrinogen deficient
embryos [180] may underscore the important role of thrombin during embryonic
hemostasis. TF may also directly be mitogenic or chemotactic for smooth muscle cells
via intracellular signaling [116]. Intracellular TF-signaling has also been implicated in
the production of growth factors such as VEGF (DeProst et al, personal
communication), which could increase the permeability of embryonic vessels (and
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thereby the availability of other plasma molecules to the periendothelial space), or
modulate the function of smooth muscle cells (see above). Whatever the molecular
mechanism, TF appears to be play a central role in vessel wall integrity.

More than half (60%) of the embryos, expressing a mutant TFPI without the first Kunitz
domain (which impairs interaction with factor VIIa but not with factor Xa), die around
a similar time as the TF deficient embryos because of impaired vascular integrity and
bleeding, with remarkable phenocopying of the TF deficient vascular defects [181]. The
remainder of the TFPI deficient embryos develop untill birth but suffer fatal
consumptive coagulopathy around birth. However, in contrast to the marked
intravascular thrombosis in TFPI deficient neonates, surprisingly little fibrin was
observed in 9.5 day old TFPI deficient embryos. It is at present undetermined whether
bleeding in early TFPI deficient embryos was due to exhausted fibrin formation, or due
to abnormal vascular integrity, for example caused by depletion of morphogenic
coagulation factors (factor Xa or thrombin). In addition, alternative roles of TFPI might
be considered such as inhibition of trypsin, or yet unknown functions. Thrombin has
been implicated in processes beyond hemostasis. Indeed, it is mitogenic for fibroblasts
and vascular smooth muscle cells, chemotactic for monocytes and activates endothelial
cells [167]. Many of the cell signaling activities of thrombin appear to be mediated by
the currently identified thrombin receptors, PAR-1 and PAR-3 [182]. Expression
studies have suggested that the PAR-1 participates in inflammatory, proliferative or
reparative responses such as restenosis, atherosclerosis, neovascularization and
tumorigenesis 167. In addition, in situ analysis indicated that this receptor is expressed
during early embryogenesis in the developing heart and blood vessels, in the brain and
in several epithelial tissues [171]. Targeting of PAR-1 resulted in a block of embryonic
development in approximately 50 % of the homozygous deficient embryos around a
similar developmental stage as in TF deficient embryos, presumably resulting from
abnormal yolk sac vascular development [178,183]. Although the cellular defect was
not characterized in detail, vitelline vessels appeared to be abnormal, resulting in
increased fragility of blood vessels with secondary rupture, blood leakage and pallor of
the embryo. Similarly enlarged pericardial cavities in PAR-1 deficient embryos
suggested compromized vitello-embryonic blood circulation. Other coagulation factors
might also appear to be involved in morphogenic processes during early embryogenesis,
possibly in blood vessel formation. Deficiency of factor V resulted in embryonic
lethality in approximately half of the homozygously deficient embryos, possibly due to
vascular defects in the yolk sac [179]. Thrombomodulin deficient embryos also die
during early gestation but the precise cause of lethality remains unclear [184]. Notably,
fibrin deposits were not observed.

Taken together, hemostasis in the early embryo (e.g. around 9 days of gestation) may
be less dependent on fibrin formation and platelet function (thrombocytopenic embryos
develop normally and bleed only postnatally [185]) than anticipated. Later during
embryogenesis, probably around midgestation, when the embryo produces larger
quantities or a more complete set of coagulation factors, hemostasis appears to become
typically dependent on fibrin formation as during adulthood. Indeed, embryos
expressing a mutant factor V Leiden (D. Ginsburg, personal communication), TFPI or
lacking protein C (in collaboration with L. Jalbert, E. Rosen and F. Castellino, Notre
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Dame, USA) progressively develop fibrin deposits before birth (beyond 12 days of
gestation in mutant TFPI embryos). It is therefore not surprising that postnatal bleeding
occurs in (the surviving fraction of) mice deficient of factor V [179], factor VII [176],
factor VIII [186], factor IX and fibrinogen [180] due to defective clot formation
following trauma of normally developed blood vessels (see below).

Proteinases II: The plasminogen and matrix metalloproteinases

Cell migration requires proteolysis of the extracellular matrix. Somewhat surprisingly,
proteinases of the plasminogen activator (PA) or of the matrix metalloproteinase
(MMP) system are not required for mural cell migration during embryogenesis. In
contrast, gene targeting studies have revealed that they play a significant role during
pathological smooth muscle cell migration, as well as in vessel wall integrity.

Arterial stenosis

Vascular interventions for the treatment of atherothrombosis induce "restenosis" of the
vessel within three to six months in 30 to 50 % of treated patients [187,188]. The risk
and costs associated with reinterventions represent a significant medical problem,
mandating a better understanding at the molecular level of this process. Arterial stenosis
may result from remodelling of the vessel wall (such as occurs predominantly after
balloon angioplasty) and/or from accumulation of cells and extracellular matrix in the
intimal layer (such as occurs predominantly after intraluminal stent application)
[189,190]. Several candidate molecules have been identified based on correlative
expression studies, but their in vivo role has frequently remained obscure. Although the
availability of transgenic mice offers a novel opportunity to study the role of candidate
genes in this process, the lack of feasible and appropriate mouse models of arterial
stenosis has limited such progress. We and others have developed models of arterial
injury in the mouse and, although they may not represent an ideal model of human
restenosis, they allow to study the biological role and mechanism of the candidate
genes, and to assemble a molecular analysis of the underlying mechanisms.
Proteinases participate in the proliferation and migration of smooth muscle cells, and
in the matrix remodelling during arterial wound healing [25,83,191]. Two proteinase
systems have been implicated, the plasminogen (or fibrinolytic) system and the
metalloproteinase system, which in concert can degrade most extracellular matrix
proteins. PAI-1 is expressed by uninjured vascular smooth muscle cells [76,85]. u-PA,
t-PA and (to a lesser degree) PAI-1 activity in the vessel wall are significantly increased
after injury, coincident with the time of smooth muscle cell proliferation and migration
[86,88,89,192,193]. Of the MMPs, only MMP-2 appears to be expressed in the
quiescent smooth muscle cells, whereas expression of MMP-3, MMP-7, MMP-9,
MMP-12 and MMP-13 is induced in injured, transplanted or atherosclerotic arteries
[194-199].

Two experimental models of arterial injury were used, one based on the application of
an electric current [200] and the other on an intraluminal guidewire [88,89] to examine
the molecular mechanisms of neointima formation in mice deficient in fibrinolytic
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system components. The electric current injury model differs from mechanical injury
models in that it induces a more severe injury across the vessel wall resulting in necrosis
of all smooth muscle cells. This necessitates wound healing to initiate from the adjacent
uninjured borders and to progress into the central necrotic region, allowing to quantitate
the migration of smooth muscle cells. Microscopic and morphometric analysis revealed
that the rate and degree of neointima formation and the neointimal cell accumulation
after injury were similar in wild type, t-PA deficient and u-PAR deficient arteries
[88,96]. However, neointima formation in PAI-1 deficient arteries occurred earlier after
injury [89]. In contrast, both the degree and the rate of arterial neointima formation in
u-PA deficient, Plg deficient and combined t-PA:u-PA deficient arteries was
significantly reduced until 4 to 6 weeks after injury [88,97]. Infiltration of the media by
leukocytes was also significantly reduced in Plg deficient mice [97]. Similar genotypic
differences were obtained after mechanical injury [88,89], which more closely mimics
the balloon-angioplasty injury in patients.

Evaluation of the mechanisms responsible for these genotype-specific differences in
neointima formation revealed that proliferation of medial and neointimal smooth
muscle cells was only marginally different between the genotypes [88,89,96,97].
Impaired migration of smooth muscle cells is a likely cause of reduced neointima
formation in mice lacking u-PA-mediated plasmin proteolysis since smooth muscle
cells migrated over a shorter distance from the uninjured border into the central injured
region in Plg deficient than in wild type arteries [88,97]. In addition, migration of u-PA
deficient smooth muscle cells, but not of t-PA deficient or u-PAR deficient smooth
muscle cells, cultured in the presence of serum, was impaired after scrape wounding
[88].

Notably, when smooth muscle cells were cultured without serum, u-PA was essential
for migration induced by FGF2, wheres t-PA was required for migration induced by
PDGF-BB [201]. The requirement of u-PA is consistent with the more than 100-fold
increased expression levels of u-PA mRNA, immunoreactivity and zymographic
activity by migrating smooth muscle and inflammatory cells. Besides the genotypic
effects on the media and intima, adventitial remodeling with infiltration of leukocytes
and myofibroblasts was also severely impaired, whereas intravascular thrombosis
(albeit transient) was more frequent and extensive in mice lacking u-PA or Plg.
Although our results demonstrate that migration of smooth muscle cells requires
plasmin proteolysis, it is possible that PAI-1 may also influence cellular migration by
affecting vitronectin-dependent cell adhesion through interaction with the a,f3;-integrin
receptor [202]. However, vitronectin and PAI-1 poorly colocalized in the murine
healing arteries [89]. That u-PAR deficient arteries developed a similar degree of
neointima was not due to lack of u-PAR expression in wild type arteries as revealed by
the expression of functional u-PAR by smooth muscle cells in vitro and in vivo [96].
Instead, immunogold labeling of u-PA in injured arteries revealed that u-PA was
present on the cell surface of wild type smooth muscle cells and accumulated in the
pericellular milieu (associated with extracellular matrix components such as collagen
fibers) around u-PAR deficient cells [96]. In fact, u-PA accumulated to slightly
increased levels in the pericellular milieu. Degradation of '*I-labeled fibrin after 8 hrs
or activation of proMMP-9 and proMMP-13 was similar by wild type as u-PAR
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deficient cells. Taken together, these data suggest that sufficient pericellular plasmin
proteolysis is present in the absence of binding of u-PA to its cellular receptor. Possibly,
the role of u-PAR in particular biological processes may depend on its topographical
and temporo-spatial expression pattern. Somewhat surprisingly, no genotypic
differences were observed in reendothelialization [88,89,96,97] suggesting a cell-type
specific requirement of plasmin proteolysis for cellular migration.

More recently, the role of MMPs was investigated. Only low levels of MMP-2 were
detected in a quiescent artery. In contrast, following injury, significantly induced
expression levels of MMP-2, MMP-3, MMP-9, MMP-12 and MMP-13 were observed
across the entire injured vessel wall [203]. Similar levels of proMMP-2 and active
MMP-2 were observed in arterial extracts of wild type and Plg deficient mice,
confirming that activation of proMMP2 is not dependent on plasmin (see also below).
In contrast, significantly lower levels of active MMP-9 were present in Plg deficient
than in wild type arteries. Since MMP-9 is primarily expressed by leukocytes, and
leukocytes are involved in the healing of the injured arteries, the lower active MMP-9
levels may contribute to the impaired medial and adventitial remodeling and to the
reduced neointima formation.

The involvement of plasmin proteolysis in neointima formation was supported by
intravenous injection in PAI-1 deficient mice of a replication-defective adenovirus
expressing human PAI-1 [89]. This resulted in preferential infection of hepatocytes and
in more than 100- to 1000-fold increased plasma PAI-1 levels. Although the injured
arterial segment was not infected, PAI-1 immunnoreactivity was detected in the
developing neointima, presumably due to deposition of plasma PAI-1. This resulted in
a similar degree of inhibition of neointima formation as observed in u-PA deficient
mice without noticeable toxic liver necrosis or intravascular thrombosis.
Proteinase-inhibitors have been suggested as anti-restenosis drugs, and recent studies
indicate that seeding of retrovirally transduced smooth muscle cells, expressing high
levels of PAI-1, inhibits balloon angioplasty induced arterial stenosis (Clowes et al,
personal communication). In addition, use of a viral PAI-1 like serpin (SERP-1) reduces
lesion formation in cholesterol-fed injured rabbits [204]. Our studies suggest that
strategies aimed at reducing u-PA-mediated plasmin proteolysis may be beneficial for
reduction or prevention of restenosis. However, antifibrinolytic strategies should be
targeted at inhibiting plasmin proteolysis and not at preventing the interaction of u-PA
with its receptor. In addition, PAI-1 gene therapy should be balanced since excessive
inhibition of u-PA may prevent healing of the injured vessel wall, possibly rendering
it more susceptible to rupture.

Allograft transplant stenosis

More recently, studies have started to analyze the role of the plasminogen system in a
mouse model of transplant arteriosclerosis, that mimics in many ways the accelerated
arteriosclerosis in coronary arteries of transplanted cardiac allografts in man [205]. In
this model, host-derived leukocytes adhere to and infiltrate beneath the endothelium and
form a predominantly leukocyte-rich neointima within 15 days after transplantation,
whereas, at later times, smooth muscle cells, derived from the donor graft, accumulate
in the neointima. Since previous targeting studies have shown that migration of
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leukocytes and smooth muscle cells is dependent on plasmin proteolysis
[88,89,96,97,206], carotid arteries from B.10A(2R) wild type mice were transplanted
in C57B16:129 Plg deficient mice. Such analysis revealed that neointima formation
within 15 days was not significantly different, although significantly more leukocytes
infiltrated into the media in wild type than in Plg deficient mice. In addition, adventitial
infiltration by leukocytes and accumulation of myofibroblasts was markedly greater in
wild type than in Plg deficient mice. Within 45 days after transplantation, the neointima
was, however, much smaller and 10-fold fewer o-actin positive smooth muscle cells
were present in Plg deficient than in wild type mice. In addition, media necrosis was
less pronounced whereas fragmentation of the elastic laminae and neoadventitia
formation were more severe in wild type than in Plg deficient mice. Graft thrombosis
was, however, much more frequent and extensive in Plg deficient mice. Expression of
u-PA, t-PA, MMP-2, MMP-3, MMP-9, MMP-12 and MMP-13 were significantly
increased within 15 days after transplantation, when cells actively migrate. Notably, the
reverse transplantation of Plg deficient arteries into wild type recipients did not affect
the development of the neointima, indicating that plasminogen circulating in the plasma
1s essential.

Taken together, it appears that plasmin is not essential for leukocytes to adhere and to
migrate beneath the endothelium. However, plasmin mediates lysis of arterial thrombi,
and is required for leukocytes to fragment the elastic laminae and to infiltrate into the
media. Similar to the atherosclerotic aorta (see below), destruction of the medial stroma
was conditional on prior elastic lamina degradation by macrophages. Since plasmin is
unable to degrade elastin, collagen and other matrix components in the media, it
presumably activates other matrix degrading proteinases, likely of the MMP family (see
also below). Subsequently, medial smooth muscle cells proliferate and migrate into the
intima, a process which is also mediated by plasmin.

Atherosclerosis

Atherosclerotic lesions initially consist of subendothelial accumulations of foamy
macrophages (fatty streaks) which subsequently develop into fibroproliferative lesions
by infiltration of myofibroblasts and accumulation of extracellular matrix [143]. A
fibrous cap rich in smooth muscle cells and extracellular matrix overlies a central
necrotic core containing dying cells, calcifications and cholesterol crystals. As long as
these lesions do not critically limit blood flow, they may grow insidiously. However,
clinical syndromes of myocardial or peripheral tissue ischemia due to occluding
thrombosis are frequently triggered by rupture of unstable plaques, and constitute the
primary cause of cardiovascular morbidity and mortality in Western societies. In
addition, the atherosclerotic wall may become thinner due to media necrosis, ultimately
resulting in aneurysm formation and fatal bleeding. Aneurysm formation is the 13th
cause of mortality, responsible for more than 15,000 deaths annually in the United
States only [207-209]. The pathogenetic mechanisms of atherosclerotic aneurysm
remain, however, largely undefined.

Epidemiologic, genetic and molecular evidence suggests that impaired fibrinolysis
resulting from increased PAI-1 or reduced t-PA expression, or from inhibition of
plasminogen activation, may contribute to the development and/or progression of
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atherosclerosis [210-212]. Presumably, this results from increased thrombosis and
matrix deposition, which promote plaque growth. Indeed, PAI-1 plasma levels are
elevated in patients with ischemic heart disease, angina pectoris and recurrent
myocardial infarction [213]. Recent genetic analyses revealed a link between
polymorphisms in the PAI-1 promoter and the susceptibility of atherothrombosis [211].
Adipocytes may significantly contribute to the increased plasma PAI-1 levels in obese
patients prone to ischemic heart disease. A possible role for increased plasmin
proteolysis in atherosclerosis is, however, suggested by the enhanced expression of t-PA
and u-PA in plaques [214, 215]. Plasmin proteolysis might indeed participate in plaque
neovascularization, induction of plaque rupture, or in ulceration and formation of
aneurysms [214,215].

Therefore, atherosclerosis was studied in mice deficient in apolipoprotein E (apoE)
[216], singly or combined deficient in t-PA, u-PA or PAI-1, and fed a cholesterol-rich
diet for 5 to 25 weeks [80]. No differences in the size or the predilection site of early
fatty streaks and more advanced plaques were observed between mice with a single
deficiency of apoE or with a combined deficiency of apoE and t-PA, or of apoE and
u-PA, suggesting that plasmin is not essential for subendothelial infiltration by
macrophages. Apparently, deficiency in apoE and Plg results in accelerated
atherosclerosis [217]. Whether this is due to a direct effect of plasminogen deficiency
on matrix deposition (fibrin deposition did, however, not appear to be different), or
another effect, was not elucidated. Indeed, the poor general health of the Plg deficient
mice with their associated generalized state of increased inflammatory stress, as well
as their significantly lower levels of high density lipoproteins may have contributed to
the accelerated atherosclerosis [217].

Significant genotypic differences were observed in the integrity of the atherosclerotic
aortic wall [80]. Indeed, destruction of the media with resultant erosion, transmedial
ulceration, necrosis of medial smooth muscle cells, aneurysmal dilatation and rupture
of the vessel wall were more prevalent and severe in mice lacking apoE or apoE:t-PA
than mice lacking apoE:u-PA. At the ultrastructural level, elastin fibers were eroded,
fragmented and completely degraded, whereas collagen bundles and glycoprotein-rich
matrix were disorganized and scattered in apoE deficient and apoE:t-PA deficient mice,
whereas apoE:u-PA deficient mice were virtually completely protected. Mac3
immunostaining and ultrastructural analysis revealed that macrophages were absent in
the media of uninvolved arteries, that they were only able to infiltrate into the media of
atherosclerotic arteries after they degraded the elastin fibers, and that media destruction
progressed in an intima-to-adventitial gradient. Plaque macrophages (and especially
those infiltrating into the media) expressed abundant amounts of u-PA mRNA, antigen
and activity at the base of the plaque, similar as in patients [214,215]. In contrast, t-PA
and PAI-1 were confined to the more apical regions within the plaque. Thus, a dramatic
increase of free u-PA activity (which is minimal in quiescent arteries) was generated
by the infiltrating plaque macrophages. Since plasmin by itself is unable to degrade
insoluble elastin or fibrillar collagen, it most likely activated other matrix proteinases.
Because of their well-described increased expression in atherosclerotic plaques and
aneurysms, matrix metalloproteinases (MMPs) constituted likely candidates.
Macrophages in murine atherosclerotic plaques abundantly expressed MMP-3, MMP-9,
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MMP-12 and MMP-13 [80]. Furthermore, cultured peritoneal macrophages derived
from wild type mice, or mice deficient in t-PA, MMP-3, MMP-7 and MMP-9 degraded
3H-elastin in a plasminogen-dependent manner, whereas u-PA deficient or MMP-12
deficient macrophages were unable to do so. In addition, wild type and t-PA deficient
but not u-PA deficient cultured macrophages activated secreted proMMP-3, proMMP-9,
proMMP-12 and proMMP-13 but only in the presence of plasminogen, indicating that
u-PA-generated plasmin was responsible for activation of these proMMPs. These
plasmin-activatable metalloproteinases colocalized with u-PA in plaque macrophages.
Another possible mechanism of action of plasmin is that it mediates the degradation of
glycoproteins in the stroma of the aortic wall, thereby exposing the highly insoluble
elastin to elastases and facilitating elastolysis in vivo [218]. Taken together, these results
implicate an important role of u-PA in the structural integrity of the atherosclerotic
vessel wall, likely via triggering activation of matrix metalloproteinases. Direct proof
whether and which MMPs are involved in media destruction and aneurysm formation
has to await a similar analysis in mice that are combined deficient of apoE and each of
these MMPs.

Myocardial ischemia

Acute myocardial infarction due to the occlusion of coronary arteries is a leading cause
of morbidity and mortality in Western societies. Despite the therapeutic benefits of
trombolysis, coronary angioplasty and bypass surgery, myocardial performance is
severely disabled and the associated arrhythmias and ventricular wall rupture represent
a significant cause of sudden death [219,220]. In addition, chronic heart failure
frequently results from infarct expansion, mitral valve insufficiency and left ventricular
aneurysm formation. Therefore, a better understanding of the pathophysiological
mechanisms leading to ventricular wall rupture and myocardial scar formation are
mandated.

Sudden death due to ventricular wall rupture or infarct expansion usually occurs within
five days after myocardial infarction in human patients, coincident with the invasion of
inflammatory cells and endothelial cells, and the diffuse myocytolysis. Infarct
expansion (characterized by a disproportional regional thinning and dilatation of the
ventricular wall due to stretching and slippage of myocytes in the ischemic area) is a
frequent complication of transmural infarcts and associated with heart failure, cardiac
rupture and increased mortality. Excessive degradation of fibrillar collagen I and III (the
most abundant cardiac interstitial matrix components) by infiltrating leukocytes and
endothelial cells (which produce significant amounts of PAs and MMPs) may cause
infarct expansion and heart rupture.

Within one to two weeks after myocardial ischemia, a highly vascularized granulation
tissue rich in infiltrating fibroblasts removes the cellular debris and mediates collagen
deposition, which ultimately leads to scar formation [221]. Aneurysms cause expansive
paradoxical ventricular wall motion and can be complicated by congestive heart failure,
arterial embolism, and arrhythmia's. Myofibroblasts mediate this process since they
produce increased levels of TIMP within one week after ischemia, and produce
abundant amounts of collagen I and III. Fibronectin and laminin may bridge the
myocyte cell surface with the collagen fibers in the pericellular matrix and may be
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involved in cell adhesion, migration and proliferation during cardiac wound healing.
Apart from their role in cardiac remodeling, proteinases may also be involved in
collateral growth of the ischemic myocardium (see above). Untill today, little is,
however, known about the role of the PA and MMP proteinases, and their interaction,
in myocardial infarction and scar formation.

Recently, a modified mouse model of chronic myocardial infarction has been used to
evaluate the role of the plasminogen system in cardiac healing. Initial studies reveal that
the plasminogen system is importantly involved in this process (in collaboration with
M. Daemen and J. Smits, Maastricht, the Netherlands). Indeed, following ligation of the
left anterior descending coronary artery, wild type or t-PA deficient mice heal their
ischemic myocardium within two weeks via scar formation. In a fraction of these mice,
rupture of the ischemic myocardium occurs shortly after infarction, possibly related to
excessive u-PA-generated plasmin proteolysis by infiltrating wound cells. In sharp
contrast, mice lacking u-PA or Plg are protected against ventricular wall rupture, but
fail to heal the ischemic myocardium which remains largely devoid of infiltrating
leukocytes, endothelial cells and fibroblasts. Mural thrombosis in the ventricular cavity
occurred, however, more frequently in Plg and u-PA deficient mice than in wild type
mice. How these morphologic observations correlate with expression of fibrinolytic or
matrix metalloproteinase enzymes and whether cardiac function is affected differently
in the various genotypes remains to be determined. Nevertheless, the data show that
u-PA-generated plasmin proteolysis is required for healing, but needs to be carefully
balanced to avoid tissue destruction and ventricular wall rupture. Studies are underway
to investigate the role of the various MMPs in the respective knockout mice.

Conclusion

Gene targeting studies are useful to obtain novel insights into the role and relevance of
a gene during normal or pathological biological processes in vivo. New insights into the
role of growth factors and proteinases in the formation of a normal blood vessel and in
its pathologic progression to disorders such as thrombosis, restenosis and
atherosclerosis have recently been obtained. Members of the VEGF family and
hypoxia-inducible regulators play essential roles in development of endothelial
networks, whereas other growth factors (TGF-p, PDGF-B, angiopoietin) are involved
in establishment of a mural coat around these endothelial tubes. Several coagulation
factors appear to play an unanticipated role in the formation of the primitive muscular
wall of blood vessles, indicating a role for these coagulation factors beyond mere
controle of hemostasis. Urokinase-mediated plasmin proteolysis plays a significant role
in the migration of smooth muscle cells and tissue remodeling during neointima
formation after vascular injury or transplantation, in the destruction of the media and
aneurysm formation during atherosclerosis, and in cardiac rupture and healing after
acute myocardial infarction. The insights from these gene targeting studies have
fostered initiatives aimed at preventing neointima formation of cardiac rupture. Whether
inhibition of plasmin proteolysis is a feasible means to prevent aneurysm formation
during atherosclerosis, remains to be determined.
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19. CROSSTALK BETWEEN THE ESTROGEN RECEPTOR
AND THE INSULIN-LIKE GROWTH FACTOR (IGF-1)
RECEPTOR. IMPLICATIONS FOR CARDIAC DISEASE

Christian Grohé, Rainer Meyer, and Hans Vetter

Introduction

There are significant gender-based differences in cardiac diseases such as cardiac
hypertrophy and hypertensive heart disease [1-3]. As the incidence of cardiac disease
in women increases after the menopause [1], it has been postulated that estrogen plays
a role in the morbidity of heart disease. The mechanisms how estrogen affects this
process is currently under investigation [4,5]. Recent findings have demonstrated that
estrogen exerts a large array of non-genomic and genomic effects on the myocardium
[4-7]. In this context, we have previously shown that cardiac myocytes and cardiac
fibroblasts contain functional estrogen receptors (ER) which activate a subset of cardiac
target genes i.e connexin 43 [4]. The ER belongs to a class of steroid hormone receptor
which are activated upon ligand binding, however recent observations demonstrate that
the ER is also activated through phosphorylation-dependent signaling pathways [8,9].
These signaling pathways are shared with a variety of different growth factors i.e. the
insulin-like growth factor (IGF-1). Growth factors like IGF-1 activate intracytoplasmic
signal transduction cascades through binding of specific plasma-membrane bound
receptor-tyrosine kinases [10]. The level of IGF-1 has been associated with cardiac
disease i.e. hypertrophic cardiomyopathy in human patients has been linked with
overexpression of IGF-1 in cardiac tissue [11]. Furthermore, the specific overexpression
of the IGF-1 cDNA in mice leads to cardiac hypertrophy and reveals gender-based
differences [10]. Interestingly, IGF-1 has also been shown to activate the ER in tumor
cell lines like human breast cancer cells [12]. Therefore, we hypothesized that the
signaling pathway of IGF-1 and estrogen might also interact in myogenic growth and
differentiation and that this interaction may well play a role in the pathogenesis of
cardiac disease. To further elucidate these mechanisms we investigated the expression
of ERs and the influence of IGF-1 on ER activation in an estrogen-responsive myogenic
cell model (L6 rat skeletal myoblasts) [13].

P.A. Doevendans et al. (eds.), Cardiovascular specific gene expression, 227-35.
© 1999 Kluwer Academic Publishers.
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Materials and methods

All chemicals were obtained from Merck (Darmstadt, Germany) unless otherwise
specified.

Cell culture techniques

L6 rat skeletal myoblasts were obtained from American Type Culture Collection, and
maintained in 10% fetal calf serum (FCS) in Dulbecco's modified eagle medium
(DMEM) as described before [13]. Phenol red-free medium was used throughout all
experiments as phenol red is known to act as a weak estrogen.

Immunofluorescent staining of the ER

Cells were grown on uncoated glass coverslips for immunofluorescent staining as
described before [13]. Cells were fixed with 2% paraformaldehyde and phosphate
buffered saline. Immunofluorescent studies of ER o were performed with a 1:20
dilution of a polyclonal rabbit antibody (kind gift of K. Yoshinaga, NIH, Bethesda,
Maryland). Studies in which the primary antibody was omitted served as negative
controls. Cells were studied following 24 hrs incubation in the absence or presence of
10 M 17p-estradiol (E2).

Immunoblot analysis

L6 cells were cultured in serum free DMEM without phenol red for 24 hrs prior to
stimulation with E2 (10 M) for 24 hrs. Myoblasts were lysed in 1 ml of the following
buffer: 50 mM NaCl, 20 mM Tris (pH 7.4), 50 mM NaF, 50 mM EDTA, 20 mM
sodium pyrophosphate (Na,P,0;), 1 mM sodium orthovanadate (Na;VO,), 1% triton
X-100, 1 mM PMSF, 0.6 mg/ml leupeptin and 10 pg/ml aprotinin. Protein content was
measured with a standard Bradford assay. Protein measurement was controlled by
coomassie brilliant blue G-colloidal (Sigma Biochemical, St. Louis) staining of a
similar SDS-PAGE as used for immunoblotting. ER « and B were detected with a
monoclonal ER « antibody (Bio-mol, Hamburg, Germany, SRA-1000, 1:500) and a
polyclonal ER [ antibody (Dianova, Hamburg, Germany, PA1-310 1:500), respectively.
Detection was performed with the Enhanced Chemiluminescence technique (ECL,
Amersham, Braunschweig, Germany). Total cellular lysates (40pg/lane) were separated
by SDS-PAGE in a 7.5% gel and transferred to nitrocellulose membranes (Hybond C,
Amersham).

Transfection assay

Cells were grown to a density of 60-70% confluency and transfected using a liposome-
conjugated transfection technique according to the manufacturer’s instructions
(DOTAP, Boehringer-Mannheim, Mannheim, Germany) as described before [13]. Cells
were transfected with ERE-LUC a reporter containing three copies of an
estrogen-responsive element from the vitellogenin-promoter driving expression of the
firefly Luciferase cDNA (kind gift of C. Glass). After 24 hours, the transfection
medium was removed and cells were maintained in phenol red-free DMEM with and
without E2 and/or ICI 182780, a pure estrogen antagonist (kind gift of Dr. A. Wakeling,
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Zeneca Pharmaceuticals). The specific IGF-1 analogue H 1356 (Bachem, Heidelberg,
Germany) was added in a subset of transfection studies to investigate IGF-1 receptor
inhibition on the experimental results. An equal volume of vehicle alone (0.1% ethanol)
was added to control cells. Following 24 hrs of incubation, cells were harvested and
luciferase activity was determined on a luminometer (C-Gem, Optocom 1). In a subset
of each transfection series, cells were transfected with pL7RH-BGal (SV-40 promoter
including a nuclear localization signal driving the [3-galactosidase cDNA) to determine
the transfection efficiency (data not shown).

Statistical analysis

All reported values are mean +SEM. Statistical comparisons were made by Student t-
test. Statistical significance was assumed if a null hypothesis could be rejected at the
p<0.05 level.

Figure 1. L6 skeletal myoblasts express ER protein. Unstimulated (a) and E2 (10 M) stimulated (b) cells
grown on glass cover slips were immunostained with an anti-ER o primary antibody and a DTAF-conjugated
secondary antibody. In the absence of E2 (a), a mixed cytoplasmatic and nuclear distribution of the ER could
be demonstrated. After treatment with E2 the majority of the ER protein was found in the nucleus (b).
Magnification 1200X.
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Results

To further elucidate the mechanisms underlying the influence of estrogen on myogenic
growth, we investigated the expression pattern of ERs « and B in L6 skeletal myoblasts.
As shown in figure 1, ER « is detectable by immunofluorescent staining in this cell line.
In the absence of estrogen, ER « is evenly distributed in the cytoplasm and in the
nucleus (figure 1a). After stimulation with estrogen (10 M E2), the immunofluorescent
signal translocates to the nucleus (figure 1b). This suggests that the ER translocates to
the nucleus after binding its specific ligand in this myogenic cell model and appears to
be funcionally competent.

In a next step, we investigated by immunoblotting whether ERs of both isoforms are
expressed in L6 skeletal myoblasts. As shown in figure 2, ER « and ER  protein could
be detected in cellular lysates obtained from L6 cells. The protein content of both
receptors increased after stimulation with 10° M E2 for 24 hours revealing a positive
autoregulation of ERs of both isoforms. Coincubation with the pure anti-estrogen ICI
182780 inhibited the upregulation of the ER protein demonstrating the specifity of the
stimulation by E2. Interestingly, coincubation with the IGF-1 antagonist H1356
revealed that activation of the ER was inhibited in experiments where the IGF-1
antagonist H1356 was added to E2 stimulated cells.

Figure 2. L6 skeletal myoblasts express ER o and B protein. Total cellular lysates of rat L6 skeletal
myoblasts were subjected to SDS-PAGE, immunoblotted with an anti-ER o (left panel) and B (right panel)
primary antibody and visualized by a chemiluminescence technique. In the absence of estrogen (a), only a
very weak signal could be detected. The amount of protein increased after stimulation with E2 (10° M) (b).
Experiments with the anti-estrogen ICI 182780 (107 M) (c) or the IGF-1 receptor antagonist H1356 (107
M) (d) showed that coincubation of these compounds with E2 (107 M) inhibited the activation of the
respective receptor protein . One of three similar studies is shown.
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To further elucidate the influence of IGF-1 on ER activation in L6 cells, a series of
transfection assays was carried out. IGF-1 activated the expression of the estrogen-
responsive reporter plasmid (ERE-LUC) as shown in figure 3. These data show that
IGF-1 stimulates the expression of ERE-LUC. Again, coincubation experiments with
the specific IGF-1 receptor antagonist H1356 revealed that IGF-1 receptor blockade
inhibited this stimulation. These data suggest that IGF-1 induced activation of ERE-
LUC is mediated through the IGF-1 receptor. In control experiments where the estrogen
antagonist ICI 182780 was added to the media in the presence of estrogen, no activation
of the estrogen-responsive reporter construct was observed demonstrating the
specificity of this activation. Taken together these data demonstrate that IGF-1
stimulates an estrogen-responsive reporter construct and that this effect is likely to be
mediated through the IGF-1 receptor.
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Figure 3. E2 and IGF-1 activate a estrogen-responsive reporter in L6 skeletal myoblasts. Bar graph shows
activation of an estrogen-responsive reporter plasmid in L6 skeletal myoblasts. Cells were transfected and
grown in the absence or presence of 17p-estradiol (E2) (10° M) or IGF-1 (10°° M) and harvested after 24
hours. Experiments with the IGF-1 receptor antagonist H1356 (107 M) (H) or the anti-estrogen ICI 182780
(ICI, 107 M) showed that coincubation of these compounds with E2 (10 M) inhibited the activation of the
estrogen-responsive luciferase reporter plasmid. Luciferase activity is shown relative to control cells that
were not exposed to hormones. Bars represent the mean luciferase activity with SEM (n=9, *p<0.01).

Discussion

Recent observations suggest that estrogen may well play a role in the pathogenesis of
cardiac disease [1-5]. The incidence of a large array of cardiac diseases such as cardiac
hypertrophy and hypertensive heart disease shows a significant increase in
postmenopausal women and the role of estrogen in this process is currently under
investigation. The steroid hormone family of estrogens binds to a specific cytoplasmatic
receptor, which belongs to the class of nuclear receptors. After ligand binding, the ER
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translocates to the nucleus and regulates the transcription of downstream target genes.
A variety of rapid non-genomic mechanisms by which estrogen influences its cellular
targets, however, remain to be elucidated. Recently, a second ER called ER( has been
identified [14,15]. This second ER can form heterodimers with the classic ER now
designated ERc.. ERa and ER, however, respond differentially to ligand binding of
estrogenic hormones [16]. In addition, the expression pattern of ER[ appears to be
different from ERa [17]. The identification of a second ER has extended our
understanding of the complex regulatory network involved in estrogenic effects. The
fact, that at least two different isoforms of the ER exist raises the question if these two
isofroms serve different functions in their respective cellular context. We here show that
skeletal myoblasts contain functional ERs of both isoforms and that these receptors are
functionally competent. The expression of the different ERs may help to identify the
mechanisms involved in these processes i.e. the characterization of non-genomic effects
seen upon incubation with estrogen in the cytoplasm [6-9]. In this context, it was shown
that growth factors like IGF-1 activate the ERa [12,18-20], but the mechanisms
underlying these observations are poorly understood.

Figure 4. IGF-1 receptor and ER signal cascades from plasma membrane to nucleus. Diagram shows the
intracellular signal cascades which are involved in IGF-1 and estrogen induced intracytoplasmic
transduction pathways. Activation of downstream targets by IGF-1 and estrogen and potential interactions
are indicated by arrows.

Previously, it has been shown that the IGF-1 receptor and the downstream adaptor
protein insulin receptor substrate (IRS) are phosphorylated by estrogen [19]. This
observation suggests a possible interaction between the signaling pathways and mode
of activation of both the ER and the IGF-1 receptor. We here show that in a myogenic
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cell model inhibition of IGF-1 receptor autophosphorylation (IGF-1 antagonist H1356)
modulates the activation of an estrogen-responsive reporter plasmid by IGF-1. This
suggests that activation of the ER by IGF-1 can be blocked at the plasma membrane
level. The IGF-1 antagonist (H1356) is a peptide analogue which specifically inhibits
the autophosphorylation of the relevant receptor tyrosine kinase, the IGF-1 receptor.
Inhibition of the receptor tyrosine kinase ultimately leads to inactivation of the
respective downstream signaling cascade in the cytoplasm. The extracellular receptor
kinases (ERK 1/2 also known as Mitogen Activated Protein Kinases) are likely
candidates of this cascade as IGF-1 has been shown to phosphorylate these kinases and
the ER is phosphorylated by these kinases [8]. We have shown that estrogen activates
the ERK 1/2 kinases in adult cardiac myocytes and that these phosphorylation-
dependent kinases stimulate downstream nuclear targets such as ELK-1 [21].

Conclusion

It is likely that the intracellular signaling cascades which are involved in the regulation
of both growth relevant stimuli, i.e. IGF-1 and hormonal stimuli, i.e. estrogen, may be
shared by these agonists (see figure 4). This mode of action may help to explain the
cellular network involved in the regulation of estrogenic effects at the non-genomic
level. It has been a longstanding controversy whether estrogen binds to a potential
membrane receptor as described by Pappas et al. [22]. However, the genomic structure
of this membrane receptor has yet to be determined. It appears to be a feasible
hypothesis that estrogen directs its plasma membrane bound effects through the
activation of specific receptor tyrosine kinases as earlier reports show
autophosphorylation of the IGF-1 receptor by estrogen [19]. The role of plasma
membrane bound receptors in the regulation of estrogenic effects deserves further
attention and is critical for the understanding of rapid non-genomic effects of estrogen.
Taken together our data show an interaction between the signaling pathway of the
IGF-1 receptor and the ER in a myogenic cell model. The observation that growth
factors like IGF-1 and estrogen share identical signaling pathways in a myogenic cell
model may help to explain the rapid non-genomic effects of estrogen on myogenic
growth and differentiation. The understanding of these processes will finally lead to a
better understanding of the beneficial effects of estrogen on the cardiovascular system.
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20. EXPRESSION OF BASIC HELIX-LOOP-HELIX PROTEINS
AND SMOOTH MUSCLE PHENOTYPE IN THE ADULT
RAT AORTA

Paul R. Kemp, and James C. Metcalfe

Introduction

Smooth muscle cells play a major role in the formation of the vascular lesions found in
atherosclerosis and restenosis injury after angioplasty [1,2]. The smooth muscle cells
found in such lesions show reduced levels of many markers of the differentiated state
of smooth muscle (e.g. SM22a, smooth muscle-myosin heavy chain {SM-MHC} and
smooth muscle a-actin {Sma-actin} [3,4]). In some instances the smooth muscle-
specific isoforms of contractile proteins (e.g. SM-MHC) are replaced by their non-
muscle equivalents. In addition to loss of expression of smooth muscle-specific genes,
intimal vascular smooth muscle cells (VSMCs) express genes that are associated with
calcium metabolism in bone tissue (e.g. matrix GLA protein and osteopontin [5-8]).
There has been significant progress towards identifying the factors involved in
promoting or inhibiting smooth muscle cell proliferation in these pathologic conditions.
However, little is known about the mechanisms that regulate the differentiated state of
this cell type or the factors involved in defining smooth muscle phenotype [9]. Given
the phenotypic changes seen in VSMC in pathological conditions, the systems which
control the differentiated state of smooth muscle may play a significant role in lesion
formation.

Transcription regulation in vascular smooth muscle cells

There are several approaches to defining the factors important in determining the
phenotype of the VSMCs in the adult vessel wall. We and others have isolated and
characterized the promoter regions of genes whose expression is restricted to smooth
muscle in adult animals [10-12]. These promoters contain binding sites for several
families of transcription factors, members of which are important in the expression of
tissue-specific genes. For example the SM-MHC, SMa-actin and SM22a promoters
contain multiple CArG and E-boxes which bind the MADS box transcription factor
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SRF and members of the bHLH family of transcription factors respectively. Analysis
of the SMa-actin gene has shown that the CArG boxes in the proximal promoter region
are important for the expression of this gene, suggesting that SRF or an SRF-like factor
plays a major role in determining the level of expression of this gene in smooth muscle
[11]. CArG boxes have also been shown to be important in the expression of SM22«
in vascular but not visceral smooth muscle [13]. Whilst these studies have defined the
factors that directly activate a smooth muscle-specific gene, they do not necessarily
identify the hierarchy of factors which determine the overall phenotype of VSMCs
under normal or pathological conditions.

Another approach to identifying the factors important in defining adult VSMC
phenotype is to determine which transcription factors are expressed in smooth muscle
and whether the expression of these factors correlates with smooth muscle phenotype.
Several studies have screened for members of transcription factor families known to be
involved in the determination of phenotype in other systems. One study by Miano et al.
[14] showed that neonatal smooth muscle cells express a variety of Hox genes including
HoxA5, HoxAll, HoxB1, HoxB7, and HoxC9, whereas screening an adult smooth
muscle cell library in the same manner did not detect any of these genes. Using a
similar screening approach Gorski et al. identified Gax (growth associated homeobox)
[15], the expression of which is restricted to the cardiovascular system. Gax is
expressed in the non-proliferating cells of the normal vessel wall and Gax expression
is markedly reduced following balloon angioplasty. Over-expression of Gax has also
been shown to inhibit VSMC proliferation and induce apoptosis. Another
cardiovascular specific Hox gene, Hox 1.11, was identified by a similar screening
method [16]. VSMCs have been shown to express all four known MEF-2 genes [17].
In skeletal muscle MEF-2 genes are important in driving the expression of muscle-
specific genes. However, in spite of the presence of MEF-2 binding sites in the SM-
MHC and SM22« promoters and the observation that MEF-2B can bind one of these
binding sites, MEF-2 gene expression is not detectable in the normal adult vessel wall.
Furthermore, following balloon angioplasty of the rat carotid artery MEF-2 expression
increases even though the cells de-differentiate [17]. These data suggest that unlike the
skeletal muscle system, MEF-2 genes do not play an important role in the adult VSMC
phenotype. Another family of genes which is known to play an important role in
determining a number of cell phenotypes is the bHLH family of transcription factors.
We have examined the expression of Id1 and Id2 in rat aortic VSMCs as they de-
differentiate in vitro. 1d expression correlated with serum stimulation rather than SM-
MHC content implying that it was not involved in the de-differentiation process [18].
Furthermore, whilst antisense Id expression promoted the formation of myotubes in
MyoD transfected smooth muscle cells, it did not induce the expression of SM-MHC
in a clone of neonatal VSMC:s in vitro [19,20]. However, Id3 has recently been shown
to be expressed in intimal VSMCs following balloon angioplasty but not in the VSMCs
of the uninjured vessel wall [21].

The set of transcription factors which defines the adult VSMC phenotype may overlap
with those involved in commitment to the VSMC lineage during development.
Therefore a further approach to identifying genes involved in the adult is to look for
genes which are restricted in their expression to the embryonic vasculature. To date
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there are no reports of transcription factor genes which are expressed exclusively in
embryonic vascular smooth muscle. However, many transcription factors expressed in
the developing heart are also expressed in the developing vasculature. For example, the
bHLH transcription factors dHand and eHand are expressed in the developing heart and
aorta as well as in other cell populations derived from the neural crest and in the
developing gut [22-24]. Targeted deletion of one of these genes in mice, dHand,
resulted in embryonic lethality at embryonic day 10.5 with a failure of heart
development [25]. In addition to the loss of right ventricle formation the aortic sac did
not form properly and analysis of the expression of SM22a showed a failure in VSMC
development [25].

TESINSAFAELRECIP  IKTLRLATSYIAYLMD eHand

HELIX LOOP HELIX

:TQSLNEAFAALRKIIP“ __IQTLKLAARYIDFLYQ Dermo-1

Figure 1. Alignment of the helix-loop-helix domains of dHand, eHand, Twist and Dermo-1.

The role of helix-loop-helix transcription factors in VSMC differentiation

Since expression of eHand was also found in the gut smooth muscle of adult mice, we
decided to use degenerate primers to the HLH domain of eHand for a PCR screen for
bHLH transcription factors in adult rat aortic smooth muscle. This screen isolated
sequences consistent with the presence of four bHLH proteins and we have used PCR
from specific primers to confirm the identity of these genes as dHand, eHand, Twist and
Dermo-1. Comparison of the HLH domains of the four genes allows them to be
grouped into two pairs. The two Hand genes have almost identical HLH domains (one
amino acid difference in each helix, figure 1) and the HLH domains of Twist and
Dermo-1 are identical. The HLH regions of the two pairs, however, are substantially
different (figure 1). The Hand gene proteins are 48% identical overall but over an 80
amino acid region covering the bHLH regions the identity is 80%. The structure of the
genes for these proteins are also similar with the mRNA encoded by two exons. In
addition to these structural similarities, there appear to be functional similarities
between the two Hand genes. In the chick, for example, dHand and eHand appear to
play redundant roles in cardiac looping [24,26]. In the mouse the expression patterns
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of dHand and eHand are not identical, in that dHand is expressed throughout the
developing heart but predominantly in the right ventricle and aortic sac, whereas eHand
is expressed in the developing left ventricle and aortic sac but not in the developing

right ventricle.
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Figure 2. Comparison of the C-terminal regions of Twist and Dermo-1 proteins showing the three arginine
residues required for the inhibition of MyoD in bold.

A similar analysis of the Twist and Dermo-1 proteins shows that they are 64% identical
overall. The C-terminal 100 amino acids of Dermo-1 and Twist are 93% identical (with
the N-termini being much less conserved). Twist also contains a polyglycine tract which
is not present in Dermo-1. In Drosophila, Twist protein is a transcription activator and
can act synergistically with the NF-aB homologue, Dorsal [27,28]. Amongst the target
genes for Twist in Drosophila are Tinman, the homologue of Nkx 2.5 and D-MEF-2
[29, 30]. In mammalian systems, however, the available data are consistent with an
inhibitory role for Twist in myogenesis. For example, Twist is expressed throughout the
epithelial somite and is subsequently excluded from the myotome. Furthermore,
overexpression of Twist inhibits myogenesis by binding to E-proteins and preventing
their association with the myogenic bHLH proteins [31]. In addition to titrating E-
proteins, Twist inhibits the myogenic bHLH function by interacting directly with the
basic domain of these proteins and inhibits trans-activation by MEF-2 [31]. The region
of Twist required for the interaction with the myogenic bHLH proteins is the basic N-
terminus of the HLH domain and includes three arginine residues which are essential
for this activity (figure 2). Both of these inhibitory functions reside within the region
of Twist which is conserved in Dermo-1 and includes the three arginine residues
required for the inhibition of the myogenic bHLH proteins (figure 2). Although little
is currently known about the function of Dermo-1, a comparison with Twist suggests
that it may act as a functional inhibitor of both MEF-2 and tissue-specific bHLH
proteins. It is notable therefore, that whilst Dermo-1 can bind to an E-box with E12
protein, this complex does not appear to stimulate but to inhibit the transcriptional
activity of the myogenic proteins.

The above data prompted us to propose a model in which the phenotypic plasticity of
the VSMC phenotype in the vessel wall of adult animals is governed, at least in part,



Basic helix-loop-helix proteins 241

by two pairs of bHLH transcription factors with opposing activities (figure 3). In this
model the differentiated VSMC phenotype is driven by the two Hand genes and
antagonized by Twist and Dermo-1. To evaluate this model we have examined whether
the expression of these bHLH genes reflects the differentiation state of VSMCs, as
defined by the expression of three markers of the differentiated VSMC phenotype (SM-
MHC, SM22«a and SMa-actin) using RNA extracted from three different VSMC cell
sources.

dhand
eHand
& = -
Dermo-1
differentiated (Twist?) dedifferentiated
VSMC VSMC

Figure 3. Proposed model for the control of vascular smooth muscle phenotype by bHLH proteins.

The most differentiated cell type in our study, VSMCs in the intact aorta, was prepared
by removing the aorta from an adult rat then removing the connective tissue. These cells
expressed significant amounts of SM-MHC, SM22« and SMa-actin mRNA. Adult rat
aortic VSMCs which had been dispersed into culture and passaged were less
differentiated since they did not express detectable amounts of SM-MHC and expressed
less SM22a and SMa-actin than the cells of the aorta. The least differentiated cells
were a clone of neonatal aortic VSMCs which did not express SM-MHC and expressed
the lowest amounts of SM22« and SMa-actin. To determine the amount of dHand,
eHand and Dermo-1 expressed by the cells we have used a semi-quantitative PCR
approach in which the accumulation of amplified product for each of the components
is measured by Southern analysis. In these experiments the expression of eHand and
dHand is highest in the most differentiated cell type whereas the expression of Dermo-1
is highest in the least differentiated cell type. Such observations, whilst consistent with
the hypothesis, are only associations and do not demonstrate a causal relationship
between the expression of these bHLH genes and the phenotype of the cells. To
investigate this relationship we have examined the effect of overexpressing Hand genes
in a multipotential cell type, P19 embryonal carcinoma cells. These cells differentiate
into a variety of cell types in response to different treatments. For example, in the
presence of low concentrations of retinoic acid (10nM) some cells differentiate into
cardiac myocytes and start to beat. In the presence of a high concentration of retinoic
acid (1 uM) the cells start to differentiate into neural cells with a small percentage of
cells differentiating into smooth muscle cells. The proportion of cells differentiating
into smooth muscle cells can be increased by expression of an antisense RNA to the
transcription factor Brm-2 [33]. By contrast, transfection of P19 cells with an expression
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vector for the bHLH protein Stral3 causes the cells to follow a neural differentiation
pathway. Our preliminary experiments show expression of SM22« following
transfection of P19 cells with a dHand expression vector and are consistent with a role
for dHand in the expression of the smooth muscle gene SM22a. These data are also
consistent with the observations of Srivastava et al. that SM22« gene expression is
reduced in the VSMCs of dHand null embryos [25].

Conclusion

The data presented show that adult VSMCs express at least four bHLH genes (ehand,
dHand, Twist, and Dermo-1) in addition to those previously reported. Furthermore, the
expression of the two Hand genes correlates directly with VSMC phenotype in vitro
whereas the expression of Twist and Dermo-1 is inversely correlated with VSMC
phenotype in vivo in the balloon injured rat carotid artery. Taken together, the data are
consistent with a model in which VSMC phenotype in the adult is controlled at least in
part by the opposing actions of these bHLH transcription factors.

Acknowledgements

This work was supported by the British Heart Foundation. PRK is a British Heart
Foundation Basic Sciences Lecturer.



Basic helix-loop-helix proteins 243

References

11.

12.

14.

15.

16.

17.

18.

19.

20.

Schwartz SM, Campbell GR, Campbell JH. Replication of smooth muscle cells in vascular
disease. Circ Res 1986;58:427-44.

Ross R. The pathogenesis of atherosclerosis-an update. N Engl J Med 1986;314:488-500.
Rovner AS, Murphy RA, Owens GK. Expression Of Smooth-Muscle and Nonmuscle Myosin
Heavy-Chains In Cultured Vascular Smooth-Muscle Cells. J Biol Chem 1986;261:4740-45.
Shanahan CM, Cary NRB, Metcalfe JC, Weissberg PL. High Expression Of Genes For
Calcification-Regulating Proteins In Human Atherosclerotic Plaques. J Clin Invest
1994;93:2393-402.

Giachelli CM, Bae N, Almeida M, Denhardt DT, Alpers CE, Schwartz SM. Osteopontin is
elevated during neointima formation in rat arteries and is a novel component of human
atherosclerotic plaques. J Clin Invest 1993;92:1686-96.

Giachelli C, Bae N, Lombardi D, Majesky M, Schwartz S. Molecular cloning and
characterization of 2B7, a rat mRNA which distinguishes smooth muscle cell phenotypes in
vitro and is identical to osteopontin (secreted phosphoprotein I, 2aR). Biochem Biophys Res
Commun 1991;177:867-73.

Grainger DJ, Kemp PR, Liu AC, Lawn RM, Metcalfe JC. Activation of transforming growth-
factor-beta is inhibited in transgenic apolipoprotein(a) mice. Nature 1994;370:460-62.
Shanahan CM, Weissberg PL, Metcalfe JC. Isolation of gene markers of differentiated and
proliferating vascular smooth-muscle cells. Circ Res 1993;73:193-204.

Owens GK. Regulation Of Differentiation Of Vascular Smooth-Muscle Cells. Physiol Revs
1995;75:487-517.

Kallmeier RC, Somasundaram C, Babij P. A novel smooth muscle-specific enhancer
regulates transcription of the smooth muscle myosin heavy chain gene in vascular smooth
muscle cells. J Biol Chem 1995;270:30949-57

Shimizu RT, Blank RS, Jervis R, Lawrenzsmith SC, Owens GK. The Smooth-Muscle Alpha-
Actin Gene Promoter Is Differentially Regulated In Smooth-Muscle Versus Nonsmooth
Muscle-Cells. J Biol Chem 1995;270:7631-43.

Kemp PR, Osbourn JK, Grainger DJ, Metcalfe JC. Cloning and analysis of the promoter
region of the rat SM22-alpha gene. Biochem J 1995;310:1037-43.

Kim S, Ip HS, Lu MM, Clendenin C, Parmacek MS. A serum response factor-dependent
transcriptional regulatory program identifies distinct smooth muscle cell sublineages. Mol
Cell Biol 1997;17:2266-78.

Miano JM, Firulli AB, Olson EN, Hara P, Giachelli CM, Schwartz SM. Restricted Expression
Of Homeobox Genes Distinguishes Fetal From Adult Human Smooth-Muscle Cells. Proc
Natl Acad Sci USA 1996;93:900-05.

Gorski DH, Lepage DF, Patel CV, Copeland NG, Jenkins NA, Walsh K. Molecular-Cloning
Of a Diverged Homeobox Gene That Is Rapidly Down- Regulated During the G(0)/G(1)
Transition In Vascular Smooth-Muscle Cells. Mol Cell Biol 1993;13:3722-33.

Patel CV, Gorski DH, Lepage DF, Lincecum J, Walsh K. Molecular-Cloning Of a Homeobox
Transcription Factor From Adult Aortic Smooth-Muscle. J Biol Chem 1992;267:26085-90.
Firulli AB, Miano JM, Bi WZ, et al. Myocyte Enhancer-Binding Factor-Ii Expression and
Activity In Vascular Smooth-Muscle Cells - Association With the Activated Phenotype. Circ
Res 1996;78:196-204.

Kemp PR, Grainger DJ, Shanahan CM, Weissberg PL, Metcalfe JC. The Id gene is activated
by serum but is not required for dedifferentiation in rat vascular smooth-muscle cells.
Biochem J 1991;277:285-88.

Kemp PR, Grainger DJ, Metcalfe JC, Weissberg PL. Id gene-expression antagonizes MyoD-
induced myotube formation in vascular smooth-muscle cells. J Cell Biochem 1993;17A:938.
Kemp PR, Metcalfe JC, Grainger DJ. Id - a dominant-negative regulator of skeletal-muscle



244 P.R. Kemp et al.

21.

22.

23.

24.

25.

26.
27.

28.

29.

30.

31.

32.

33.

differentiation - is not involved in maturation or differentiation of vascular smooth-muscle
cells. FEBS Lett 1995;368:81-86.

Matsumura ME, Lobe DR, Jeon C, McNamara CA. Id3 and a novel isoform are involved in
the response to vascular injury. Circulation 1997;96:1274.

Hollenberg SM, Sternglanz R, Cheng PF, Weintraub H. Identification of a new family of
tissue-specific basic helix-loop- helix proteins with a 2-hybrid system. Mol Cell Biol.
1995;15:3813-22.

Cserjesi P, Brown D, Lyons GE, Olson EN. Expression Of the Novel Basic Helix-Loop-Helix
Gene Ehand In Neural Crest Derivatives and Extraembryonic Membranes During Mouse
Development. Dev Biol 1995;170:664-78.

Srivastava D, Cserjesi P, Olson EN. A Subclass Of bHLH Proteins Required For Cardiac
Morphogenesis. Science 1995;270:1995-99.

Srivastava D, Thomas TK, Olson EN, Hill S, Yamagishi H. The bHLH transcription factor
dHAND is required for normal vascular development. Circulation 1997;96:1681.
Srivastava D, Olson EN. Knowing in your heart what's right. Trends Cell Biol 1997;7:447-53.
Leptin M. Twist and Snail As Positive and Negative Regulators During Drosophila
Mesoderm Development. Gene Dev 1991;5:1568-76.

Shirokawa JM, Courey AJ. A direct contact between the dorsal rel homology domain and
Twist may mediate transcriptional synergy. Mol Cell Biol 1997;17:3345-55.

Lilly B, Galewsky S, Firulli AB, Schulz RA, Olson EN. D-MEF2: a MADS box transcription
factor expressed in differentiating mesoderm and muscle cell lineages during Drosophila
embryogenesis. Proc Natl Acad Sci USA 1994;91:5662-66.

Lee YM, Park T, Schulz RA, Kim Y. Twist-mediated activation of the NK-4 homeobox gene
in the visceral mesoderm of Drosophila requires two distinct clusters of E-box regulatory
elements. J Biol Chem 1997;272:17531-41.

Spicer DB, Rhee J, Cheung WL, Lassar AB. Inhibition Of Myogenic bHLH and MEF-2
Transcription Factors By the bHLH Protein Twist. Science 1996;272:1476-80.

Bain G, Ray WJ, Yao M, Gottlieb DI. From embryonal carcinoma cells to neurons: the P19
pathway. Bioessays 1994;16:343-48.

Suzuki T, Kim HS, Kurabayashi M, et al. Preferential Differentiation Of P19 Mouse
Embryonal Carcinoma-Cells Into Smooth-Muscle Cells - Use Of Retinoic Acid and Antisense
Against the Central Nervous System-Specific Pou Transcription Factor Bm-2. Circ Res
1996:78:395-404.



245

21. EXPRESSION OF THE IGF SYSTEM IN ACUTE AND
CHRONIC ISCHEMIA

Elisabeth Deindl, René Zimmermann, and Wolfgang Schaper

Introduction

The insulin-like growth factors (IGFs) are potent anabolic agents, structurally related
to insulin, that can influence function and growth processes in almost every organ of
the body [1]. Unlike insulin these peptides associate with distinct binding proteins
(IGFBPs) present in serum or other biological fluids [2]. The expression of the IGFs is
regulated by various hormones, oncogenes and other ‘growth factors and signal
transduction is mediated by specific transmembrane receptors.

Because of the wide range of their biological effects and their therapeutic potential in
a variety of clinical disorders, the IGFs have become a focus of research during the last
few years.

Recent observations in neuronal models suggest trophic and protective actions of the
IGFs in settings of ischemia and reperfusion [3-7]. Like adult myocytes, neurons are
terminally differentiated cells that exhibit pathways of endogenous protection similar
to ischemic preconditioning in the heart [8-12]. In skeletal muscle, it was demonstrated
that the IGFs stimulate glucose uptake by their insulin-like activity [13,14]. It is
therefore tempting to speculate that in times of metabolic stress, as in ischemia, the
heart expresses "its own insulin" by making use of the metabolic properities of the
IGFs.

The most important strategy of the ischemic myocardium to ensure its survival is the
formation of new blood vessels. Previous studies our lab demonstrated that myocardial
angiogenesis is associated with the appearance of monocytes/macrophages [15], potent
suppliers of growth factors, among them the IGFs. To characterize the role of the IGFs
in ischemia we analyzed the expression of these growth factors, their binding proteins
and receptors in our porcine models of acute and chronic ischemia.

The IGF system

The three peptide hormones insulin, IGF-I and IGF-II have approximately 50% of their

P.A. Doevendans et al. (eds.), Cardiovascular specific gene expression, 245-55.
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amino acids in common. Insulin, having a half live in the range of minutes, is
synthesized in the beta cells of the pancreas and circulates at picomolar concentrations
in the blood. The IGFs, which are synthesized primarily in the liver, circulate at much
higher concentrations (nanomolar) and are largely bound to one of the six known high
affinity binding proteins [16]. These IGFBPs, which bind the IGFs with a 2 - 50-fold
higher affinity than the IGF receptors, modulate the biological activity of the growth
factors via regulating their bioavailability. The IGFBPs are primarily synthesized in the
liver, but are also produced locally by most tissues like the IGFs proper. Both types of
gene products, the IGFs and their binding proteins are modified; the IGFs post-
transcriptionally via splicing - resulting in a variety of splice products - and the IGFBPs
post-translationally, exerting profound effects on the structure and function of the
binding proteins and hence on the actions of the IGFs.

Insulin acts primarily on the liver, muscle and adipose tissue [17], whereas the IGFs are
important for the function of almost every organ of the body by acting in an autocrine
or paracrine manner [1,18]. The signal transduction of insulin, IGF-I and IGF-II
proceeds via two high affinity membrane-associated tyrosine kinase receptors [19]. A
third receptor, the IGF-II-mannose-6-phophate receptor, binds IGF-I as well as IGF-II,
but leads to no known intracellular signal actions (figure 1). Activation of either the
insulin receptor or the IGF-I receptor evokes similar initial respones within the cell
[20]. However, since insulin regulates metabolic functions and the IGFs modulate
growth and differentiation, the final pathway these hormones activate within the cell
must be separate and distinct.

Insulin IGF-I IGF-Ii
extracellular
[111 [TT1] Gl plasma membrane
Lavendustin A © E@Lﬂﬁ ié”;[%’— ’ intracellular
Insulin R IGF-IR IGF-Il R

tyrosine-kinase tyrosine-kinase Gi-protein coupled receptor

metabolic effects anabolic effects internalization of IGF-II
proliferative effects

Figure 1. Signal transduction pathway of the insulin/IGF system. Insulin, IGF-I and IGF-11 bind to their own
receptors with high (bold arrows) and to the other receptors with lower (thin arrows) affinity. Insulin does
not bind to the IGF-II receptor. The insulin and the IGF-I receptor are homodimers consisting of
extracellular (&), transmembrane and intracellular () domains. The intracellular domains have protein
tyrosine kinase activity that can be blocked by lavendustin A. In general, the insulin receptor mediates
metabolic effects whereas anabolic and proliferative effects are transmitted by the IGF-I receptor. The exact
Sunction of the IGF-II receptor, which is a G-protein coupled receptor, remains to be elucidated.
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Acute ischemia

To analyze the expression of the transcripts of the IGF-system during acute ischemia
we used our porcine model of stunning [21]. Short periods of occlusion and reperfusion
render the affected myocardium for a limited period of time (about 1h) more tolerant
to the untoward effect of a subsequent long period of occlusion. This phenomenon,
defined as ischemic preconditioning [3,22,23], implies the existence of molecular
mechanisms which induce cardioprotection. In parallel, these coronary occlusions lead
to myocardial stunning, i.e, a long lasting but reversible contractile dysfunction in the
absence of cell necrosis [24,25]. The long duration of the contractile dysfunction (hours
to days) indicates molecular damage which requires repair processes at the
transcriptional and translational level.

To achieve preconditioning/stunning the left anterior descending artery (LAD) was
occluded twice for 10 min separated by 30 min of reperfusion. After a second occlusion,
the myocardium was reperfused for up to 210 min. Tissue samples were collected at
distinct points of time (figure 2) from the ischemic region and from the non-ischemic
left circumflex coronary artery region of the same heart (control values). Furthermore
we used cardiac biopsies from sham operated animals and from slaughterhouse pigs as
separate controls. Throughout the whole experimental protocol systolic wall thickening
was measured as a parmeter for contractile function (data not shown).

In order to characterize the expression of the members of the IGF-system we performed
in situ hybridization studies [26]. The results revealed that IGF-I as well as IGF-II are
mainly transcribed in myocytes and, to a lesser extent, in fibroblasts of the interstitium.
Northern blot and slot blot analysis showed that IGF-I, the IGF-I and the insulin
receptor as well as the IGFBPs 2 - 6, but not IGFBP-1, are constitutively expressed in
the porcine myocardium, but are not induced by repetitive cycles of ischemia [26].
However, repetitive cycles of ischemia and reperfusion led to an early and significant
increase of the IGF-1II mRNA (4 - 5 fold) compared to the corresponding mRNA level
of slaughterhouse pigs, but not in comparison to sham operated animals or the IGF-II
mRNA level of the control tissue of the same animal (figure 2) [26] . These results led
to our postulation that at least in our model IGF-II is a stress inducible gene, the
expression of which is further enhanced under conditions of acute ischemia. For the
IGFBP-5 we also found increased mRNA levels in the ischemic as well as the normally
perfused region of the same heart compared to slaughterhouse pigs or sham operated
animals (figure 2) [26]. The IGFBP-5 mRNA 1is only upregulated by
ischemia/reperfusion but not by the surgical stress (sham operated animals), which
implies an ischemia specific response. The reason for the increased mRNA level of this
specific transcript in the non-ischemic region of the hearts remains to be elucidated.
Interestingly the mRNA level of the IGFBP-5 peaks about 30 min later compared to
that of IGF-II.

These results led us to the hypothesis that the stress inducible IGF-II may also have
cardioprotective functions. IGF-II does not only support protein synthesis but also
suppresses protein degradation [27]. It appears possible that IGF-II exerts a protective
role in the myocardium by aiding the survival of myocytes after damage by stress in
analogy to its trophic functions in the brain, an organ that is terminally differentiated
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like the heart. The IGFBP-5, on the other hand, could in part account for the limited

time frame of the cardioprotection, as its expression is delayed compared to that of IGF-

II.
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Figure 2. Bar graph representing the mRNA expression of IGF-1I (A) and IGFBP-5 (B) during repetitive
cycles of ischemia and reperfusion. Changes in the experimental ischemic/reperfused (E) and normal
perfused control heart regions (C) are shown. Error bars = SEM. The average of the values obtained for the
left ventricle (LV) of non-sham control pigs was defined as 100%. Levels of significance are shown for
control and experimental heart tissue respectively.

To verify our hypothesis human recombinant IGF-II (0.25mg/ml) was applied by means
of direct intramyocardial infusion for 60 min prior to a 60 min LAD occlusion and
infarct size was measured [28]. We found a significant reduction of infarct size of the
area at risk of about 20%. To further elucidate the underlying mechanisms, we infused
an equipotent concentration of recombinant human insulin (0.02 IU/ml) in a second
group and found a comparable degree of cardioprotection [28]. The receptors involved
were characterized by simultaneous infusion of lavendustin A (100mM), a potent and
selective inhibitor of protein tyrosine kinases [29], to block either the enzymatically
active domain of the IGF-I or the insulin receptor. The co-infusion of lavendustin A
abolished the cardioprotective effect of IGF-I as well as that of insulin (table 1),
indicating that either the insulin or the IGF-I receptor is involved in signal transduction
[29]. Little knowledge is available about the physiological functions of the IGFBPs.
Recent investigations demonstrated that physiological actions of the IGFs (i.e., cellular
glucose uptake) can be inhibited by their binding proteins [13,30]. Due to the good
correlations of the time courses of the appearance of the IGFBP-5 mRNA and the
vanishing protection of ischemic preconditioning we tested the effect of IGFBP-5 on
the action of IGF-II. Our results displayed that the cardioprotective effect of IGF-II was
neutralized when equimolar concentrations of IGFBP-5 were co-infused.
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Table 1. Myocardial protection in the different experimental groups (each consisting
of 4 animals) using a nominal scale.

group protection
control 0/4
IGF-1I 4/4
insulin 4/4
IGF-II + lavendustin A 0/4
insulin + lavendustin A 0/4
IGF-II + IGFBP-5 0/4

Our studies displayed that IGF-II is a stress inducible gene which has the potency to
delay the progression of an experimental infarct just like ischemic preconditioning.
IGFBP-5, whose expression is somewhat delayed, inhibits the cardioprotection afforded
by IGF-II and may thus account for the limited protective time frame of ischemic
preconditioning. The protective effect of IGF-II could be either mediated by the insulin
or the IGF-I receptor but not by the IGF-II receptor, although IGF-II can bind to all
three types of receptors. The cardioprotective effect of IGF-II is abolished when
lavendustin A, a specific tyrosine kinase inhibitor, is co-infused, which accounts for the
insulin or the IGF-I receptor as the signaling receptor, as the IGF-II receptor is a G
coupled but not a tyrosine kinase receptor (figure 1). The fact that insulin shows the
same cardioprotective effect as IGF-II and insulin does not bind to the IGF-II receptor
and only weakly to the IGF-I receptor makes it likely that the signal transduction is
mediated via the insulin receptor. It is furthermore conceivable that the effect of IGF-II
is either a mitogenic or a metabolic one and not an anabolic one, proposing the insulin
receptor as the signaling part. The cardioprotection afforded by IGF-II is probably due
to its insulin-like action on glucose uptake. During the repetitive cycles of ischemia and
reperfusion, the heart circumvents its inability to synthesize its own insulin via
upregulating IGF-II. In the heart, influencing glucose metabolism has been shown to
be benefical in ischemia/reperfusion settings [31-33]. Preliminary experiments of our
group with positron emission tomography (together with Schwaiger, unpublished)
showed increased focal glucose uptake after intramyocardial IGF-II infusion, from
which we conclude that this was one of the underlying mechanisms responsible for the
increased ischemia resistance of the myocardium.

Chronic ischemia
Short periods of ischemia and reperfusion are an appropriate methode to induce

preconditioning/stunning. However, to reach chronic ischemia we had to develop
another model, the microembolized porcine myocardium [34]. Microembolization was
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achieved by injecting polystyrene microspheres (25 pm diameter) into the left
circumflex artery (LCx) with (n=5) or without (n=12) thoracotomy via a coronary
artery catheter. Using this method we have been able to induce chronic ischemia
resulting in focal necrosis and inflammation linked angiogenesis. The hearts were
excised after 3 to 168h of microembolization and tissue collected from the ischemic left
circumflex perfused embolized region and from the non-ischemic intraventricular
septum (control) was analyzed as mentioned above. Our in situ hybridization studies
revealed that, in contrast to normal control myocardial tissue, the microembolized
myocardium (necrotic tissue) at 72h of chronic ischemia was characterized by invading
monocytes and macrophages transcribing IGF-I mRNA. Northern blot results revealed
a significant increase (1.8 fold) of the IGF-I mRNA after 72h of chronic ischemia and
to a lesser extend at 168h (figure 3) [35]. The IGF-II mRNA displayed increased
amounts under conditions of acute ischemia, but we did not detect altered mRNA levels
during chronic ischemia [35]. However, for the IGFBP-5, being upregulated in the
preconditioned myocardium, we found significantly decreased mRNA amounts (2.7
fold) in the microembolized myocardium at the same point of time where we found
increased IGF-I levels (figure 3) [36]. The induction of the IGFBP-3 (3 to 24h of
microembolization) preceeded that of IGF-I, but was also detectable at a lesser extent
after 72h of chronic ischemia (figure 3) [36]. For the IGFBP-6 we found significantly
increased levels at all points of time analyzed.

i
mo

Figure 3. Bar graph representing the mRNA expression of IGF-I (I), IGFBP-5 (II), IGFBP-3 (IIl) and
IGFBP-6 (IV) in chronic ischemia. Changes in the experimental microembolized (E) and normal control
heart (C) are shown. Error bars = SEM. The average of the values obtained for cardiac control tissue of the
sham operated animals was defined as 100%. *P < 0.05 v control.
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Although our results displayed that chronic ischemia does not influence the mRNA
expression of IGF-II, the IGF-I receptor, the insulin receptor and the IGFBPs 2 and 4,
we cannot exclude that these binding proteins possess a regulatory function, as the
binding proteins might experience a modulation of their activity via post-translational
modifications.

Microembolization of the porcine myocardium leads to capillary sprouting in and
around areas of focal necrosis, induced by microspheres [15,34]. After 72h of chronic
ischemia we observed in those areas infiltrates consisting mainly of monocytes/
macrophages. Additionally endothelial cell mitosis, a requirement for the formation of
new blood vessels, was frequently observed in the proximity to monocytes and
macrophages. As we have previously shown these mononuclear cells, which are
involved in microembolization associated angiogenesis, produce angiogenic mitogens
[37,38]. Our results displayed at 72h of chronic ischemia a significantly increased level
of the IGF-I mRNA and our in situ data showed that this potent mitogen is produced by
invading monocytes and macrophages. So our data suggest that IGF-I, supplied by
mononuclear cells, is involved in inflammation linked angiogenesis. Furthermore our
data revealed that the IGFBPs-3, -5 and -6 are involved in this inflammation linked
angiogenesis via modulating the action of the IGFs. Which specific functions the
IGFBPs have we can only speculate upon.

Summary and conclusion

The insulin like growth factors IGF-I and IGF-II are constitutively expressed in
myocytes of different species (human [39], pig [40], rat [41]) but also in endothelial
cells [42], smooth muscle cells [43] and fibroblasts [44]. By our in situ hybridization
experiments we showed that the IGFs are mainly transcribed by myocytes in the porcine
myocardium. Cardiac myocytes are terminally differentiated cells and even non-
myocyte cells of the normal myocardium rarely proliferate. For a mitogen like IGF-I,
there seems no requirement in the heart. We therefore postulate that in the normal
porcine myocardium IGF-I may be involved in the maintainance of basic functions of
myocytes. It may, like IGF-II, which is regarded as a trophic factor in the brain, exert
its insulin-like metabolic functions or act as a positive inotropic agent [45].

Different types of ischemia cause different reactions of the affected myocardium.
Whereas acute ischemia renders the affected myocardium more tolerant towards
subsequent periods of longer ischemia, chronic ischemia induces myocardial
angiogenesis. These two distinct reactions obey two distinct molecular mechanisms.
This is reflected by the coordinate expression of the members of the IGF system. Thus,
in the porcine myocardium, repetitive cycles of acute ischemia and reperfusion led to
the expression of the stress inducible IGF-II gene which displayed cardioprotective
functions - presumably by increasing the glucose uptake of myocytes. Interestingly,
increased myocardial glycogen content is a characteristic feature of the "hibernating
human myocardium" [46]. It is likely that the heart circumvents its inability to
synthesize insulin via increasing its IGF-II production, "the heart’s own insulin", as a
self-defense mechanism to repeated episodes of ischemia.
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Chronic ischemia on the other hand was characterized by an increased expression of
IGF-I in invading monocytes and macrophages, resulting in inflammation linked
angiogenesis. The action of the IGFs is more modulated by their specific binding
proteins and not by their receptors. This is not only reflected by the fact that the IGFBPs
bind the IGFs with a much higher affinity than the receptors do, but also by their
distinct RNA expression during acute and chronic ischemia. Acute ischemia was shown
to induce the expression of the IGFBP-5 30 min later compared to that of IGF-II. This
binding protein presumably accounts for the limited protective time frame afforded by
IGF-II. Chronic ischemia in contrast did not influence the expression of IGF-II and
caused a downregulation of IGFBP-5. At first glance this may be somehow astonishing
as chronic ischemia is nothing else but a prolonged acute ischemia. But as already
mentioned IGF-II is a stress inducible gene, the expression of which is influenced by
the surgical stress during the stunning procedure being absent in microembolization
(achieved without thoracotomy). The expression of the IGFBP-5 on the other hand is
presumably induced by the repetitive cycles of reperfusion in acute ischemia not
occuring in the procedure of chronic ischemia. The coordinate expression of the
IGFBP-3 and -6 (upregulated) and -5 in chronic ischemia accounts for the involvement
of these binding proteins in regulating the actions of the IGFs. However, there is little
knowledge available about the concrete functions of the distinct binding proteins, and
their actions are very complex. We therefore can only speculate about the distinct
regulatory functions these proteins may exert during acute ischemia. We also can not
exclude that the other binding proteins, not displaying altered gene expression due to
ischemia, are involved in modulating the actions of the IGFs, as their functions might
be modulated on a post-translational level.
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22. LONG-CHAIN FATTY ACIDS AND SIGNAL
TRANSDUCTION IN THE CARDIAC MUSCLE CELL

Marc van Bilsen, Karin A.J.M. van der Lee, and Ger J. van der Vusse

Introduction

Long-chain fatty acids have various important biological functions in mammalian cells.
First, they provide building blocks for phospholipids, the major constituents of cellular
membranes. Fatty acids also play a central role in cellular energy metabolism, being an
energy source for various tissues. The latter is especially true for the heart which has
a clear preference for fatty acids as substrate. Moreover, evidence is accumulating that,
in addition to other lipidic compounds, like diacylglycerol and lysophospholipids,
long-chain fatty acids per se are involved in cellular signal transduction. In this chapter
the use of primary cultures of rat neonatal ventricular myocytes as a model system to
explore various issues relating to the effects of long-chain fatty acids on the
cardiomyocyte are presented. Emphasis is put on the effects of different fatty acid
species on cell viability and on their effect on gene expression, especially on the
expression of genes involved in fatty acid uptake and metabolism. Finally the
implications of these findings for cardiac function under physiological and
pathophysiological conditions are briefly discussed.

Fatty acids and cellular signalling

At present there is ample evidence to support the notion that fatty acids per se may act
as modulators of a variety of biological processes. For instance, using modern
electrophysiological techniques, fatty acids have been shown to affect the activity of a
number of cardiac ion-channels, including K*-channels, the L-type Ca*'-channel and
the Na'-channel [1-3]. Based on these observations Kang and Leaf [3,4] have
speculated on the role of fatty acids in the development of arrhythmias. In this respect
it is noteworthy that already in 1968 Oliver and Kurien [5] reported a relation between
elevated serum levels of free fatty acids and the incidence of arrhythmias in patients
with acute myocardial infarction.

Although the role of fatty acids in signal transduction is being acknowledged, relatively
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little is known about the mechanism of their action [6,7]. In this respect the role of
protein acylation deserves attention. It has been demonstrated that myristoylation at the
N-terminal end of a-subunits of GTP-binding proteins is an irreversible process
occurring co-translationally, whereas palmitoylation of G-proteins appears to be
post-translational and under dynamic control [8]. It is generally believed that
palmitoylation of G, facilitates the anchoring of the heterotrimeric G-proteins to the cell
membrane and that receptor-stimulated depalmitoylation mediates the translocation of
G, to the cytosolic compartment [9]. Other components of signaling cascades thought
to be modulated through reversible palmitoylation are G-protein coupled receptors, p21
Ras, and members of the Src-family of proteins [8]. In view of the important roles of
p21 Ras and Src in signal transduction the significance of this type of protein
modification certainly deserves attention. The same holds for the interaction between
fatty acids and PKC. A substantial body of evidence indicates that long-chain fatty
acids, acting as substitutes for diacylglycerol, affect the activity of certain PKC
isoforms. This is of special interest as the activation of PKC, like that of p21 Ras, has
been shown to be part of signalling cascades involved in the development of
cardiomyocyte hypertrophy [10].

Finally, it was shown that fatty acids, directly or indirectly, influence gene expression
in various cell types. The differentiation of fat cells was promoted when fatty acids
were added to the culture medium [11]. In contrast, the administration of fatty acids to
skeletal myoblasts inhibited their differentiation into myotubes, and actually induced
the expression of adipocyte-specific genes [12]. Collectively these studies suggest that
long-chain fatty acids, in addition to being an important metabolic fuel, are likely to
affect cellular processes within the context of the cardiomyocyte. To explore this
possibility primary cultures of neonatal rat ventricular myocytes were chosen as a
cellular model system. This model system has been used extensively to study the
mechanisms of the development of cardiac hypertrophy [13]. However, as it has been
shown that the long-term incubation of various cell types with fatty acids, especially
with saturated fatty acid species, may compromise cell function and viability [14-16],
it was first investigated if fatty acids affect cardiomyocyte viability.

Fatty acids and cell viability

The oxidation of fatty acids provides most of the energy for the beating heart. In the
circulating blood palmitic acid (C16:0) is abundantly present and therefore, from a
quantitative point of view, one of the most important fatty acid species for the heart
[17]. Indeed, the vast majority of studies on cardiac fatty acid metabolism, using
isolated hearts or isolated myocytes, have employed this fatty acid species as
representative of all fatty acids. Another feature of this type of studies is that they are
of relatively short duration (in the order of hours).

To explore the long-term effect of fatty acids on neonatal myocyte viability, the cells
were exposed to physiological concentrations of various fatty acid species, complexed
to bovine serum albumin (BSA) for up to 48 hours. First, the effects of palmitic acid
(C16:0) were investigated. To elucidate whether possible effects could be ascribed to
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chain length or the degree of saturation, cells were also exposed to palmitoleic acid
(C16:1), stearic acid (C18:0) or oleic acid (C18:1), and to combinations of saturated
and mono-unsaturated fatty acids. Cellular viability was assessed morphologically and
by the release of cytosolic proteins. Surprisingly, C16:0 at all concentrations tested
(500, 250, and 125 pM, keeping the BSA concentration at 150 pM) was highly toxic
for the cardiomyocytes. Morphological analysis of the cardiomyocytes incubated with
C16:0 showed severe cell damage, the first signs of which were already apparent after
8 hours of incubation. In line with these morphological observations the appearance of
cytoplasmic proteins, such as lactate dehydrogenase (LDH) and heart-type fatty
acid-binding protein (H-FABP), in the culture medium started after 8-12 hours. After
48 hours the release of cytosolic proteins into the medium was almost complete (>90%
of cell contents).

In the presence of C18:0, the culture medium also severely compromised cell viability
(figure 1). In contrast, the addition of mono-unstaturated fatty acids had no effect on
cellular protein release and was not associated with marked changes in cell
morphology, except for the cellular accumulation of substantial amounts of
triacylglycerols as visualized by Oil Red O staining and as determined by capillary gas
chromatography (not shown). Interestingly, the combined administration of C18:1 and
C16:0 (250 pM each) completely abolished the otherwise harmful effects of C16:0
(250 pM), when present as the sole fatty acid species.

None
C16:0
C18:0
C16:1
c18:1

C16:0/C18:1

1 | | |

0 20 40 60 80 100

LDH release (% of total content)

Figure 1. Effect of fatty acids on the percentage release of lactate dehydrogenase (LDH) from neonatal
cardiomyocytes. Cells were cultured in the presence of different fatty acids species (500 uM) or combinations
of fatty acids (250 uM each) complexed to BSA (150 uM) for 48 hours. * indicates significant difference from
cells cultured in the absence of fatty acids (‘none'). (From: de Vries et al. J Lip Res 38, 1384-1394, 1997,
with permission).
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These observations clearly indicate that saturated fatty acids have a dramatic impact on
cardiomyocyte viability. Next, it was questioned whether the fatty acid-mediated cell
death was due to necrosis or apoptosis. A hallmark of apoptosis is the development of
numerous cleavages in genomic DNA, specifically in between nucleosomes, leading to
a typical DNA-fragmentation pattern of multiples of approximately 200 base pairs.
DNA-laddering was observed in cardiomyocytes exposed to either 500 uM or 250 uM
C16:0, but not when the cardiomyocytes were cultured with a mixture of C16:0/C18:1
(250 pM each). The DNA-laddering pattern was most prominent in cells exposed to
C16:0 for 16 hours. In support of the DNA-laddering assay, was the in situ detection
of DNA strand breaks by means of the TUNEL (terminal transferase-mediated
dUTP-biotin nick end labeling) assay. The percentage TUNEL positive cells was
markedly increased under those conditions where DNA-laddering was apparent (data
not shown).

Putative mechanisms of fatty acid-induced apoptosis

It has been shown that the mere absence of serum factors is already sufficient to initiate
apoptosis in cultured cells, including primary cultures of neonatal cardiac myocytes
[18]. The present findings indicate that apoptosis is further enhanced when saturated
fatty acids are present in the culture medium. It remains to be determined, however,
why the apoptotic response is confined to specific fatty acid species.

Analysis of the fatty acid composition of the phospholipid pool showed that each type
of fatty acid supplied was incorporated in the cellular phospholipid pool to an
appreciable extent. Accordingly, the cytotoxic effects of saturated fatty acids may relate
to their relative enrichment in the phospholipid fraction. A substantial increase in the
mol % of saturated fatty acyl chains in the phospholipid pool in neonatal myocytes will
diminish membrane fluidity and, hence, compromise cell function. Indeed, loss of
cellular viability was demonstrated in cardiac cells following the incorporation of
either C16:0 or C18:0 (melting points 63°C and 70°C, respectively), but not of
cis-C16:1 or cis-C18:1 (m.p. 0.5°C and 13°C, respectively), in their membrane lipids.
Singh and coworkers [19] provided evidence that an increase in the mol % of saturated
fatty acids in the phospholipid pool represents a crucial part of the apoptotic process.
Alterations in the phospholipid composition of cellular membranes have been shown
to initiate apoptosis. For instance, a genetic defect in the synthesis of
phosphatidylcholine was found to trigger apoptosis in CHO cells [20]. Also, the
pharmacological inhibition of arachidonate redistribution between the various
phospholipid classes was demonstrated to induce apoptosis in a promyelocytic cell line
[21]. These considerations support the notion that a relative excess of saturated
fatty-acyl chains in the phospholipid pool, and the associated effects on membrane
fluidity, drive the cardiomyocytes into apoptosis.

Alternatively, recent studies indicate that signal transduction through the
sphingomyelin-ceramide pathway activates apoptosis in various cell types, among
which neonatal myocytes [22]. Within cardiac tissue this special type of phospholipid
is relatively abundant. In the rat hezrt it comprises approximately 3% of the total
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phospholipid pool and only saturated acyl-moieties, with chain lengths ranging from 16
to 24 C-atoms, are attached to the sphingosine core structure via an amide bond [23].
Through the activity of the enzyme sphingomyelinase, which catalyzes a phospholipase
C-like reaction, sphingomyelin is hydrolyzed yielding phosphocholine and ceramide
as products. In recent studies some of the biological effects of tumor necrosis factor-o
(TNFa) have been attributed to its activation of the sphingolipid signaling cascade
[22,24]. The negative inotropic effect of TNFa on adult cardiomyocytes appeared to be
due to an increase in the cellular sphingosine level [24]. TNFa-induced apoptosis of
neonatal cardiomyocytes also involved sphingosine production [22]. Furthermore,
addition of long-chain saturated fatty acids like palmitate (C16:0) or stearate (C18:0),
precursors of sphingolipid synthesis, to the culture medium resulted in the de novo
synthesis of ceramide and induced apoptosis in hematopoietic cell lines [25].
Interestingly, also in the present study saturated, but not mono-unsaturated, fatty acids
induced apoptosis. However, the detrimental effects of saturated fatty acids were absent
when mono-unsaturated fatty acids were also included. The latter observation seems
hard to reconcile with the idea that the mere availability of C16:0 is sufficient to induce
ceramide-mediated apoptosis in neonatal cardiomyocytes.

Long-term exposure of neonatal cardiomyocytes to fatty acids

As the long-term incubation with equimolar amounts of C16:0 and C18:1 was
well-tolerated by neonatal rat cardiomyocytes and the fact that this combination shows
resemblance to the in vivo situation (together C16:0 and C18:1 comprise approximately
60% of the circulating fatty acids) this combination was chosen to investigate the
long-term effects of fatty acids on gene expression in more detail. The response of
neonatal rat ventricular cardiomyocytes to exogenous fatty acids on the expression of
a selection of genes was investigated at the mRNA level. The cells were incubated in
the presence of either glucose only (10 mM), fatty acids only (combination of C16:0
and C18:1, 250 uM each ), or a combination of glucose and fatty acids. After 48 hours
of incubation the cells were harvested and total RNA was isolated for Northern blot
analysis. The exposure of neonatal cardiomyocytes to fatty acids, either as the single
substrate or in combination with glucose, led to a 2- to 4-fold increase of the mRNA
level of genes involved at various levels of cellular fatty acid handling (figure 2). First
of all Fatty Acid Translocase (FAT), one of the integral membrane proteins that are
supposed to be involved in the transport of long-chain fatty acids across the
sarcolemma [26,27], was induced. Second, the mRNA level of the cytosolic protein
H-FABP was elevated. This protein mediates the transfer of the water-insoluble fatty
acids from the sarcolemma to the mitochondria [28]. Furthermore, the mRNA of
long-chain Acyl-CoA dehydrogenase (LCAD) increased 3.5-fold. The latter enzyme
participates in the mitochondrial-oxidation of fatty acids. In contrast, in cells cultured
in the presence of fatty acids the mRNA level of the insulin-responsive glucose
transporter GLUT4 tended to decrease. Together, these observations indicate that
long-term exposure of cardiac myocytes to fatty acids evokes a selective and
coordinated induction of genes involved in fatty acid handling. It may seem trivial that
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upon exposure to fatty acids, the cardiomyocyte responds with an increase in the
expression levels of genes involved in fatty acid uptake and metabolism, thereby
increasing its capacity to handle fatty acids. However, the corollary of this finding is
that the cardiac myocyte is capable of sensing changes in substrate supply.

As mentioned earlier, under normal conditions glucose and fatty acids are the major
substrates for the cardiac muscle [29,30]. However, cardiac substrate preference alters
during development. Carbohydrates are the main substrates for the fetal heart, whereas
in the postnatal period the heart rapidly switches to fatty acids as its main energy source
[31]. It is generally believed that the alterations in substrate utilization and concordant
changes in the activity of enzymes involved in fatty acid utilization are primarily caused
by the postnatal changes in circulating levels of hormones, such as insulin, glucagon,
and thyroid hormone [32]. The present findings, however, suggest that in addition to
hormonal regulation, the mere change in nutrient supply around birth (from glucose
present in maternal blood to fatty acids in lipid-rich milk) could directly be responsible
for some of these in vivo changes.

Relative mRNA level

Figure 2. Effects of substrate of on mRNA levels of Fatty Acid Translocase (FAT), heart-type fatty
acid-binding protein (H-FABP), long-chain acyl-CoA dehydrogenase (LCAD), and the GLUT4 glucose
transporter. Neonatal myocytes were cultured in the presence of either 10 mM glucose (G), 250 uM each of
C16:0 and C18:1 (FA), or a combination thereof (G/FA). mRNA signals were first normalized to the
corresponding 18S signal. Subsequently the mRNA/18S ratios were normalized to the glucose group. *
Indicates p<0.05 versus glucose group.

Putative mechanism of fatty acid-mediated gene expression

At this moment no conclusive answer can be given as far as the mechanism involved
in fatty acid-mediated gene expression. As opposed to poly-unsaturated fatty acids,
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C16:0 and C18:1 do not function as precursors of eicosanoids. This implies that the
observed effects on gene expression are due to the fatty acids themselves, or to
intracellular metabolites like long-chain acyl-CoA, rather than to the formation of
biologically active cyclooxygenase or lipoxygenase products. Effects of fatty acids on
gene expression have been reported for other cell types, such as adipocytes,
hepatocytes, and skeletal myocytes [12,33,34]. As far as the mechanism is concerned,
the results obtained with these cell types have provided evidence for the existence of
a direct pathway through which fatty acids may modulate transcriptional regulation.
First, it was shown that various genes involved in lipogenesis contained a consensus
DNA-sequence that conferred fatty acid-responsiveness to these genes. Later it was
shown that transcription factors of the nuclear hormone superfamily, the so-called
Peroxisome Proliferator-Activated Receptors (PPAR), binds to this regulatory element
in conjunction with their dimerization partner the Retinoic-X-Receptor (RXR). By now
three PPAR isoforms (c,f,y) have been cloned. PPAR o and P are expressed in the
heart, albeit at different levels. For a long time the natural ligand of PPAR has remained
unidentified. However, recent findings indicate that both prostaglandins and long-chain
fatty acids act as ligands for the PPAR's [35,36]. It is noteworthy that for a number of
genes involved in cardiac lipid metabolism, among which, medium-chain acyl-CoA
dehydrogenase and H-FABP, it has been shown that they contain putative
PPAR-responsive elements in their 5'-untranslated regions [37,38]. Accordingly, it
seems worth investigating whether PPAR's also play a role in fatty acid-mediated
regulation of gene transcription in the heart.

Relative FABP mRNA level

G FA G/FA
Figure 3. Changes in H-FABP mRNA level in non-stimulated (open bars) and phenylephrine-stimulated (10
uM; hatched bars) neonatal myocytes cultured in serum-free medium containing either 10 mM glucose (G),
500 uM of C16:0/C18:1 (FA), or a combination of glucose and fatty acids (G /FA) as substrates for 48
hours. To allow comparison H-FABP signals were normalized to the corresponding 18S signal. * Indicates
p<0.05 versus non-stimulated glucose group (open bar, G).
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Cardiac hypertrophy and fatty acid utilization

Under various pathophysiological conditions, including diabetes and cardiac
hypertrophy, it has been shown that cardiac metabolism changes quite dramatically. In
the setting of diabetes cardiac energy metabolism becomes even more dependent on the
oxidation of fatty acids [39]. In contrast, during cardiac hypertrophy the opposite takes
place, i.e., the utilization of carbohydrates increases at the expense of fatty acids. This
phenomenon has been observed in in vivo models of pressure overload-induced cardiac
hypertrophy, using radiolabeled glucose and fatty acid analogues [40], as well as in
studies with ex vivo perfused hypertrophic hearts [41]. Recently, Sack and coworkers
[42] showed that this reduction in fatty acid oxidation might be secondary to a
downregulation of the expression of genes involved in mitochondrial-oxidation in
hypertrophic hearts. Furthermore, various studies have shown that inborn errors in fatty
acid metabolism are associated with cardiomyopathy [43]. These observations point to
a causal relationship between alterations in fatty acid metabolism and changes in
cardiac phenotype.

To investigate the possible interplay between fatty acid-mediated processes and
hypertrophy, cardiomyocytes were cultured in the absence or presence of fatty acids and
stimulated with the «,-adrenergic agonist phenylephrine (PE, final concentration 10
uM), a well-established stimulus for neonatal cardiomyocyte hypertrophy [44].
Northern blot analysis of total RNA isolated from neonatal myocytes cultured in the
presence of different (combinations of) substrates revealed that the mRNA level of
H-FABP was affected by fatty acids. In the presence of C16:0/C18:1, irrespective of the
presence of glucose, a 2- to 3-fold increase in the cellular H-FABP mRNA content was
observed in non-stimulated cells after 48 hours (figure 3). Interestingly, in line with the
notion that cardiac hypertrophy is associated with a decline in the utilization of fatty
acids, the fatty acid-induced rise in H-FABP mRNA level was abrogated in
PE-stimulated hypertrophic cardiomyocytes.

Concluding remarks

Current findings indicate that the neonatal ventricular myocyte presents a valuable
model system to unravel the long-term effects of fatty acids on cardiomyocyte
phenotype. As reviewed in this paper, various aspects of fatty acid-mediated signal
transduction can be studied. This is exemplified by showing that in cardiomyocytes
apoptosis can be selectively induced by saturated, but not by mono-unsatutrated fatty
acid species. Moreover, it is shown that exposure of cardiac muscle cells to fatty acids
evokes a coordinated up-regulation of the expression of a set of genes involved in lipid
metabolism, strongly suggesting the existence of a common signalling pathway through
which alterations in lipid metabolism are conveyed to the transcriptional machinery of
the cardiomyocyte. Finally, it is demonstrated that following induction of hypertrophy
by means of the «,-adrenergic agonist phenylephrine the fatty-acid mediated
upregulation of H-FABP is completely abolished. The latter observation is in line with
the notion that hypertrophy is associated with a shift from fatty acid to glucose
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oxidation. Although the presence of the substrate shift is well-established, the biological
significance of this phenomenon remains open to discussion. Nonetheless current
findings indicate that the cardiomyocyte responds to changes in substrate supply
through transcriptional regulation and suggest that there may be some type of cross-talk
between fatty acid metabolism and the phenotypical alterations that accompany cardiac
hypertrophy.
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23. REDUCTION OF KIDNEY RENIN EXPRESSION BY
RIBOZYMES

Matthew G. F. Sharp, Jorg Peters, and John J. Mullins

Introduction

The renin-angiotensin system is involved in the regulation of fluid volume and salt
homeostasis, and it is now clear that renin is a major moderator of fluid and salt
balance, and may be important in human disease. The introduction of antisense RNA
sequences complementary to the gene of interest, and catalytic RNA (ribozymes), can
be used experimentally to probe molecular events in physiological processes. However,
strategies involving antisense RNA are prone to several limiting factors. For example,
complementary sequences must be accessible for hybridization, and a large molar
excess of antisense molecules is often required before significant gene inhibition is
observed. We have attempted to improve the efficiency of antisense RNA-mediated
gene inhibition by the inclusion of catalytic domains, specific for the mouse renin
genes, into a gene encoding the ubiquitous small nuclear RNA (snRNA) U1, which is
involved in intron recognition and pre-mRNA processing. This approach confers
several advantages: (i) high level expression of the ribozyme, (ii) twin ribozyme
domains cleave target mRNA twice, improving ribozyme: product dissociation rates,
and (iii) use of the Ul splicing factor to co-localize the ribozyme to the cellular
compartment where transcription of the target pre-mRNA occurs. Ribozyme RNA was
highly expressed in transgenic mice, and a significant (P<0.01) reduction in renal active
renin was achieved. This study explores the use of modified Ul snRNA as a vector
system for antisense and ribozyme inhibition studies, and indicates how further
refinements of this strategy may be applied in the future.

Background

Renin is an aspartyl protease which cleaves the plasma protein angiotensinogen to
produce the decapeptide angiotensin I (Angl), which may then be converted into the
potent octapeptide pressor hormone, angiotensin II (AnglIl). Known physiological
effects of Angll include increased peripheral resistance directly via vasoconstriction,
and increased salt and water retention by stimulating aldosterone release. The renin
gene is a candidate in the genetic predisposition to cardiovascular diseases and
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hypertension, and the experimental control of its expression level would be an useful
tool in physiologically relevant model systems. It is now possible to introduce
mutations into any gene in mice, and we have recently shown that inactivation of one
of the mouse renin genes (Ren-1¢), but not the other gene (Ren-2, [1]) results in a
significant fall in blood pressure in female mice [2]. Aberrant expression of renin in
transgenic animals has shown that high levels of the zymogen (prorenin) in the
circulation can cause extreme hypertension [3] and vascular and cardiac hypertrophy
[4]. Further studies of renin gene expression in physiological model systems is required
before the role of this protein in the integrated control of cardiovascular homeostasis
is completely understood.

Renin is synthesized principally in the kidney juxtaglomerular (JG) cells, a group of
modified smooth muscle cells located at the distal end of the renal afferent arteriole of
the kidney cortex [5], although all species studied have extrarenal sites of renin
biosynthesis. Most mammals possess a single renin gene, some laboratory mouse strains
and all wild Mus musculus subspecies possess two renin genes, Ren-1¢ and Ren-2,
which are expressed at similar levels in JG cells [6,7]. These genes encode highly
homologous but distinct proteins, renin-1¢ and renin-2, which have different
glycosylation potential, and different patterns of gene expression [8]. For example, the
Ren-2 gene is highly expressed in the granular convoluted tubule cells of the
submandibular gland. It is unclear, at present, what the function of this extrarenal
renin-2 is in mouse strains which carry two renin genes, as targeted mutation of the
Ren-2 gene has no effect on renal histology or blood pressure [1]. The tissue-specific
interference of renin gene expression would aid in investigating this area.

Gene inhibition

The ability to control gene expression in animal models, both positively and negatively,
is a powerful tool for delineating the molecular events in the initiation and progression
of disease states. It is possible to inhibit processes such as splicing, polyadenylation,
nuclear export and translation of a gene product by co-expressing an RNA sequence
complementary to the gene under study. Antisense RNA has been used with some
success in unicellular systems, in cultured cells and in transgenic animals and plants to
down-regulate the expression of a gene of interest [9,10].

Short oligonucleotides [11-14] targeted against the transcripts of the angiotensinogen
and ATla receptor genes can significantly reduce gene expression and blood pressure
in whole animal studies. Retrovirus vectors expressing antisense to Angll receptor type
1 in neuronal cultures from SHR [15], and systemically in young SHR rats [16] have
demonstrated the importance of Angll signalling in the setting up and maintenance of
basal blood pressure levels. Transgenic mice have been used by Pedrazzini et al. [17]
to develop an inducible antisense model which would allow the controlled regulation
of angiotensinogen levels, but in this system gene inhibition was transitory.

It is known that RNA can possess several enzymatic activities, including the cleavage
of the phosphodiester chain of nucleic acids. These active structures, called ribozymes,
require only a divalent cation, and there is no requirement for an external energy source,
nor any other cofactor [18]. Hammerhead ribozymes were first isolated from plant
pathogen RNA viruses and virusoids. These molecules normally cleave in cis, but it is
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clear that these enzymes can be manipulated to cleave separate target RNA molecules
(i.e. in trans) at the sequence UH (where H is A, U or C). The specificity of the reaction
is defined by the base pairing between sequences flanking the catalytic core of the
ribozyme and the target RNA molecule. These new tools have many potential
applications in the investigation of genetic pathways and in the treatment of human
diseases, such as viral diseases, which are caused by a characterized genetic pathogen
[19]. There is a growing body of experimental data to show that ribozymes can be
effective in inhibiting gene expression in many cell types, including mammalian cells
and whole organisms [10]. This technology offers an improvement over antisense RNA
strategies due to the fact that the target RNA is cleaved catalytically by the ribozyme,
and the ribozyme RNA survives this reaction and is able to interact subsequently with
more target RNA molecules. This, in turn, means that the level of antisense RNA
required is no longer stoichiometric, and gene inhibition is possible with reduced levels
of antisense RNA.

In this chapter, we describe our attempts to increase the effectiveness of ribozyme and
antisense expression constructs, targeting renin, in transgenic mice. We have attempted
to co-localize inhibitory and target RNAs through the incorporation of ribozymes into
the splicing machinery. In transgenic mice, a reduction was seen in the level of kidney
renin mRNA and renal renin protein. We show that engineered Ul RNAs have the
capacity for use as highly efficient ribozyme vectors, but the rules of ribonucleoprotein
particle assembly need to be clearly understood if the full potential of this approach is
to be realized in the future.

Materials and Methods

Construction of ribozyme expression vectors

Synthetic oligodeoxynucleotides (figures 1 and 2) were annealed in a thermal cycler by
oscillating the temperature between 60°C and a maximum temperature which began at
94°C, and reduced by 2°C per 30 second cycle, for 13 cycles. The annealed duplex was
cloned into the human Ul genomic clone HSD2 [20], which had been digested with
both Bglll and Bcll (figure 1A). This results in the replacement of five nucleotides of
the 5' end of the Ul snRNA with novel sequences. Two plasmids were made,
incorporating a region of renin complementary sequences, either with or without
ribozyme sequences, and were named pU1AS43 and pU1RZ43 (see figure 1). The same
oligos were cloned in plasmid pSP71 (Promega) in a similar way (and named pSPAS43
and pSPRZ43), to facilitate in vitro transcription of ribozyme RNA. Constructs were
checked by DNA sequencing.

Ribozyme cleavage assay

RNA was transcribed from plasmids pSPRZ43 and pSPAS43 in vitro using T3 and T7
RNA polymerases (Ribomax, Promega) and the yield was measured
spectrophometrically. Substrate for ribozyme action was 1200 bp of the mouse Ren-2
mRNA [21], cloned in pBluescript IT KS, transcribed as above. Pure RNA molecules
were mixed on ice in a buffer containing 10 mM Tris-HCI and 12 mM MgCl2, and then



272 M.G.F. Sharp et al.
incubated at 39°C. The reaction was stopped by the addition of EDTA to >10 mM, and

the products resolved on 4% polyacrylamide gels, fixed in 12% methanol-10% acetic
acid and dried. Autoradiography was at room temperature with Kodak XARS film.

BcBg HSD2

pU1RZ43 \g \g

PUTASA3 ‘<g-

Figure 1. Design of ribozyme expression vectors. Clone HSD2, which has 3.3kb of human genomic DNA
(solid line) containing a gene for the Ul snRNA (open box), is shown (Ul gene is not to scale). Bc, Bcll; Bg,
Bglll. Constructs pU1AS43 and pUIRZ43 were made by cloning either double-stranded oligonucleotide into
the sites indicated in HSD2. pU1AS43 has 41 nucleotides complementary to the mouse renin sequences which
replace nucleotides 3-12 of the human Ul coding region. pUIRZ43 has the same region of renin
complementary sequences, interrupted by two copies of the hammerhead ribozyme motif.

Figure 2. Proposed interaction of ribozyme UIRZ43 with the target renin mRNA. The bulk of the Ul RNA,
complexed with snRNP proteins (grey oval), and the major part of the renin mRNA (thick line), are shown
schematically. The twin hammerhead domains are shown paired to the renin substrate mRNA. Sites of
cleavage are indicated by arrows.

Filter hybridization analysis

Genomic DNA (10 pg) was digested with restriction enzyme and separated on 1%
agarose slab gels in 0.5 x TAE buffer containing 0.5pg/ml ethidium bromide, and
capillary blotted onto positively charged nylon membrane (Boehringer Mannheim)
according to the manufacturer's instructions.
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For preparation of RNA, tissues were homogenized in guanidinium isothiocyanate/
phenol as described [22]. Quality of RNA was checked by agarose gel electrophoresis
and spectrophotometry. RNA was purified as above from nuclear and cytoplasmic
fractions from cultured cells after detergent-mediated partial lysis and centrifugation.
RNA was denatured using glyoxal, and separated on 1.2% agarose gels in MOPS buffer
as described [23], and capillary-transferred onto charged nylon membrane, according
to the manufacturer's instructions (Boehringer Mannheim). Hybridization [24] of
32p_labelled, random-primed DNA probes was followed by washing filters in 0.2 M
SSC, 0.1% SDS, at 68°C. Autoradiography was performed with intensifying screens
and Kodak XARS5 or Fuji film at -70°C, or with a Phospholmager (Molecular
Dynamics).

Renin measurements

To measure renin levels in mouse tissues, animals were sacrificed by CO, anesthesia,
and tissues snap frozen in liquid nitrogen. Tissue renin concentrations were assayed as
described [25]. The Angl generated by the tissue active renin was measured by
radioimmunoassay [26]. Statistical significance was assessed using the non-parametric
Mann-Whitney U test.

Cell culture

The human hepatoma cell line HepG2 was cultured in Dulbecco's modified Eagle's
medium (DMEM): Ham's F12 (1:1) with 10% foetal calf serum in a hydrated
atmosphere of 7% CO,. Cells were passaged at 70-90% confluence and were split 1:5
except for cloning experiments. DNA constructs were introduced using the CaCl,
co-precipitation method. HepG2 cells were co-transfected with a plasmid containing the
hygromycin-resistance gene hpt under the control of the mouse PGK-1 promoter, and
with one of the ribozyme- or antisense-containing constructs pU1RZ43 and pU1AS43,
or with the human U1 gene alone as a control.

Immunoprecipitation

HepG2 cells stably expressing modified Ul RNAs were seeded at 2.2 x 10° cells per 60
mm dish (80% confluence), and grown overnight in phosphate-free MEM, without
serum, supplemented with 250 pCi of 3?PO,. Cells were then harvested, and
Sm-complexed material immunoprecipitated with the Sm antigen-specific monoclonal
antibody Y-12 (a gift from Dr. J. A. Steitz), as described [27,28]. Radiolabelled RNA
purified in this way was separated on 10% polyacrylamide, 7.3 M urea sequencing gels
and imaged using a Phospholmager (Molecular Dynamics).

Preparation of Transgenic Mice

Plasmid DNAs were digested to remove vector sequences and microinjected into
C57BL/6 x CBA/Ca F2 mouse eggs as described [3]. Transgenic offspring were
identified by DNA blotting using the transgene as a hybridization probe, and back
crossed to CBA/Ca mice. All animal husbandry was in accordance with the Animals
(Scientific Procedures) Act, 1986.
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Results

Design of Ribozyme Expression Vectors

A 3.3 kb human genomic clone (HSD2) containing a structural gene for the U1 snRNA,
and its promoter and transcription termination signal sequences [20,29], was modified
by the inclusion of antisense and ribozyme sequences (figure 1). Using existing
genomic restriction endonuclease recognition sites, oligonucleotides were cloned which
replaced the excised U1 gene sequences, except for nucleotides (nts) +3 to +12 of the
human U1 snRNA. These nucleotides were replaced with sequence complementary to
nucleotides 877 to 917 of the mouse Ren-2 sequence (GenBank Accession Number
V00845) (pU1AS43; figure 1), or with the same antisense region punctuated by two
catalytic ribozyme domains derived from the satellitte RNA of subterranean clover
mottle virus (sSSCMV) designed to cleave the Ren-2 mRNA after positions 888 and 904
(pU1RZ43; figure 1). These ribozyme cleavage sites are conserved in both the Ren-1¢
and Ren-2 mouse renin genes. Two catalytic domains were built into pU1RZ43 such
that the initial interaction between Ren-2 and ribozyme RNAs was over 41 nts, which
is then reduced to three short regions (12+15+12 nts) after cleavage by both ribozymes
(see figure 2). These short regions of complementarity should then be less able to form
a stable duplex after the ribozyme cleavage reaction. Thus the products of the reaction
should dissociate from the ribozyme RNA, allowing further cycles of substrate
annealing and catalysis to take place. The modification of this region of the Ul snRNA
was not expected to interfere with the normal assembly of Ul snRNP complexes or
association with Sm antigen, as the 5' terminus of this RNA is located on a protuberance
originating from the main body of the particle [30], and is accessible for base pairing
with intron-exon splice junctions [31].
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Figure 3. In vitro analysis of the Ren-2 ribozymes. Different molar ratios of RZ43 ribozyme RNA and renin
mRNA, ranging from 75:1 to 1:1, were mixed in the presence (or absence: -Mg’*) of 12mM MgCl,, and
incubated for 2 hours at 39°C. Samples were then analyzed by clectrophoresis through 4%
polyacrylamide/7.3M urea gels. Positions of full-length renin substrate RNA (Ren-2), and 5' and 3' cleavage
products are shown (arrows).
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In vitro activity of ribozymes

The cleavage activity of the ribozyme RZ43 was confirmed by mixing a renin substrate
RNA transcribed from a plasmid containing the mouse Ren-2 cDNA with RZ43 RNA
transcribed in vitro. This assay system allowed an estimation of the efficacy of cleavage
of a substrate which is almost full length. The assay conditions do not fully reflect the
in vivo environment inside mammalian cells, although conditions were kept within the
physiological range of Mg®" concentration and temperature. Cleavage of the Ren-2
mRNA occurred efficiently at the predicted site with ribozyme RZ43 using a 10:1 molar
ratio of RNAs (figure 3), and some cleavage was visible with equimolar ratios of
ribozyme and substrate RNAs. Cleavage products were easily detected from this
relatively complex target molecule, which contained the whole Ren-2 coding region,
after only two hours incubation. Many ribozymes show optimal activity only at higher
temperatures and with very short model substrate RNAs, and so the activity of RZ43
may be even higher in these conditions. The activity of the RZ43 RNA was dependent
upon the presence of Mg?" ions (figure 3).

Expression of Ribozymes in Hepatoma cells

The human hepatoma cell line HepG2 was used to test the expression and efficacy of
pU1RZ43 and pU1AS43 in cultured cells. Pools of cells stably transfected with either
the pU1RZ43 or pU1AS43 gene were expanded, and the expression level and nuclear
localization of modified snRNAs assessed. Figure 4A shows that the UIRZ43 ribozyme
RNA is expressed abundantly in HepG?2 cells, and that this transcript is more abundant
in the nuclear rather than cytoplasmic compartment, as is observed with the endogenous
human Ul RNA.

A Cytoplasmic Nuclear Figure 4. Expression of ribozymes in
RZ1 RZ2 AS U1 RZ1RZ2 AS U1 cultured hepatoma cells. A, RNA blot

analysis of 10 ug of total RNA purified by

F crude nuclear and cytoplasmic fractionation

of stably transfected hepatoma cells
(HepG2). RZ, UIRZ43-containing cells, AS,
U1AS43-containing  cells; Ul,  cells
transfected with the parental human Ul gene
only. B, RNA blot analysis of 10 ug of total
RNA from cells transiently transfected with
pUILAS43 (AS) and pUIRZ43 (RZ) plasmids
in HepG2 cells. C, control mock transfected
B HepG2 cells. Filters were probed with
. “P-labelled cRNA transcript complementary
Cytoplasmic Nuclear to the RZ43 ribozyme, which also
AS RZ C AS RZ C cross-hybridizes with the AS43 RNA and the
endogenous Ul RNA. Sizes of bands are in
nucleotides.

UTRZ43 — o T

U]RZ43—.Q

ul—
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Transient expression of these constructs in HepG2 cells (figure 4B) demonstrates only
very low level expression from the UIRZ43 expression cassette, suggesting that
transient expression experiments are not feasible with this promoter. Significant
expression of pU1AS43 was not observed in these cells, which may suggest that the
antisense sequence introduced into the Ul RNA is destabilizing in vivo. The
ribozyme-containing RNAs do accumulate, however, which may be because of the
highly structured nature of the hammerhead domain, conferring stability to the
engineered transcript.

F3800 F3760
A Fr+++-+-————

Figure 5. Transgene expression in

transgenic mice. A) Kidney RNA (30ug) blot

from transgenic UIRZ43 mice of lines

__U1RZ43 F3800 and F3760 was hybridized to a

*P-labelled cRNA probe from pSPRZ43,

—UT snRNA specific for the ribozyme RZ43 and the

endogenous mouse Ul snRNA. Transcript

sizes are in nucleotides. B) agarose gel

before transfer, stained with cthidium

B bromide. Markers are plasmid pUCI9
digested with Hpa 1.

Ribozyme activity in transgenic mice

Based on the abundant expression and apparent subcellular localization of the modified
U1l RNAs in HepG2 cells, both the antisense (U1 AS43) and the ribozyme (U1RZ43)
constructs were microinjected into fertilized mouse oocytes to generate transgenic mice.
Five founder transgenic mice carrying the UIRZ43 gene and five founders transgenic
for the U1AS43 gene were characterized by DNA (Southern) blot analysis. Transgene
expression was analyzed in all founders, and two representative mouse lines transgenic
for the UIRZ43 gene are shown in figure 5. Transgenic mice all demonstrated
expression in the kidney of a transcript of 248 nt, the expected size for the UIRZ43
RNA, in addition to the cross-hybridizing 165 nt transcript of the mouse Ul genes
which is also present in non-transgenic littermates. The RZ43 RNA is easily detectable,
and is present at lower levels than the highly abundant U1 RNA. The level of U1AS43
transgene expression in all five founders was analyzed by RNA blotting of
submandibular gland RNA. Very low levels of U1 AS43 expression were detected in
these mice (M. G. F. S., unpublished observations), which perhaps reflects a lower
stability of this RNA, as discussed above.
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Efficiency of ribozymes expressed in snRNAs

A ribonuclease protection assay was used to analyze the level of renin mRNA in
kidneys of transgenic mice (the principal site of renin biosynthesis). Repeated analysis
showed that expression of the UIRZ43 ribozyme in mouse kidney results in a small
reduction in renin gene expression, and that mice transgenic for the antisense gene
U1AS43 had renin mRNA levels within the normal range (M. G. F. S. and J. J. M,
unpublished observations). RNA (northern) blot analysis of kidney RNA from lines
F3754, which expresses the UIRZ43 ribozyme, and F3846, which expresses the
U1AS43 antisense, show moderate levels of renin gene inhibition (figure 6A). The
levels of active renin protein in kidney tissue of transgenic mice were measured, and
the results are shown graphically in figure 6B. There is a significant decrease in the
level of active renin in U1RZ43 transgenic mouse kidneys to approximately 65% of the
levels in non-transgenic mice. However, this decrease is not reproduced in SMG (data
not shown). Mice transgenic for the renin antisense gene U1 AS43 show no significant
differences from non-transgenic controls (figure 6B).

Figure 6. Renin gene inhibition in

A AS NT RZ transgenic mice. A) RNA blot of 30ug of
—_ kidney RNA from male mice from lines

F3846 (UlIAS43) and F3754 (UIRZ43)

i ' hybridized with a renin probe shows some

‘ ‘ . . ' . reduction of renin mRNA levels in transgenic

mice (AS, RZ) compared with non-transgenic

mice. B) tissue renin activity in kidneys of

mice transgenic for UIRZ43 (solid bars)

B 30 shows a significant reduction in active renin
protein (*P<0.01), when compared with
25 either non-transgenic (open bars) or

UIAS43 (hatched bars) mice. Data are
mean+SE. One outlier was excluded from

20 the UIRZ43 kidney renin group, as it was
>2 standard deviations above the mean for
Renin 15 the group.
(ng Angl/hr/mg)
10
5
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Compositional analysis of modified snRNPs

The low efficiency of renin gene inhibition in transgenic mice expressing modified Ul
transcripts prompted us to analyze further the composition of the particles which
contained antisense and ribozyme RNA in vivo. This was done by immunoprecipitation
of all snRNP complexes containing the Sm antigen, using the specific monoclonal
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antibody Y-12. HepG2 cells, stably transfected with either U1AS43 or UIRZ43, were
grown in the presence of **PO, in order to label all newly synthesized RNA molecules.
Cells were then lysed, and the immunoprecipitating material separated by
polyacrylamide gel electrophoresis (figure 7). The specificity of the Y-12 antibody is
shown by the absence of labelled material co-precipitating with an unrelated
monoclonal antibody (Sca-1) raised against a murine haematopoietic cell surface
antigen. From this analysis it is clear that only endogenous Ul snRNA transcripts,
amongst some other snRNAs, are associated into stable particles which contain the Sm
protein. No band is visible at the size expected for the ribozyme- or
antisense-containing Ul RNA, even though the transcripts are easily detectable in these
transfected cells (see figure 4).

Discussion

The aim of this project was to develop a nuclear RNA vector molecule which could
direct antisense and ribozyme transcripts to the cellular target mRNAs with high
efficiency, resulting in maximal levels of gene inhibition in transgenic mice. Such a
system could be adapted to achieve controllable gene modulation in an inducible or
tissue-specific manner. The U1l snRNA was modified to include antisense and ribozyme
sequences targeting the mouse renin gene, and the ribozyme construct was found to
express at high levels in cultured hepatoma cells and transgenic mice. Although the

AN~ IO W © I~
oDD DD O D -]
== N /7 I I
(sp}
O‘N
g|™
a|N
<|®
Z|lN
R
| | | | I
wn 99} (4] < <
N~ @© o) =z Z
o G
é
o

Figure 7. Immunoprecipitation of ribozymes from hepatoma cells. Antibody specific for the Sm antigen
common to many snRNPs was used to immunoprecipitate labelled RNAs from cultured HepRn20 cells
expressing either human Ul alone (lanes 1), UIAS43 (lanes 2) or UIRZ43 (lanes 3). Labelled cellular RNA
is shown for comparison (RNA). Immunoprecipitation was specific for the Sm antigen (Sm), as shown by the
complete absence of labelled material immunoprecipitating with a control monoclonal antibody (C). Several
of the more abundant Sm-containing snRNPs are indicated ( Sm tracks), as are some cellular RNA species
(RNA tracks). Modified Ul RNAs containing antisense or ribozyme sequences are not detectable, and should
appear above the U2 snRNA (which is 187nt) in the region indicated (*).
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modified snRNA appeared to accumulate in the nucleus of hepatoma cells, proper
association with a protein component of snRNPs (i.e. Sm antigen) does not occur. This
fact may account for the moderate levels of gene inhibition achieved by these
constructs, because improper snRNP formation will prevent co-localization of antisense
and target RNAs within the splicing compartment of the nucleus. Thus, we have shown
that molecular engineering of the 5' terminus of the U1 snRNA disrupts the association
with the Sm protein, and probably blocks localization of the transcript to the splicing
apparatus in the nucleus.

We chose to target two ribozyme cleavage sites that are close together in the substrate,
such that one region of complementary sequence would bridge both sites, and allow a
twin ribozyme moiety to cleave the target RNA. Construct pUIRZ43 was designed so
that a long (41nt) region of the renin mRNA would hybridise to the complementary
region of the UIRZ43 molecule (figures 1 and 2). This long duplex should be relatively
stable, even in the denaturing environment of the cell nucleus [32,33]. Cleavage by both
ribozymes at two points in the duplex breaks the regions of contiguous pairing into
short, unstable segments, which will dissociate rapidly. The rapid dissociation of
products from the ribozyme strand is essential for catalytic turnover. Cleavage of renin
mRNA in vitro by RZ43 was observed (figure 3), and the reaction was reasonably rapid,
with most of the full-length substrate converted in two hours, with a small (10-fold)
excess of ribozyme RNA.

Antisense inhibition involves a stoichiometric interaction between the complementary
RNA strands, and so it is necessary to have abundant expression of antisense RNA for
efficient gene inhibition. Even then, the level of inhibition is not likely to reach 100%.
The degree of depletion of the target mRNA required before a phenotypic change
occurs will vary considerably, depending upon the particular system under study.
However, it is known that mRNAs are not free to diffuse through the cell, they can be
tethered to well-ordered and defined trafficking pathways as they travel from the site
of transcription, through the processing machinery to the site of translation [34,35]. It
would appear plausible that the siting of a catalytic molecule, such as a ribozyme, at a
position on this pathway would greatly increase the inhibition needed for a
physiological change to occur. The Ul snRNA molecule seems ideally suited for the
purpose of localizing a ribozyme RNA near the potential substrate. Firstly, it is
abundant, stable and found throughout the nucleus, where it binds to intron/exon splice
sites in the newly transcribed pre-mRNA [36,37]. The Ul genes are highly active in
mammalian cells, producing = 5 x 10° RNA molecules per cell. By replacing only those
Ul sequences which normally base-pair to splice donor sites [31,38] with a ribozyme
domain specific for the mouse Ren-2 mRNA, our aim was to use the functions of the
U1 snRNP to co-localize the ribozyme and the substrate. This would not only greatly
increase the efficiency with which the ribozyme RNA associates with the target, but
also promotes cleavage of the target prior to nuclear export to the cytoplasm, the site
of mRNA translation. However, the comparison of nuclear and cytoplasmic vector
RNAs for ribozymes indicates that although nuclear ribozyme RNAs can be extremely
stable, the cytoplasmic compartment allows much higher levels of gene inhibition [39].
The U1RZ43 gene used here is highly active in stably transfected cells (figure 4A) and
in transgenic mice (figure 5) as detected by northern blotting, although it is less active
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in transient expression assays (figure 4B). Interestingly, more sensitive assays of RNA
expression such as ribonuclease protection and primer extension were consistently
unable to detect this abundant expression of UIRZ43 RNA in transgenic mice (M. G.
F. S., unpublished observations). The reason for this remains unclear, but the high
degree of secondary structure in the UIRZ43 RNA may well interfere with solution
hybridization or enzymatic polymerization steps during these procedures. Nuclear
importation of Ul snRNPs is dependent upon modular signals, including the modified
cap structure at the 5' end of the Ul RNA, and the Sm protein [40]. Although the
ribozyme RNA studied here appears to be located in the nucleus (figure 4), there is no
detectable association with the Sm antigen, in the transfected hepatoma cells at least
(figure 7). For this type of modified snRNA to associate with nascent transcripts as part
of the splicing pathway, different designs must be tried which do not inhibit association
with snRNP protein components, or nuclear transport. Recently, it has been shown that
the insertion of a single ribozyme domain into stem-loop III of U1 allows these RNAs
to be localized to the nucleus of Xenopus oocytes, and also to associate with Sm antigen
[41]. These constructs were shown to be efficient in the cleavage of the target
pre-mRNA after injection into oocytes. Also, the replacement of the Sm-binding site
between stem-loop regions of Ul with a hammerhead ribozyme allowed nuclear
accumulation, and efficient cleavage of the target RNA (fibrillin 1) in cultured cells
[42], thus indicating that association with the Sm antigen may not in fact be desirable.
The importance of directing ribozymes to the same cellular compartment for high
efficacy was clearly demonstrated by Sullenger and Cech [43]. These authors showed
that efficient inactivation of reporter RNA (lacZ) by a retroviral ribozyme was
dependent upon the packaging of both target and catalytic RNA into the same viral
particle. Expression of both RNAs in the same cell (without viral packaging) resulted
in no reduction in reporter gene expression [43].

We have shown that transgenic mice expressing the UIRZ43 ribozyme RNA had a
reduction in the level of renal renin mRNA, and a significant reduction in the level of
kidney active renin protein (figure 6). This reduction is remarkable, as the level of renin
gene expression and renin protein accumulation is very high in renal juxtaglomerular
cells [8]. Reduction in renin protein levels was not observed in another major site of
renin synthesis, the SMG. The reasons for this are unclear at present, but it may be due
to a number of factors, including tissue-specific differences in (i) nuclear processing
pathways, (ii) transcript secondary structure or stability, (iil) Ul snRNA processing and
location, or (iv) compensatory upregulation of renin expression. The levels of gene
inhibition achieved by U1RZ43 are significant, but may be augmented by improving
construct designs, such that proper co-localization with the target mRNA occurs 1n all
cell types and under all conditions [18].

Ribozymes and antisense RNA offer a general approach to defining the function of a
gene by controllable, tissue-specific reduction or ablation of gene function in transgenic
animals. The Ul gene promoter used here is highly active in all mammalian cells [29],
and it will be interesting to see if the same, or higher levels of gene inhibition can be
produced by a tissue-specific promoter. Many promoter elements with restricted spatial
and temporal patterns of expression are not as active as the U1 gene, and so successful
application of ribozymes as general probes of gene function will be dependent upon
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strategies such as the co-localization of the ribozyme with the target mRNA in the
nucleus. The utility of an inducible ribozyme for developmentally-specific effects of
gene inhibition has already been demonstrated in Drosophila [44]. Using the approach
we have described it will soon be possible to achieve gene inhibition to defined levels,
in a controllable way, by employing appropriate transcriptional control elements
[45,46]. The detailed analysis of the threshold effects of gene inhibition at particular
times or in particular tissues will soon be possible in transgenic mice, when the
appropriate control elements are used. A robust system for intracellular navigation of
ribozymes to their target RNAs with precision is desirable, and will be a powerful
addition to the arsenal of weapons deployed against human disease.

Conclusion

In summary, we have attempted to develop efficient co-localization of ribozyme and
substrate mRNA molecules within the target tissues of transgenic animals. The Ul
snRNA is a candidate vector molecule for ribozyme and antisense appilcations, but the
design constraints which permit proper location of modified Ul molecules within the
cell remain to be defined clearly. Other candidate molecules might also be adapted for
trafficking ribozymes to the substrate RNA, such as transfer RNA or ribosomal RNA
species, and these strategies are being persued in other laboratories. What is clear is that
exquisite control over when and where antisense molecules accumulate within a target
cell is probably necessary before this exciting technology comes of age as a research
tool.
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24. RECEPTOR-DEPENDENT CELL SPECIFIC DELIVERY OF
ANTISENSE OLIGONUCLEOTIDES

Erik A.L. Biessen, and Theo J.C.van Berkel

Introduction

Oligodeoxynucleotides (ODNs) have been shown to inhibit gene expression at various
levels both in vitro and in vivo [1-4]. In vivo, the efficacy of ODN-induced regulation
of genes in specific cell types may be suboptimal due to poor accumulation of ODNs
in these cells. In addition, untimely elimination of ODNs via renal clearance,
degradation and scavenger receptor-mediated uptake [6] may further impair their
therapeutic activity. These hurdles can be at least partly overcome by targeted delivery
of the ODNs to the desired site of action. A number of approaches have been suggested
to facilitate the entry of polyanionic ODNs into the aimed target cell [7-12]. Neutral and
cationic liposomes are considered to be attractive ODN carriers since they markedly
enhance cellular uptake under in vitro conditions. Like native ODNs, however,
liposomally formulated ODNSs are mainly captured by cells of the reticulo-endothelial
system in lungs, spleen and liver [13-15], as a result of which the ODN concentration
in the target cell will be suboptimal. After local delivery of ODNs encapsulated in virus
capsid-coated liposomes, Morishita et al. [16] could enhance ODN uptake by vascular
endothelial cells leading to cell-specific antisense effects. Nevertheless, this approach
is not feasible for specific delivery of ODNs to most other cell types like the
parenchymal liver cell (PC).

The PC is the aimed target for antisense mediated down-regulation of the expression
of a number of clinically relevant target genes, including that of the atherogenic
apolipoprotein(a) [17], cholesterol ester transfer protein [18], and viral proteins from
hepatitis B/C virus [19-21]. A promising way to enhance the local bioavailability of
ODNs in this cell type involves conjugation of the ODNs to a ligand for a receptor
uniquely expressed by PCs, such as the asialoglycoprotein receptor [22]. In vitro,
glycotargeted delivery to this receptor has been shown after non-covalent complexation
of the ODNss to a conjugate of poly-L-lysine and asialoorosomucoid [23-26], while a
study of Lu et al. [23] also indicated an altered biodistribution of glycotargeted ODNs
in vivo. In comparison with the rather bulky ODN carriers based on poly-L-
lysine/asialoorosomucoid conjugates, covalent attachment of ODNSs to a low-molecular
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weight ligand for a cell-specific receptor confers the advantage that it is synthetically
more accessible, less laborious and pharmaceutically applicable. Hangeland et al. [27]
have reported enhanced uptake of a 7-mer heptathymidinylate (T,) methylphosphonate
by HepG2 cells after conjugation to a N-acetyl galactosamine-terminated glycopeptide.
In vivo studies of Hangeland et al. [28] of this glycoconjugate in mice also showed an
increased hepatic uptake of this conjugate. As short oligothymidinylates (and in
particular if they are uncharged) are poor substrates for the liver scavenger receptors,
which appear to be responsible for the rapid elimination of ODNs by cells of the
reticulo-endothelial system, these results leave unanswered whether longer, charged and
miscellaneous ODN sequences can also be redirected to the aimed target cell in vivo
[29,6]. This emphasizes that it is crucial to analyse the tissue distribution and to identify
the cellular uptake sites within the liver using full length antisense sequences. In this
study in vivo evidence is provided that untimely elimination of a miscellaneous 20-mer
ODN by the above scavenger pathways can be circumvented and, concomittantly,
accumulation by parenchymal liver cells can be enhanced after derivatisation with a
small-sized synthetic galactoside with high affinity for the asialoglycoprotein receptor.

Methods and Results

Concept for improved delivery of antisense

To improve the cellular uptake of antisense ODNs and to avoid untimely degradation
we have conjugated the antisense directly to the homing device (see figure 1). The
perspectives of glycotargeting for improving the local bioavailability of the antisense
drug were illustrated for the asialoglycoprotein receptor on parenchymal liver cells.

Figure 1. Concept of glycotargeting of antisense ODNs to the asialoglycoprotein receptor on parenchymal
liver cells.
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Synthesis of L;G,-ODN

The tetra-antennary cluster galactoside LiG, (for a structure see scheme 1) was
synthesized from trilysine and p-(e-D-galactopyranosyloxy)phenyl isothiocyanate in
67% yield. The structural identity of the product was established by NMR and mass
spectrometry. The high affinity of L,G, (see below) allows further application as
targeting device to achieve specific delivery of antisense ODN to hepatocytes.
Conjugation of L;G, to the antisense ODN was accomplished via a two-step procedure.
In the first step, LG, was linked to the 5'-end part of the antisense ODN for
apolipoprotein(a) (nt 83-92; ODN-ASS").

GalxHN L3G 4
Scheme 1. Chemical structures of L;G, and
L;G[*’P]-ODN.
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In the second step, this ODN was ligated to the phosphorylated and 3'-capped ODN-
AS3' (nt 93-102 of the apo(a) gene). Coupling of L,G, to the amino group of the
terminal 5'-amino thymidinyl from ODN-ASS' was carried out in DMF/H,O (1:1, v/v)
using HBTU and HOBT as cross-linking reagents and DiPEA as catalyzing base. L,G,-
conjugated ODN-ASS' was produced in 31% yield, and could be easily purified from
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the non-conjugated ODN-ASS' and free L,G, by gel electrophoresis on denaturing 19%
polyacrylamide. It displayed an electrophoretic mobility comparable to that of a 20-mer
ODN. The product was excised, eluted from the gel, and desalted over Sephadex G25.
Mass spectrometry was in agreement with the presumed chemical structure. The
coupling efficiency was moderate, despite the 100 molar-fold excess of L,G,, the
coupling reagent and the catalyzing base. Attempts to increase the coupling yield by
changes in solvent composition or coupling reagents were not successful. The pursued
procedure led to markedly higher yields than DCC, DCC/HOBT, EDC, or EEDQ
catalyzed reactions. Furthermore, DMF/H,0 appeared to be superior to DMA/H,0,
acetonitril/H,O mixtures or pure H,O. Efforts to couple L;G, to the 5'-amino derivatized
ODN using a Heinzer base according to the procedure of Oberhauser and Wagner [36]
failed for phosphodiester ODNs longer than 10 bases, and gave only low yields for
smaller ODN sequences. The phosphorylated ODN-AS3' was enzymatically ligated to
the ligand-conjugated ODN-ASS' without prior purification. After incubation for 18h
at 8°C in the presence of the complementary sense strand (ODN-SE), T4-DNA ligase
and ATP, the ligation product could be isolated by gel electrophoresis. The ligation
product (L;G,-[*?P]-ODN) ran at an electrophoretic mobility comparable to that of a 24-
mer ODN, and considerably slower than [*?P]-ODN-AS3', L,G,~-ODN-ASS5' or non-
conjugated [*>P]-ODN. An extended cooling protocol for annealing L;G,~-ODN-AS5'
and [**P]-ODN-AS3' to the complementary ODN-SE strand appeared to be critical to
obtain good ligation yields. The presence of the bulky LG, moiety did not significantly
affect ligation yields.

In vitro binding and uptake studies

We further investigated whether the glycoconjugated ODN is also efficiently and
specifically taken up by parenchymal liver cells in vitro. In vitro competition studies of
1. ASOR binding to isolated rat hepatocytes showed that free L,G, is able to inhibit
IZI-.ASOR binding to the asialoglycoprotein receptor in a competitive fashion. The
affinity was 6.5 nM (pK=8.19+0.01) (data not shown). Subsequently, we tested
whether LG, was also recognized by the asialoglycoprotein receptor upon conjugation
to the decanucleotide ODN-ASS'. L,G,-ODN-AS5' inhibited '*I-ASOR binding at an
inhibition constant of 23 nM (pK;= 7.63£0.11). Apparently, derivatisation of L;G, with
ODN-ASS5' only slightly reduced its affinity for the asialoglycoprotein receptor. In
contrast, underivatized ODN-AS5' was not able to displace '*I-ASOR binding at
concentrations of up to 200 nM.

To assess the relative contribution of the asialoglycoprotein receptor in the association
of L;G,-[**P]-ODN to hepatocytes, we studied the interaction of internally labelled
L,G,-[**P]-ODN with isolated hepatocytes. First, equilibrium conditions for L,G,-[**P]-
ODN binding at 4°C were assessed by analyzing the kinetics of its association to
hepatocytes. Equilibrium binding at 1 nM of L,G,-[*?P]-ODN was achieved within 2h
of incubation (data not shown). Saturation binding studies of L;G,-[**P]-ODN indicated
that binding was monophasic, saturable (B,,= 11£1 ng/mg) and of high affinity
(Kd=68 + 13 nM) (figure 2). Subsequently, we investigated the effect of various
inhibitors of the asialoglycoprotein receptor on L,G,-[*?P]-ODN binding to hepatocytes
(figure 3). ASOR, N-acetyl galactosamine or unlabelled L,G,-ODN were all able to
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inhibit L,G,-[**P]-ODN binding by 80-90%, whereas N-acetyl glucosamine was
uneffective. From the competition curves, the inhibition constants (pK;) could be
calculated, amounting  6.59+0.20  (unlabelled L,G,-ODN),  7.94+0.10
(asialoorosomucoid), and 4.88+0.06 (GalNAc).

10 L4

L,G,-[*2P]-ODN binding (ng/mg)

0 1 | 1 | 1 1
0 100 200 300

[L,G,-[*2P]-ODN] (nM)

Figure 2. Saturation binding of L;G -["P]-ODN to isolated rat parenchymal liver cells. PCs (1.10° cells/500
ul) were incubated for 2h at 37° C in DMEM+ 2% (w/v) BSA with 0-300 nM L;G -[°P]-ODN in the absence
or presence of 100 mM of GalNAc. Following incubation, cells were put on ice, washed thoroughly and
membrane-bound radioactivity was determined and corrected for protein content. Specific binding, defined
as the differential binding in the presence and absence of GalNAc (mean of a duplicate experiment), is
plotted against the ligand concentration.

L, G,-[2P]-ODN Binding

% 8 -6 -4 -2 0

Log ([Inhibitor] M)

Figure 3. In vitro competition of L3G4-[**P]-ODN binding to rat PCs by various inhibitors. Rat PCs (1.10°
cells/500 ul) were incubated for 2h at 4°C in DMEM+2% (w/v) BSA with 'I-ASOR (10 nM) in the presence
of asialoorosomucoid (?), GalNAc (?), unlabeled L;G,~ODN (?) or ODN (o). Following incubation, cells
were washed thoroughly and cell-bound radioactivity was determined and corrected for protein content.
Specific binding is expressed as percentage of control binding in the absence of inhibitor and is plotted
against the log of the inhibitor concentration (in M).
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Subsequently, we have investigated whether these glycoconjugated ODNs are also
efficiently and specifically taken up by parenchymal liver cells in vitro. Uptake of L,G,-
[**P]-ODN by PCs, i.e., total cell-associated radioactivity after removal of membrane-
bound ligand by treatment with 5 mM EGTA, proceeded linearly in time for 10-15 min
and tended to level off after 25 min of incubation (figure 4). Within the first 20 min,
L,G,-[*?P]-ODN uptake was 35-fold more rapid than non-specific uptake in the
presence of 100 mM GalNAc. To investigate whether L;G,-[*?P]-ODN uptake involves
the classical pathway, we have measured the effect of various uptake inhibitors on the
internalisation of L;G,-[**P]-ODN by PCs in comparison with that of '*’I-ASOR (figure
5). Clearly, all of the tested agents reduced L;G,-[*>P]-ODN uptake. Sodium azide (10
mM), monensin (0.025 mM) and colchicine (0.1 mM) inhibited uptake by
approximately 70%, while sucrose (200 mM) almost completely prevented uptake
(circa 96% inhibition). In agreement, '*I-ASOR uptake was similarly reduced after
incubation with sodium azide, monensin, colchicine, and sucrose.

161 /
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Figure 4. Kinetics of uptake of L;G-[*>P]-ODN by isolated rat parenchymal liver cells. PCs (1.10° cells/500
ul) were incubated for 0-2h at 37° C in DMEM+ 2% (w/v) BSA with 10 nM L;G [*>P]-ODN in the absence
() or presence of 100 mM of GalNAc (°). Following incubation, cells were put on ice, washed thoroughly

and membrane-associated radioactivity was removed by a EGTA incubation step. After a subsequent cell
wash, the cell-associated binding (uptake) were determined and corrected for protein content.

0.4

Uptake of L,G,-[*P]-ODN (ng/mg)

Confocal laser scanning fluorescence of L;G,-ODN-Rho and ODN-Rho

From the above in vitro studies it is evident that PC uptake is greatly facilitated by
derivatization of ODN with L,G,. To visualize the stimulatory effect of
glycoconjugation on cell binding and uptake, we have analyzed the interaction of the
rhodamine-labeled antisense ODNs (ODN-Rho and L,G,~-ODN-Rho) with rat PCs in
real time by confocal laser scan microscopy. L,;G,~-ODN-Rho or ODN-Rho were
prepared as described above, in good yield, starting from 3'-rhodamine-modified ODN-
AS3' (figure 1, lane F). Competition studies showed that the affinity of the rhodamine
labeled glycoconjugates for the asialoglycoprotein receptor was very comparable to that
of the underivatized compounds (K= 6.71+0.07 vs. 6.59+0.2 for underivatized L,G,-
ODN, respectively (data not shown). Confocal laser scanning fluorescence analysis of
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rat PCs was performed after 3 and 15 min of incubation at 37°C with ODN-Rho (100
nM) or L;G,~ODN-Rho (100 nM). No significant fluorescent staining was observed
after incubation with ODN-Rho at both time-points. By contrast, PCs incubated with
L;G,-ODN-Rho showed bright staining both at 3 min and at 15 min of incubation
(figure 6). At 3 min, fluorescence was localized mainly in a bright cellular lining,
indicative of membrane binding of the fluorescent label. After 15 min of incubation, the
bulk of the fluorescence was observed intracellularly, both in punctate spots (indicative
of the lyso- and endosomal compartment) and, in more diffuse form, in the cytosol. To
establish that uptake of the fluorescently labeled ODNs was mediated by the
asialoglycoprotein receptor, we have also analyzed cellular fluorescence after
incubation of PCs with L,G,-ODN-Rho in the presence of the inhibitor B-D-lactose
(100 mM). Evidently, fluorescent staining of the cells is fully prevented by excess
lactose.

125]-ASOR uptake (ng/mg)

L,G,-[PIODN uptake (ng/mg)

Control
NaN,
Mon
Suc
Col

Figure 5. Effect of various uptake inhibitors on L,G ~[*P]-ODN (open bars) and '**I-ASOR uptake (hatched
bars) by rat PCs. Rat PCs (1.10° cells/500 ul) were incubated for 30 min at 37°C with DMEM/2% BSA
(control) or DMEM/2% BSA supplemented with sodium azide (NaN;, 10 mM), sucrose (suc, 250 mM),
monensin (mon, 10 uM), or colchicine (col, 100 uM). Subsequently, L;G -[**P]-ODN or '**I-ASOR was added
to final concentrations of 100 and 10 nM, resp.. Afier incubation for 15 min at 37°C, the cells were put on
ice, washed once with DMEM/2%; (w/v) BSA and incubated for 10 min at 4°C with EGTA (5 mM in DMEM
+ 2% (w/v) BSA) to remove EGTA-releasable membrane-associated radioactivity. Finally, the cells were
washed thoroughly, cell-associated radioactivity was determined, and corrected for protein content.

In vivo studies

From the above in vitro studies it is clear that PC uptake is greatly facilitated by
derivatization of ODN with L;G,. To validate that this glycoconjugation also improves
specific accumulation of ODN into PCs in vivo, we monitored liver uptake and serum
decay of intravenously injected L;G,-[**P]-ODN and [*’P]-ODN in the rat. L,G,-
conjugated and non-conjugated ODNs were equally rapidly cleared from the
bloodstream (figure 7): within 2 min after injection only 11.5+1.5% and 14.3+1.7% of
the injected dose, respectively, resided in the serum. Liver uptake of [**P]-ODN
amounted to 19.1+0.6%, whereas L,G,-[**P]-ODN was almost quantitatively taken up
by the liver (77£6% of the injected dose). Crucial for interpreting the above
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pharmacokinetic data of L,;G,-[**P]-ODN is the stability of L,G,-[*?P]-ODN under in
vivo conditions. Analysis of the stability of L,G,-[**P]-ODN at 37°C in the presence
of serum showed that the glycoconjugate is rather stable (figure 8). Only 40% of the
ODN derivative is degraded within 3h of incubation. The half-life of the glycoconjugate
in serum was calculated to be 200+20 min, which is about 10-fold higher than that of
underivatized [**P]-ODN (19+6 min).

A B

Figure 6. Confocal laser scan microscopy study of L;G ,-ODN-Rho and ODN-Rho uptake by rat PCs. Rat
PCs (3.10° cells) were adhered to a glass layer matrix by a 15 min incubation at 37°C. Subsequently, the
glass matrices were washed gently, ODN-Rho (A) or L;G,-ODN-Rho (B-D) was added to a final
concentration of 100 nM (DMEM/2% BSA), and the cells were incubated for 0-15 min at 37° C in the absence
(4-C) or presence of 100 mM 3-D-lactose (D). At 3 (B) and 15 min (4,C,D), cells were confocally analyzed
Jor fluorescence. Image analysis was performed using a Kalman filter (10 scans).

The induced liver uptake could be almost completely prevented by preinjection of 400
mg/kg of N-acetyl galactosamine, which blocks galactose-receptor mediated uptake
(figure 9). Preinjection of N-acetyl glucosamine, which does not interfere with
galactose receptor-mediated substrate recognition, had no effect on liver uptake of
L;G4-[**P]-ODN. The underivatized ODN was primarily internalized by endothelial
cells (54%) and Kupffer cells (41%), and not by PCs (5%). By contrast, liver uptake of
L,G,-[**P]-ODN could be mainly attributed to PCs (75+4% of the total liver uptake),
whereas endothelial and Kupffer cells contributed only 16+7% and 13+3% to liver
uptake, resp. (figure 10). Preinjection of N-acetyl galactosamine reduced PC uptake by
70% to 23+7%, but increased Kupffer and endothelial cell uptake, suggesting that only
PC uptake is mediated by galactose-recognizing receptors. In order to verify the nature
of the liver-associated ODN, we have investigated whether the liver-associated ODN
could be released from the liver by displacing the extracellularly bound ODN through
injection of 400 mg/kg of N-acetyl galactosamine at 5 and 10 min after administration
of L;G,-[P]-ODN. It can be concluded from figure 9 that liver-associated radioactivity
was not significantly affected fter N-acetyl galactosamine injection, suggesting that the
liver-associated radioactivity reflects internalized, non-releasable rather than
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extracellularly bound L,G,-[**P]-ODN.
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Figure 7. Serum decay and liver uptake of L;G -[*P]-ODN in the rat. L,G-[“P]-ODN (»,%), or underivatized
[*P]-ODN (o,5) (4 ug in 500 ul PBS) was injected intravenously into rats. At the indicated times,
radioactivities in serum (w,9) and the liver-associated radioactivities (+,°) were determined. Values are means
+ S.E.M. of 3 experiments.
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Figure 8. Effect of preinjection of N-acetyl glycosamines on liver uptake of LG [**P]-ODN. N-acetyl
galactosamine (°) or N-acetyl glucosamine (both 400 mg/kg in 250 ul PBS; +) were injected intravenously
in rats. At | min after injection, L;G ~[**P]-ODN (4 ug in 500 ul PBS) was administered by i.v. injection into
the vena cava. At the indicated times, the liver-associated radioactivities were determined. Values are means
of 2 experiments.
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Relative contribution to liver
uptake (in %)

Figure 9. Relative contribution of various cell types to the liver uptake of L;G ~[*>P]-ODN (open bar), L,G,-
[’P]-ODN after preinjection of GaINAC (hatched bars), or [?P]-ODN (crossed bars). [°P]-ODN (I ug in
500 ul PBS) or L;G[“P]-ODN (I ug in 500 ul PBS) was injected into rats at I min after preinjection of
PBS (250 ul) or GalNAc (150 mg in 250 ul PBS). Parenchymal, endothelial and Kupffer cells were isolated
from the liver at 10 min after injection of the radiolabel and the cellular radioactivity was counted. Values
(except that of GalNAc treated rats) are means of 3 experiments (£ S.D.) and are expressed as percentage
of the total liver uptake.

Discussion

In vivo application of antisense ODNs for the modulation of the expression of target
genes in the PC is seriously hampered because it does not markedly accumulate in this
cell type. We show in the current study that this drawback can be overcome by
glycoconjugating ODNSs to a synthetic ligand for the asialoglycoprotein receptor.
Previous studies already illustrated that the bioavailability of drugs and genes at the
aimed site can be considerably improved through targeting [23-25,28,37-42]. Requisite
for successful glycotargeting to the PC is the availibility of a high affinity ligand for a
PC-specific receptor such as the asialoglycoprotein receptor [22]. Various research
groups have recently designed glycopeptide mimics of multivalent N-linked
oligosaccharides that display nanomolar affinities for the asialoglycoprotein receptor
[40-43]. These ligands generally contain glycoside units that are attached to a small
peptide scaffold. We have synthesized a tetra-antennary lysine based galactoside (L,G,)
with an equally high affinity as the aforementioned glycopeptides (K;=6.5 nM) using
an accessible 2-step synthetic protocol. Although coupling yields may seem moderate,
solution-phase acylation reactions between negatively charged ODNs and carboxylic
groups are considered notoriously difficult [27]. Similar yields are reported for solution-
phase coupling by Wagner and co-workers [36], while the two-step procedure used by
Hangeland et al. [27] to conjugate a heptathymidine to a tri-antennary glycopeptide in
solution using cystamine and a thiol/amine cross-linker only resulted in 14% overall
yield.

Comopetition studies of '**I-ASOR binding to hepatocytes established that the affinity
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of L;G, for the asialoglycoprotein receptor (ASGPr) was only slightly reduced after
conjugation to ODN-ASS', suggesting that L,G, may be an appropriate homing device
for targeting of ODNs to the ASGPr. Hereto, the glycoconjugated ODN-AS5' was
ligated to the *’P-labelled 3'end f the antisense ODN (ODN-AS3'), to yield a
glycosylated internaly labelled 20-mer. Ligation yields were comparable to that of
underivatized ODN fragments. This indicates that the presence of the bulky L,G,
moiety did not interfere with hybridization to the complementary sense strand, which
1s a crucial criterium for antisense activity of ODNs. Next, it was evaluated whether
recognition, internalization and processing of ODNs by hepatocytes was affected by its
conjugation to L;G,. L;G,-[*’P]-ODN appeared to bind to hepatocytes in a saturable
fashion. L;G,-[**P]-ODN binding could be almost completely (>95%) displaced by
unlabelled L;G,~-ODN and by conventional ligands for the ASGPr (viz. N-acetyl
galactosamine, ASOR), but not by N-acetyl glucosamine. The inhibition constants of
N-acetyl galactosamine and ASOR for displacing L,G,-[**P]-ODN were essentially
similar to those reported in literature, suggesting that L,G,-[*?P]-ODN binding was
almost fully mediated by the ASGPr. Moreover, after 2 h of incubation the specific
L;G,-[*’P]-ODN uptake amounted 1.6 ng L,G,-[**P]-ODN per mg cell protein,
corresponding with an intracellular concentration of 40 nM. This is 4-fold higher than
the L;G,-[*?P]-ODN concentration in the medium, confirming that L,G,-[**P]-ODN
uptake proceeds through an active transport- rather than a diffusion-mediated process.
In vitro studies at 37EC demonstrated that the ASGPr not only binds glycoconjugated
ODN but also mediates its uptake and processing. L,G4-[**P]-ODN uptake was similarly
reduced by established inhibitors of lysosomal uptake than that of '*I-ASOR.
Confocal laser scan microscopy data were in close agreement with the in vitro binding
experiments in that ODN uptake by PCs was also strongly stimulated after
glycoconjugation. The kinetics of endocytosis of the glycoconjugate could be chased
in real time, showing that, after binding, intracellular ODN is succesively concentrated
in the endosomal compartiment (just below the membrane surface), in lysosomes
(smaller and deeper in the cytosol) and, to a lesser extent diffusely in the cytosol.

In concert with the above in vitro data, in vivo liver uptake of ODNs appeared to be
considerably enhanced to almost 80% of the injected dose by coupling to L,G,. Liver
uptake is close to values reported for a bi-antennary cluster glycoside with high affinity
for the asialoglycoprotein receptor [39] and to that of ASOR itself. As the serum
degradation of the glycoconjugate proceeds at a much slower rate than hepatic uptake,
as liver uptake can be inhibited by inhibitors of the asialoglycoprotein receptor, and as
liver uptake of capped phosphodiester ODNs (or ODN degradation products) has been
shown to be marginal [6], we can safely assume that liver association of the
glycoconjugate reflects uptake of the intact glycoconjugate. Analysis of the liver cell
types revealed that the PC was responsible for the induced liver uptake. Accumulation
of L;G,-derivatized ODNss in this cell type was 60-fold higher upon derivatization with
L,G, as compared to underivatized ODNs. This implies that even at doses as low as 40
pg glycoconjugated ODN/kg body weight, intracellular ODN concentrations in the PC
may be realized in the order of 100 nM, which is in the concentration range required for
therapeutic antisense activity. Hangeland et al. [28] has recently reported enhanced
hepatic uptake of a heptathymidinylate (methylphosphonate) conjugated to a tris-
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galactosylated glycopeptide in the mouse. In agreement, we report in this study that
elimination of a miscellaneous, charged and full length ODN sequences by a scavenger
receptor mediated pathway can be prevented and liver uptake of the ODN be realized
after derivatization of the ODN to a synthetic glycopeptide tag. Moreover, we
demonstrate that uptake is mediated by the aimed target receptor, the asialoglycoprotein
receptor, and that it reflects internalized ODN.

Conclusions

Glycotargeting of ODN sequences using homing devices is a very effective way to
enhance the local concentration of ODN in the PC under in vivo conditions. Apparently,
the natural tendency to be eliminated by the reticulo-endothelial system (i.e.
macrophages, Kupffer and liver endothelial cells) and by cells that express scavenger
receptor-type proteins [6,44,45] can be overcome through conjugation to a synthetic
low-molecular weight ligand for the asialoglycoprotein receptor. Interestingly, the
presence of the bulky LG, group did not markedly interfere with hybridization of the
antisense sequence to the complementary target sequence, indicating that another
crucial criterium for antisense activity in vivo is met.

Full names of compounds

HBTU -  2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophos-
phate

HOBT - N-hydroxybenzotriazole

DiPEA -  N,N-diisopropylethylamine

DCC - N,N-dicyclohexylcarbodiimide

EDC -  1-(3-dimethylaminopropyl)-3-ethylcarbodiimide

EEDQ -  2-ethoxy-1-ethoxycarbonyl-1,2-dihydroquinoline

DMF - N,N-dimethylformamide

DMA - N,N-dimethylacetamide

ASOR -  aialoorosomucoid
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25. TISSUE-SPECIFIC GENE DELIVERY BY RECOMBINANT
ADENOVIRUSES CONTAINING CARDIAC-SPECIFIC
PROMOTERS

Wolfgang-Michael Franz, Thomas Rothmann, Matthias Miiller,
Norbert Frey, and Hugo Albert Katus

Introduction

Somatic gene therapy represents a promising approach for the treatment of inherited
and acquired heart diseases including X-linked cardiomyopathies [1-3]. The risk-to-
benefit ratio of gene therapy for patients with cardiomyopathy is higher than for patients
suffering from cancer or AIDS in which treatment options are more limited. The safety
of the vector system is therefore a major aspect of consideration for gene therapy of
heart muscle diseases. An ideal vector system should be immunologically tolerated,
gene delivery should be efficient and gene expression should be restricted to heart
muscle cells only.

Recombinant adenoviruses have been shown to be the most efficient vector system to
express recombinant genes in the myocardium of experimental animal model systems
[4-6]. Adenoviruses, unlike retroviruses, can infect non dividing cardiomyocytes very
efficiently and show 50-100 fold higher gene expression in rat myocardium after direct
injection of viral particles compared with injection of plasmid DNA alone [4,7]. In
addition, adenoviral vectors can accommodate large cDNA inserts, they are easy to
produce and can be prepared in high titers (10'°- 10'? plaque forming units (pfu) / ml).
They have been used safely for human vaccination and do not integrate into the genome
[8]. In most models, however, gene expression is transient after adenoviral infection and
inflammation is observed in tissues expressing the transgene [9]. Several groups have
recently developed so called second and third generation adenoviral vectors to prolong
gene expression and reduce the immune response, but their persistence in the heart has
not yet been tested [10-17]. So far, only first generation adenoviral vectors have been
tested by different routes of administration for the efficiency to transduce heart muscle
cells in vivo. Infusion of adenoviruses into the tail vein of mice led to a poor
transduction of the heart (approx. 0.2 % of cardiomyocytes transduced) with a
distribution of the virus throughout the body [18]. More efficient ways to deliver genes
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to the heart in vivo include direct injection of viral particles into heart muscle or the
cardiac cavity as well as percutaneous transluminal gene transfer (PTGT) [4-6,19,20].
In all methods examined, non-cardiomyocytes are also transduced. After direct injection
into the heart many other tissues including thymus, lung and liver showed transgene
expression [4,5,19,20]. Administration of adenovirus by PTGT is followed by
transduction of the coronary vasculature and non-myocyte connective tissue cells
throughout the region of the myocardium supplied by the injected coronary artery [6].
Of note, no inflammatory response was observed after PTGT administration of the
virus. The important question of how to limit gene expression to heart muscle cells
using adenoviral vectors has not yet been addressed.

The best characterized promoters for a tissue-specific expression in embryonic and
adult ventricular myocardium derive from the myosin light chain-2 (MLC-2v) and the
alpha-myosin heavy chain («-MHC) genes [21]. In a transgenic animal model, we
previously demonstrated the ventricular specific gene expression under the control of
the 2.1 kb MLC-2v promoter [22,23]. In another transgenic animal model the «-MHC
promoter was shown to be active in ventricular and atrial tissues [24,25]. In order to
target genes and the corresponding proteins to defined regions within the heart such as
atrium and/or ventricle, we compared the rat cardiac a-MHC promoter with the MLC-
2v promoter with regard to their cardiac selectivity and their differences in atrial and
ventricular gene expression [26,27].

Methods

Construction of recombinant plasmids

Plasmids pAd-Luc, pAd-RSVLuc, pAd-MHCLuc and pAd-MLCLuc are derivates of
the plasmid pAd. RSV-Bgal, in which the BamHI/Kpnl RSV-Bgal cassette is exchanged
for luciferase cDNA containing the endogenous polyadenylation signal [18]. This was
achieved by subcloning the HindIII/Kpnl fragment of plasmid pSVOALAS', containing
the luciferase gene, into HindIII/Kpnl site of pBluescriptSK (Stratagene), thus
generating the subclone pBluescript-Luc [27]. pBluescript-RSVLuc was engineered by
subcloning the BamHI/HindIII 587 bp RSV-fragment of plasmid pAd.RSV-pgal into
the BamHI/HindIII sites of subclone pBluescript-Luc. For the construction of plasmid
pBluescript-MHCLuc the EcoRI/HindIII fragment of the «-MHC promoter (-612 bp to
+420 bp) plus 32 bp of the 5' multiple cloning side of plasmid pGCATCalphaMHC
were excised by BamHI and HindIII and subcloned into the BamHI/HindIlI sites of
pBluescript-Luc [28]. The BamHI/Kpnl fragments of subclone pBluescript-Luc,
pBluescript-RSVLuc and pBluescript-MHCLuc, were then cloned into the BamHI/Kpnl
sites of plasmid pAd.RSV-Bgal to give rise to plasmid pAd-Luc, pAd-RSVLuc and
pAd-MHCLuc. To generate plasmid pAd-MLCLuc, the BamHI/KpnI MLC-Luciferase
fragment of plasmid pMLCLAS', containing approximately 800 bp of the MLC-2v
promoter in front of the luciferase gene, was directly cloned into the BamHI/Kpnl sites
of plasmid pAd.RSV-Bgal [30].
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Construction of recombinant adenoviruses

Recombinant viruses were constructed by homologous recombination between plasmids
pAd-Luc, pAd-RSVLuc and pAd-MLCLuc with adenovirus Ad del324 genomic DNA
in HEK-293 cells [18,31]. Briefly, 2 x 10° HEK-293 cells were cotransfected with 5 ug
AatlI linearized plasmids and 5 ug of the large Clal fragment of Ad del324 genomic
DNA. Virus Ad-MHCLuc was generated after homologous recombination between
plasmid pAd-MHCLuc and plasmid pBHG10 transfecting 1 x 10° 911 cells [32,33].
After overlaying with agar and 8-10 days incubation at 37°C, plaques containing
recombinant viruses were picked and screened for the correct integration of the
transgene by restriction enzyme analysis (figure 1).

0 1
. X 5 ug plasmid
‘ 5 ug viral vector

isolation of viral plaques
20 - 40 viral plaques

50 -75 % of viral clones

amplification of viral clones can be amplified

in 293 cells

isolation of viral DNA 5 - 20 % positive clones

123456789

restriction enzyme analysis

Figure 1. Generation and characterization of recombinant adenoviruses. After cotransfection with 5 ug of
Clal digested Ad del324 and 5 ug of plasmids pAd-Luc, pAd-RSVLuc, pAd-MLCLuc, and pAdMHCLuc, into
293 cells up to 40 viral plaques were isolated and amplified. Restriction enzyme analysis of adenoviral DNA
by Clal (lanes 2 - 5) and HindllI (lanes 6-9) revealed up to 20% positive clones. A-marker cut with HindlII]
(lane 1), Ad del324 (lanes 2 and 6), Ad-Luc (lanes 3 and 7), Ad-RSVLuc (lanes 4 and 8), Ad-MLC-Luc (lanes
5and9).
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Recombinant adenoviruses were again plaque purified before being propagated in HEK-
293 cells and further purified by two rounds of cesium chloride density centrifugation
[18]. Finally, the viruses were dialyzed against TD-buffer (137 mM NaCl, 5 mM KCl,
0.7 mM Na,HPO,, 0.5 mM CaCl,, | mM MgCl,, 10 % (v/v) glycerol, 25 mM Tris-HCl
(pH 7.4) and stored at -70°C. The titer of the frozen viral stocks was determined by
plaque assay using HEK-293 or 911 cells respectively [18]. All recombinant
adenoviruses had a titer of approximately 10" pfu per ml. DNA of the viral stocks was
isolated and analyzed by restriction enzyme analysis (figure 1) and PCR for the correct
integration of the insert. In addition, viral stocks were tested by PCR for wild type Ad-
5, showing no contamination in 50 ng of recombinant viral DNA [34].

In vivo injections into the cardiac cavity and thigh muscle

For the injection experiments, two days old Sprague-Dawley rats were used. The
investigation conforms with the Guide for the Care and Use of Laboratory Animals
published by the US National Institute of Health (NIH Publication No. 8523, revised
1985). Prior to injections, rats were anaesthetized by a 3 - 5 minutes inhalation of
methoxyfluran (Metofane, Janssen GmbH). 2 x 10° pfu of the recombinant adenoviruses
Ad.RSV-Bgal, Ad-Luc, Ad-RSVLuc, Ad-MHCLuc or Ad-MLCLuc were injected in
a 20 pul volume using a 27%: gauge tuberculin syringe. Injections were carried out by
transthoracal puncture of the cardiac cavity. The flashback of the pulsatile blood stream
into the syringe indicated the intracavitary position of the needle tip. A slow rate of
injection (20 ul/min.) was achieved using a self-constructed device. Injection into the
quadriceps femoris was performed accordingly.

Reporter gene assays

For in vivo studies, animals were sacrificed five days post injection by decapitation. In
a first set of experiments (data represented in figure 3, 4) several tissues were dissected
(total heart, intercostal muscle, thymus, lung, diaphragm, abdominal wall muscle, liver,
stomach, spleen, quadriceps femoris) and in a second set of experiments (data
represented in figure 7) only ventricular and atrial tissues were excised using a stereo
microscope. After dissection, tissues were immediately frozen in liquid nitrogen.
Samples were weighed, homogenized in lysis buffer (1% (v/v) Triton X-100, 1 mM
DTT, 100 mM potassium phosphate pH 7.8), centrifuged and the supernatant was used
to perform luciferase assays as described [35]. Luciferase activity measured by a
transilluminometer (Lumat LB 9501, Berthold) was given in relative light units (RLU)
per mg wet tissue after correction for background luciferase activity measured in tissues
of uninfected control animals.

Hearts of sacrificed animals were flash frozen in isopentane precooled in liquid nitrogen
and embedded in OTC compound (Tissue Tek, Miles). 10 um cryosections were taken,
analyzed for B-galactosidase expression and counterstained with hematoxylin and eosin
as described [36].

PCR analysis of adenoviral DNA
Simultaneously to luciferase assay measurements, genomic DNA was extracted from
the same tissues using the QIAamp tissue kit (QIAGEN, Germany). Eight
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representative animals, two for each of the four different adenoviruses, were analyzed
for tissue distribution of the viruses using PCR as previously described, with minor
modifications [34]. One hundred ng of genomic DNA was used as a template together
with 40 ng of oligonucleotide primers E2B-1 and E2B-2 in a 25 ul reaction volume. Gel
electrophoresis of the PCR product revealed a specific 860 bp band.

The sensitivity of the PCR reaction was determined by using 100 ng genomic DNA
from uninfected rats, mixed with decreasing amounts of Ad del324 DNA, as a template.
To increase sensitivity of detection the PCR products of the tested genomic DNAs were
transferred to GeneScreenPlus membranes (NEN, Massachusetts) and analyzed by
Southern blot hybridization [35]. Gel purified DNA, generated by positive control PCR,
was labeled by random hexanucleotide primers and used as a hybridization probe [35].
Thus, sensitivity of detection was increased 10-100 fold.

Results

Construction of recombinant adenoviruses
To assess the specificity of gene expression driven by the «a-MHC and MLC-2v
promoter in the adenoviral vector system, four types of recombinant adenoviruses were
constructed as shown in figure 2. Each of the replication defective adenoviruses (figure
2 A - D) contains the luciferase reporter gene under the control of a different upstream
regulatory region, such as the 1.0 kb a-MHC, 0.8 kb MLC-2v and the 0.6 kb RSV
promoter, substituting the E1 region 3’ of the encapsidation signal ¥ [28-30,36,37]. The
resulting recombinant adenoviruses Ad-MHCLuc, Ad-MLCLuc and Ad-RSVLuc were
named according to their respective promoter. The adenoviral construct Ad-Luc (figure
2 D) containing only the luciferase reporter gene served as a negative control virus.
ITR ¥

ITR
(A) Ad-mhcLuc 1 mhe | Luc _//-] 34.1 kb

R

ITR ¥ IT

(B)Ad-micLuc [ [ | mic-2 | Luc —// Sl | 337k
ITR ¥ ITR

(C) Ad-rsvLuc [T rsv // # | 335kb

(D) Ad-Luc CIEs tue ] // | 29k

ITR ¥ ITR
(E)Ad.RSV-Bgal [ | [rsv] pB-gal S / / 0 sk

Figure 2. Schematic drawing of the replication defective adenoviruses Ad-MHCLuc, Ad-MLCLuc, Ad-
RSVLuc, Ad-Luc, and Ad.RSV-Bgal. Viruses (4) - (D) were harboring the luciferase reporter gene (replacing
the El-region) driven by (A) the a-MHC promoter (B) the MLC-2v promoter, (C) the RSV promoter and (D)
no promoter. (ITR = Inverted Terminal Repeat, ¥ = adenoviral packaging sequence, RSV = Rous Sarcoma
Virus promoter, MLC-2v = myosin light chain-2 promoter, a-MHC = a-myosin heavy chain promoter, Luc
= luciferase, f3-gal = 3-galactosidase).
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Transgene expression in neonatal rats after adenoviral injection into cardiac cavity and
thigh muscle

In order to test whether the recombinant adenoviruses Ad-MHCLuc and Ad-MLCLuc
are able to direct luciferase expression specifically into the heart muscle, a volume of
20 w1 containing 2 x 10° pfu was injected into the cardiac cavity of newborn rats. The
positive control virus Ad-RSVLuc and the negative control virus Ad-Luc were
administered via the same route of injection. Luciferase activities determined five days
after injection for nine different tissues are summarized in figure 3.

Spleen
Stomach

Liver

Abd. wall muscle i 3
Diaphragm == Ad-rsvLuc 3 Ad-micLuc
Lung W

Thymus E=— 2

Heart | e 1 e

muscle 1

+
o 50 100 150 200 250 300 350 400 450 500 0 5 10 15 20 25 30 35

RLU x 10°/ mg tissue RLU x 103/ mg tissue
Spleen ]
Stomach i
Liver h
Abd. wall muscle
Diaphragm Ad-Luc m Ad-mhcLuc
Lung H
Thymus 4
Heart
Intercostal muscle T T r T + t + +
0 5 10 15 20 25 30 3B 0 5 10 15 20 25 30 35
RLU x 103/ mg tissue RLU x 10°/ mg tissue

Figure 3. Luciferase activity in 9 different tissues after intracavitary injection of recombinant adenoviruses
Ad-RSVLuc, Ad-Luc, Ad-MLCLuc, or Ad-MHCLuc. 2 x 10° pfu in a total volume of 20 ul were injected into
the left ventricle of neonatal rats. Tissues were analyzed five days post injection. Luciferase activity is
expressed in Relative Light Units (RLU)/mg wet tissue. Bars show mean level of four experiments and lines
represent the standard error of the mean.

Injection of Ad-RSVLuc led to the highest luciferase activity in heart and intercostal
muscle and showed a substantial level of reporter gene expression in thymus,
diaphragm, lung and a lower abundance in the abdominal wall muscle, liver and spleen.
The negative control virus Ad-Luc showed a low level luciferase activity in all tissues
with a slightly higher value in diaphragm, heart, intercostal muscle and thymus due to
the transthoracal gene transfer method. Adenovirus Ad-MHCLuc and Ad-MLCLuc
harboring the heart muscle specific promoters revealed highest reporter gene expression
in the heart. Compared to the promoterless control virus Ad-Luc, Ad-MHCLuc infected
animals showed additional luciferase activity in lung and liver tissue (figure 4). By
contrast, adenoviral Ad-MLCLuc transfer resulted in heart specific gene expression
with background activities at or below the negative control virus Ad-Luc (figure 4).
Light emission of Ad-MLCLuc in the heart was 20 fold higher in comparison to Ad-
Luc and reached 11% of the activity obtained by Ad-RSVLuc. Ad-MHCLuc gave a 6.5
fold higher luciferase activity in the heart compared to Ad-Luc. This level corresponds
to 3 % of the Ad-RSVLuc activity. These data demonstrate that in contrast to the 0.8
kb MLC-2v promoter gene expression driven by the 1.0 kb a-MHC promoter is not
restricted to the heart.
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Spleen
Stomach
Liver
Abd. wall m.
Diaphragm
Lung
Thymus
Heart
Intercostal. m.
0 5 10 15 20 0 5 10 15 20
Ad-micLuc/Ad-Luc Ad-mhcLuc/Ad-Luc

Figure 4. Ratio of luciferase activity for recombinant adenovirus Ad-MLCLuc (A) and Ad-MHCLuc (B)
related to the promoterless virus Ad-Luc in 9 different tissues expressed in two bar diagrams. All bars left
of the dashed line representing a ratio of | express background luciferase activities.

The distribution of transduced heart muscle cells after intracavitary injection of
adenoviruses was assessed by injection of a recombinant adenovirus expressing the [3-
galactosidase (Ad.RSV-Pgal) reporter-gene (figure 2 E) [18]. After sectioning and X-
gal staining, visual inspection showed that approximately half of the myocardial [3-
galactosidase activity resulted from direct myocardial injection along the needle track
into the heart (figure 5). In the needle track (figure 5 A), almost all of the
cardiomyocytes revealed [-galactosidase activity, whereas in the remaining
myocardium only a few cardiomyocytes stained blue (figure 5 B).

Figure 5. Histological detection of
B-galactosidase activity in the
myocardium 5 days  after
intracavitary injection of Ad.RSV-
Bgal. (A) Photomicrograph of a
histological section through the
apical site of injection and (B)
through the central part of the
heart. In each panel blue staining
shows P-galactosidase activity.
Bar represents 100 um [26].
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To test whether the adenoviral vector Ad-MHCLuc reveals reporter gene activity in
skeletal muscle after a direct needle injection, a volume of 20 ul containing 2 x 10° pfu
of recombinant adenovirus was injected into the right quadriceps femoris muscle. A
luciferase activity of 3,4 + 0,8 RLU per 10~ mg tissue was measured five days after
injection (n=4). This result was comparable to the negative control virus Ad-Luc and
Ad-MLCLuc (figure 6). Adenoviruses containing the «-MHC or the MLC-2v promoter
showed only background activities comparable to Ad-Luc. These data suggest, that in
the adenoviral context the a-MHC promoter, like the MLC-2v promoter, has no skeletal
muscle activity.

RLU/mg quadriceps f.muscle

Ad-Luc Ad-rsvLuc Ad-micLuc Ad-mhcLuc

Figure 6. Luciferase activity obtained after injection of the recombinant adenoviruses in thigh muscle. 2 x
10° pfu in a total volume of 20 ul were injected into the right quadriceps femoris muscle of neonatal rats.
Tissues were analyzed five days post injection. Luciferase activities are expressed in Relative Light Units
(RLU)/mg wet tissue. Bars show mean level of four experiments and lines represent the standard error of the
mean.

Ventricle versus atrium specific gene expression after adenoviral injection into cardiac
cavity

To study the regional differences of reporter gene expression in atrial and ventricular
myocardium the four recombinant adenoviruses containing the luciferase reporter gene
were injected into the cardiac cavity accordingly. Five days after injection, light
emission was determined in heart ventricle and atrium (figure 7 ). While Ad-MLCLuc
showed high luciferase activity in the ventricle (figure 7 A), luciferase expression levels
in the atrium were comparable to the negative control Ad-Luc (figure 7 B). The ratio
of light emission for ventricular to atrial tissue is shown for the four recombinant
adenoviruses (figure 7 C). While Ad-RSVLuc, Ad-MHCLuc and Ad-Luc injection led
to an approximately 2-fold higher luciferase activity in the ventricle, Ad-MLCLuc
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injection gave a 35-fold higher luciferase activity in the ventricular compared to the
atrial tissue. These data demonstrate that Ad-MLCLuc is specifically active in the
ventricle of neonatal rats.
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Extent of tissue infection in neonatal rats after injection of recombinant adenoviruses
into cardiac cavity

To evaluate the extent of non-cardiac gene transfer and the adenoviral distribution
within the heart following intracardiac injection of recombinant viruses, genomic DNA
was.isolated and assayed for the presence of adenoviral sequences by PCR. To assess
the range of sensitivity, 100 ng of genomic DNA from an uninfected rat was mixed with
decreasing amounts of adenoviral DNA Ad del324 (10 pg - 0.1 fg) and PCR was
performed consecutively. These experiments demonstrated that approximately 10 fg of
Ad del324 DNA can be detected in 100 ng of rat genomic DNA, corresponding to 1
copy of adenoviral genome per 600 cells (figure 8 A). In adenovirus infected animals,
viral DNA could be detected in intercostal muscle, heart, thymus, lung, diaphragm and
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liver, independent of the injected recombinant virus (figure 8 B). To increase sensitivity
of adenoviral detection, PCR products were transferred to a nylon membrane and
analyzed by Southern blot hybridization. This assay revealed the presence of adenoviral
DNA in low amounts in all other tissues investigated, with minor variations between
individual animals. Figure 8 C shows a representative Southern blot for one animal
injected with the adenovirus Ad-MLCLuc.
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(C) Ad-micLuc "'.'- @ .

Figure 8. Detection of adenoviral DNA in 9 tissues after intracavitary injection of the representative
adenovirus Ad-MLCLuc. (A) Agarose gel (2.4 %) showing specific 860 bp PCR-product amplified from
decreasing amounts of Ad del324 DNA. For templates, 100 ng of rat genomic DNA were mixed together with
the following amounts of viral DNA: 10 pg (lane 1), I pg (lane 2); 100 fg (lane 3); 10 fg (lane 4), 1 fg (lane
5), 0.1 fg (lane 6); no viral DNA (lane 7). A 100 bp ladder served as the molecular weight standard (lane
M). (B) Agarose gel (2.4 %) showing 860 bp PCR-product amplified from 100 ng genomic DNA isolated from
the indicated organs after intracavitary injection of Ad-MLCLuc. PCR reactions containing 100 ng of rat
genomic DNA mixed with | pg Ad del324 DNA or without addition of viral DNA served as positive and
negative controls, respectively. (C) Southern blot analysis of the same Ad-MLCLuc infected animal using the
specific, **P-radiolabeled 860 bp amplification product as a probe .

To analyze the local distribution of viral DNA within the myocardium infected animals
were analyzed 5 days after intracardiac injection. Adenoviral DNA was detected to
similar amounts in both ventricular and atrial tissue (figure 9). This could be repeated
independent of the injected recombinant adenovirus, indicating a similar intracardiac
viral distribution after intracavitary application [27]. Thus, gene expression of Ad-
MHCLuc and Ad-MLCLuc may result from the regulatory promoter sequence of o-
MHC and MLC-2v and may not be due to a difference in tissue infection or tissue
specific differences in local viral concentration.
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Figure 9. Detection of adenoviral DNA in atrial and ventricular tissue for the representative adenovirus
Ad-MLCLuc at different time points after infection. Genomic DNA from four animals was assayed for the
presence of adenoviral sequences by PCR. Two Nusieve agarose gels (2.4 %) showing the 860 bp PCR-
product amplified from 100 ng rat genomic DNA isolated from atrial and vertricular tissue after
intracavitary injection. PCR reactions containing 100 ng of rat genomic DNA mixed with | pg Ad del324
DNA or without addition of viral DNA served as positive and negative controls, respectively. A 100 bp
ladder served as the molecular weight standard (lane M).

Long-term expression after adenoviral injection into cardiac cavity

Recombinant adenoviruses Ad-MLCLuc and Ad-RSVLuc were injected into the cardiac
cavity of neonatal rats. Animals were sacrificed 5, 21, 42 and 84 days after infection
followed by luciferase measurements in ventricular and atrial tissues (figure 10).
Simultaneously genomic DNA was extracted and the amount of adenoviral DNA was
measured by semiquantitative PCR analysis (figure 9).

(A) Ventricle (B) Atrium
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Figure 10. Long term luciferase expression in () ventricular and (B) atrial myocardium after intracavitary
injection of 20 ul containing 2 x 10° pfu of Ad-RSVLuc and Ad-MLCLuc (n = 4). Tissues were analyzed 5,
21, 42, and 84 days post injection. Luciferase activities are expressed in Relative Light Units (RLU)/mg wet
tissue. Bars show mean level of four experiments and lines represent the standard error of the mean.
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Twenty-one days after Ad-RSVLuc application a 20-fold reduction of luciferase
activity was detected in ventricular myocardium and a 40-fold decrease in the atria
compared to light activities five days after infection. No luciferase activity was
observed 42 and 84 days after cardiac infection, which correlated well with the loss of
adenoviral DNA detected by PCR (figure 9). For Ad-MLCLuc no luciferase activity
was detected in ventricles and atria 21 days post infection (figure 10).

Discussion

The experiments have demonstrated that the ventricular specific myosin-light-chain 2
promoter retains its in vivo specificity of gene expression in the myocardium [22,23]
after incorporation into an adenoviral vector, Ad-MLCLuc [26]. Specific gene
expression of Ad-MLCLuc was shown in the ventricular myocardium after injection
into the cardiac cavity of newborn rats [27]. By contrast using the adenoviral shuttle
vector Ad-MHCLuc, in which the a-myosin heavy chain promoter was used to drive
luciferase, the reporter gene was active in ventricular and atrial myocardium, and
revealed ectopic expression in lung as well as in liver tissue.

For gene therapy of cardiovascular diseases it is useful to target recombinant gene
expression to the myocardium. Previous attempts of adenoviral gene transfer have not
allowed a restricted gene expression in cardiac cells [4,19,20]. The finding that
administration of recombinant adenovirus resulted in infection and expression of the
transgene in many non-cardiac tissues raises important safety concerns. For example,
a strong expression of the Drosophila Shaker potassium channel was reported in liver
after intracardiac injection of the recombinant adenovirus AdShK [39]. As noted by the
authors, this may have phenotypic consequences since the hepatocyte membrane
potential determines the rate of bile acid uptake. Such undesired effects could be
avoided by using the here described adenoviral vector Ad-MLCLuc, which allows a
ventricular muscle-specific gene expression.

In concordance with tissue culture results in neonatal rat cardiomyocytes reported
earlier by our group [26], a heart muscle-specific gene expression could be observed in
vivo for the recombinant adenovirus Ad-MLCLuc, which contains a 800 bp fragment
of the MLC-2v promoter. After intracavitary injection of the recombinant viruses into
the cardiac cavity of neonatal rats, light emission after Ad-MLCLuc infection was 11%
in relation to Ad-RSVLuc and 20 fold above the luciferase activity of the negative
control virus Ad-Luc (figure 3). In the other 8 tissues tested, the MLC-2v promoter was
inactive and light activity did not exceed the expression level of the promoterless
construct Ad-Luc. Interestingly, Ad-MLCLuc showed only minor activity in atrial
myocardium, but was restricted in its activity to the ventricular myocardium of neonatal
rats (figure 4). The negative control virus Ad-Luc and the positive control virus Ad-
RSVLuc revealed an approximately two times higher activity in ventricular as
compared to atrial myocardium. However, Ad-MLCLuc was 35 times more active in
the ventricular compartment. The detection of adenoviral DNA by a specific PCR in
atrial and ventricular tissue did not depend on the injected type of adenovirus indicating
a ventricular-specific regulation of Ad-MLCLuc by the MLC-2v promoter (figure 9).
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Therefore, we conclude that in adenoviral vectors the MLC-2v promoter retains its
ventricle specificity first demonstrated in the transgenic system [22,23].

In contrast to Ad-MLCLuc, Ad-RSVLuc induced luciferase activity was also observed
in intercostal muscle, thymus, lung and diaphragm. Luciferase expression in these
tissues has also been shown after intracavitary injection of an adenoviral construct in
which the cytomegalovirus promoter was used to drive the luciferase gene [19]. When
a PCR based method was used to test for adenoviral infection, viral DNA could be
detected in heart, intercostal muscle, thymus, lung, diaphragm and liver, for each of the
viruses injected. With the exception of liver, these are the same tissues that showed
luciferase activity after infection of Ad-RSVLuc. Absence of hepatic reporter gene
activity is in accordance with the lack of RSV driven gene expression in the liver
observed in a transgenic mouse model [40]. Thus it appears that the presence of PCR-
detectable adenoviral DNA correlates well with luciferase activity in the Ad-RSVLuc
injected animals.

The two fold higher luciferase activity of the control constructs in the ventricular as
compared to the atrial myocardium can be explained by the mode of intracavitary
application. After injection of a recombinant adenovirus expressing the -galactosidase
(Ad.RSV-Pgal) reporter gene, we reported recently that half of the B-galactosidase
activity in the myocardium resulted from viral accumulation along the transventricular
needle track [26], whereas in the remaining myocardium only 1-2% of the
cardiomyocytes stained blue. For an efficient gene therapy approach, however, a
catheter guided delivery system such as PTGT should be applied [6], which is not
feasible in neonatal rats.

For some indications, it may be necessary to induce gene expression in both ventricular
and atrial tissue. Based on transgenic experiments showing a ventricular and atrial
activity of the a-MHC promoter [25], we constructed the adenoviral vector Ad-
MHCLuc where the rat .-MHC promoter regulates expression of the luciferase reporter
gene [29]. After intracavitary injection of the recombinant adenovirus Ad-MHCLuc the
highest luciferase activity was found in the myocardium, which was 3-4 fold less
compared to Ad-MLCLuc. In contrast to Ad-MLCLuc, luciferase activity under control
of the «-MHC promoter was also detected at significant levels in atrium (figure 7), and
to a lower extend in lung and liver (figure 3, 4). It has been shown before, that the o-
MHC promoter drives gene expression in the lung of transgenic animals [24].
Expression in the liver, however, has not yet been reported. The non-specific activity
of Ad-MHCLuc in the liver might be an unique sequel of the adenoviral vector system.
In skeletal muscle tissue, however, Ad-MHCLuc was inactive and showed only
background luciferase activity (0.05 % of Ad-RSVLuc) even when injected directly into
the thigh muscle. We therefore conclude that only the MLC-2v promoter but not the o.-
MHC promoter may be potentially useful within adenoviral vectors to target gene
expression to heart and ventricular muscle tissue respectively. To characterize the
usefulness of this novel adenoviral gene shuttle system with potential ventricular
specificity further investigations in adult rat myocardium and larger animals such as
rabbit or pig are necessary. The low level of luciferase expression driven by the ¢-MHC
promoter in comparison to the MLC-2v promoter may be due to the chosen neonatal rat
model because of two promoter specific properties. First, it is known that neonatal rat
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hearts express primarily the f-MHC rather than the «-MHC gene [41]. Second, MLC-
2v promoter activity has been demonstrated to be higher in neonatal compared to adult
mice [22]. Both effects may account for the 3 to 4 fold lower expression level of the
Ad-MHCLuc viruses in the neonatal rat model.

Conclusions

In this study a first generation adenoviral vector was used [18]. Within the time frame
of five days no cell necrosis, mononuclear cell infiltration or other signs of
inflammation were observed as described previously [26]. The problem of a transient
transgene expression may be overcome by second and third generation adenoviral
vector systems [10-17,20]. When long lasting gene expression becomes an established
reality, tissue specificity will be of critical importance to circumvent side effects caused
by a long lasting gene expression. Combination of the tissue specificity of the MLC-2v
promoter with improved adenoviral vectors may facilitate the use of recombinant
adenoviruses to treat heart muscle diseases such as dilated or hypertrophic
cardiomyopathies.
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26. CATHETER-MEDIATED DELIVERY OF RECOMBINANT
ADENOVIRUS TO THE VESSEL WALL TO INHIBIT
RESTENOSIS

Olivier Varenne, Peter Sinnaeve, Désiré Collen, Stefan P. Janssens,
and Robert D. Gerard

Introduction

Although percutaneous transluminal coronary angioplasty (PTCA) is widely used for
the treatment of coronary artery disease, its therapeutic efficacy is still limited by the
occurrence of restenosis in 20-50% of all patients [1]. Restenosis following PTCA is
a complex process characterized by progressive arterial remodeling [2], extracellular
matrix deposition [3, 4], smooth muscle cell (SMC) proliferation and hyperplasia [4].
Except for probucol [5,6], pharmacological agents have consistently failed to
demonstrate a clear beneficial effect on restenosis in large randomized clinical trials
[1,7].

Recently, a number of gene transfer strategies have been employed to address the
problem of restenosis [8]. Cells within the vessel wall are attractive targets for gene
therapy because of their direct participation in the local pathologic response to injury.
Recombinant adenovirus vectors are useful for gene transfer because high titer purified
viral stocks can be obtained which permit relatively efficient infection of the various
proliferative and quiescent cell types within the vessel wall.

A variety of techniques has been used to accomplish adenoviral mediated gene transfer
to the vessel wall in vivo. Techniques in which virus is simply infused into the lumen
without disruption of the endothelial barrier or the internal elastic lamina (IEL) (local
dwell, double balloon catheter) result in efficient and highly selective gene transfer into
the endothelial layer and vasa vasorum [9]. This pattern reflects the permeability
barriers posed by the intact endothelium and IEL to recombinant virus particles [10].
Nevertheless, since gene therapy for restenosis will primarily be directed to sites of
angioplasty, the influence of vessel trauma on local gene transfer efficiency and pattern
remains an important issue. When virus is delivered into the arterial wall under pressure
or with prior disruption of the endothelial layer and IEL by PTCA, genetic modification
of the medial SMCs is observed in regions of the arterial segment proximal to the
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intimal disruption [9,11]. The cells accessible to adenoviral transduction are likely the
same ones that contribute most to the migration and proliferation that characterize the
process of restenosis. Indeed, adenoviral delivery of a therapeutic gene (herpesvirus
thymidine kinase, tk) into injured porcine iliac arteries with the double-balloon catheter
rendered infected SMCs sensitive to the nucleoside analog ganciclovir and reduced
neointima formation [12]. Although the relatively long duration of infusion is a
significant limitation to clinical application of local gene delivery into the coronary
vasculature, the local dwell method remains a promising technique for vein graft
transduction ex vivo before coronary bypass surgery or for in situ delivery to peripheral
vessels.

The pattern of gene transfer into atherosclerotic vessels may differ significantly from
that observed in normal arteries by virtue of the altered architecture and cell
composition of the vessel wall associated with atherosclerotic plaques [13]. Instillation
of a recombinant adenoviral vector encoding B-galactosidase after balloon injury
demonstrates efficient gene transfer into atherosclerotic rabbit iliac arteries [14].
Genetically modified cells are located in pockets within the layers of the neointima,
media and adventitia immediately adjacent to dissection planes. Furthermore, transfer
of tk followed by ganciclovir injection limits neointima formation in balloon-injured
rabbit atherosclerotic arteries, thus demonstrating sufficient biological activity of the
transgene to inhibit the proliferative response [15]. However, small animal models
employing either normal or atherosclerotic peripheral elastic arteries only poorly imitate
the clinical situation of post-PTCA restenosis in the relatively inelastic coronary arteries
of humans. Whether restenosis or vascular remodeling plays the predominant role in
luminal narrowing in patients is also an issue. Porcine coronary arteries have been
suggested to more closely mimic the situation in man [16], but generally require
prolonged exposure to achieve substantial transduction via passive diffusion. In the
coronary vasculature of large mammals, such protracted balloon inflation generates
unacceptable myocardial ischemia and has limited the use of catheter-based techniques.

Recombinant adenovirus delivery to the vascular wall

The Infiltrator™ catheter (InterVentional Technologies Inc., San Diego, CA) is a
intramural delivery catheter with 21 microinjector ports penetrating the IEL upon
balloon inflation (Figure 1). This catheter permits rapid local virus delivery without
causing significant perforation, dissection or hemorrhage in the arterial segment [17].

Figure 1. Schematic diagram of the Infiltrator™ catheter, a device for combined PTCA and intramural drug
delivery. A low pressure positioning balloon has three rows of seven conical microinjector ports mounted
on its surface at 120° angles which radially penetrate the vessel wall upon balloon inflation. A specific
delivery lumen allows injection of 0.3 ml viral solution through these ports over 10 to 20 sec.
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Qualitatively, gene transfer into vessels can be determined by histologic staining
following B-galactosidase virus (AdCMV3gal) transduction or immunohistochemical
staining after infection with recombinant adenovirus carrying the constitutive
endothelial nitric oxide synthase cDNA (AdCMVecNOS) [18]. Marked B-galactosidase
activity, as assessed by the blue staining of nuclei in infected cells, is detected in the
media and the adventitia of AACMV3gal-infected arteries. Virally-transduced cells are
most frequently observed in the outer layers of the media and in the internal layers of
the adventitia, often adjacent to dissection planes. Segments from coronary arteries
infected with empty virus (AdRRS) show no blue staining within nuclei. Medial SMCs
and adventitial cells of coronary arteries infected with AACMVecNOS show diffuse
ecNOS immunoreactivity in the deep layers of the media and adventitia resulting from
gene transfer.
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Figure 2. ¢cGMP levels in frozen segments of porcine coronary arteries. cGMP levels were measured on day
5 after treatment in uninjured control coronary arteries (n=8), PTCA-injured arteries (n=8), and injured
arteries infected with AACMVecNOS (n=4). The asterisk indicates a value significantly reduced by
comparison to both control and AdACMVecNOS groups.

In endothelial cells, ecNOS catalyzes the formation of nitric oxide (NO) from L-
arginine {19]. NO is freely diffusible and plays a number of important roles in normal
vascular homeostasis through pleiotropic effects on both smooth muscle cells in the
vessel wall and platelets in the circulation, many of which are mediated by 3', 5'-cyclic
guanosine monophosphate (cGMP). Injury to the endothelial protective barrier by
PTCA results in the loss of a variety of vasoactive factors including NO which reduces
guanylate cyclase activity. Vascular cGMP levels are significantly decreased following
PTCA-induced injury to 0.33+0.20 pmol/mg protein compared with 1.30+0.42 pmol/mg
protein in uninjured control arteries (p<0.05) (Figure 2), consistent with the loss of
ecNOS from the injured vascular segment [18]. Adenovirus-mediated transfer of
ecNOS to the SMC layer can restore vascular cGMP levels in injured arteries to
1.82+0.98 pmol/mg protein, whic: is not significantly different from uninjured controls.
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In order to evaluate the ability of ecNOS gene transfer to limit restenosis using a strictly
percutaneous catheter-based technique, porcine coronary arteries were treated with
recombinant adenovirus after balloon-injury [18]. Juvenile domestic pigs underwent
PTCA of the left anterior descending coronary artery (LAD) by three successive 30 sec
inflations at 10 atmosphere. Adenoviral solution (AdCMVecNOS or AdRRS5) was
injected at the site of injury using the Infiltrator™ catheter. Control arteries in this study
received AdRRS to exclude the possibility that the adenovirus itself modulates the
vascular response to angioplasty, perhaps by eliciting a host immune response to either
the viral particle or virally-transduced cells. After four weeks, injured coronary arteries
were harvested and prepared for morphometric analysis of neointima formation. The
degree of injury in segments with maximal stenosis (estimated by both the injury score
defined by Schwartz et al. [3] and the IEL fracture length normalized to the IEL
perimeter) is similar in AdRR5- and AdCMVecNOS-infected pigs (2.30+0.48 vs.
2.20+0.47, p=NS, and 0.40+0.10 vs. 0.43+0.13, p=NS, respectively). The vessel size
(measured as the area encompassed by the external elastic lamina (EEL)) is also similar
in AACMVecNOS- and AdRR5-infected arteries (2.55+0.79 mm? vs. 2.27+0.52 mm?,
respectively, p=NS).

Nevertheless, all parameters measuring neointima formation and luminal narrowing are
significantly different between the two groups. The neointimal area normalized to IEL
fracture length (Figure 3A) is significantly smaller in AdCMVecNOS-transduced
arteries (0.59+0.14 mm) compared to AdRRS-infected vessels (0.80+0.19 mm, p=0.02).
Maximal neointimal thickness (Figure 3B) is also significantly less in AACMVecNOS-
transduced arteries than those in AdRR5-infected animals (0.75+0.21 mm vs. 1.04+0.25
mm, p=0.019). Conversely, in AACMVecNOS-infected pigs the minimal lumen area
(Figure 3C) is larger than in the controls (0.70+0.35 vs. 0.32+0.18 mm?, p=0.007),
corresponding to a more severe stenosis rate (Figure 3D) in the AdRR5-infected control
group than the AACMVecNOS group (75+11% vs. 53£15%, p=0.006).

Discussion

These experiments demonstrate that the Infiltrator™ catheter permits efficient
percutaneous adenoviral-mediated gene transfer into the medial and adventitial cells
involved in the process of restenosis. Since efficient gene transfer is achieved with only
a small volume of viral solution (0.3 ml) delivered within a very short time (about 15
sec), this catheter is also eminently compatible with standard interventional cardiology
practices in the coronary vasculature. Further, intramural gene transfer results in the
expression of sufficient levels of functional ecNOS capable of restoring vascular cGMP
levels to normal values and reducing restenosis and luminal narrowing 28 days after
PTCA. Increasing the local NO concentration within the injured vascular segment thus
ameliorates the processes of cell proliferation and vascular remodeling that contribute
to restenosis. Even though the anatomy of coronary arteries and the progression and
morphology of neointima formation in the porcine model is similar to that observed in
man, extrapolation of these data to patients requires both caution and further
investigation into the efficacy and safety of gene therapy for restenosis. Nevertheless,
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intramural gene transfer of ecNOS is a promising new therapeutic approach for

restenosis after PTCA.
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Figure 3. Response-to-injury in the porcine coronary artery following catheter-mediated gene therapy with
AdCMVecNOS. Mean and standard deviation are indicated by the horizontal bar and error bars. Panel A.
Neointimal area/ fracture length (mm) is significantly reduced in the AACMVecNOS group (P=0.02) by
comparison to the AARRS control. This parameter represents the vascular response to injury (neointimal area)
normalized to the degree of injury defined by the IEL fracture length. Panel B. Maximal neointimal thickness
(mm) is significantly reduced in the AACMVecNOS group (P=0.019). Panel C. The minimal lumen area in
each artery is significantly increased in the AdCMVecNOS group (P=0.007). Panel D. The resulting stenosis
(%) is reduced in the AACMVecNOS group (P=0.006). Percent stenosis is defined as (100 x (1-lumen

area/IEL area).
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