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Preface

Quiescence is defined as a state of quietness or inactivity. The concept of cellular quiescence
has rapidly evolved in recent years from a default state devoid of extracellular nutrients to an
actively regulated and reversible cell cycle arrest poised to re-enter the cell cycle in response
to a combination of cell-intrinsic and cell-extrinsic factors. Recent technological break-
throughs have allowed the study of the regulation of cellular quiescence in well-defined
stem cell subsets by either flow cytometric or tissue detection.

A state of dormancy and inertness has clear implications in the maintenance of tissue-
specific stem cells because this state is believed to preserve stemness and prevent the
accumulation of genomic aberrations ensuring the regeneration of a healthy tissue during
homeostasis or in response to injury. On the other hand, cancerous and leukemic cells have
hijacked this property to evade deleterious toxicities caused by cell cycle-dependent chemo-
drugs. A better understanding of how cells enter a quiescent state during homeostasis and
how cells exit quiescence and re-enter differentiating cell divisions to restore damaged
tissues is essential for developing new approaches in regenerative medicine in the future.

The main goal of this book is not to give a comprehensive account of all techniques
available but rather a broad view of basic and cutting-edge technology to inspire research in
this emerging field of cell biology. The chapters in this book are designed to address cellular
quiescence in prokaryote and eukaryote organisms, detection of quiescence (Hoechst/
pyronin Y, FUCCI, CFESE, BrdU, H2B-GFP, CyTOF), quiescence in stem cells (skin,
intestinal, neuronal, hematopoietic), genomic regulation (gene expression, transcription
factors, IncRNA, RNA methylation), and finally, an analysis of the heterogeneity of quies-
cence by computer modeling.

Houston, TX, USA H. Daniel Lacovazza
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Chapter 1

Molecular Regulation of Cellular Quiescence: A Perspective
from Adult Stem Cells and Its Niches

Wai-Kin So and Tom H. Cheung

Abstract

Cellular quiescence is a reversible growth arrest state. In response to extracellular environment, quiescent
cells are capable of resuming proliferation for tissue homeostasis and tissue regeneration. Subpopulations of
adult stem cells remain quiescent and reside in their specialized stem cell niches. Within the niche, they
interact with a repertoire of niche components. Niche integrates signals to maintain quiescence or gear stem
cells toward regeneration. Recent studies provide insights into the regulatory components of stem cell niche
and their influence on residing stem cells. Aberrant niche activities perturb stem cell quiescence and
activation, compromise stem cell functions, and contribute to tissue aging and disease pathogenesis. This
review covers current knowledge regarding cellular quiescence with a focus on original and emerging
concepts of how niches influence stem cell quiescence.

Key words Cellular quiescence, Stem cell, Niche, Hair follicle stem cell, Bulge, Hematopoietic stem
cell, Endosteal niche, Satellite cell, Myofiber, Skeletal muscle, Aging

1 A Historical Perspective of Cellular Quiescence

Using the radioactive labeling technique to label newly synthesized
DNA in early cell division studies, it was found that a population of
cells are negative for the labeling, suggesting the existence of a non-
dividing, dormant state [1]. Similarly, some cells are more resistant
to ablation in the studies using X-ray to eliminate cycling cells [2].
Within a population, some cells, or the “growth fraction,” are
cycling continuously whereas other cells exist in a non-proliferative
state that they rarely divide during homeostasis. As a matter of fact,
majority of cells in adult mammalian body are out of active cell
cycle. They are cells that are either terminally differentiated or
resided in a quiescence or senescence state [ 3]. Unlike lower multi-
cellular organisms such as Caenorbabditis elegans, cells in its adult
body are no longer able to proliferate, quiescent cells in higher
multicellular organisms are able to reenter the cell cycle in response
to various extrinsic stimuli [4]. For instance, injury reactivates

H. Daniel Lacorazza (ed.), Cellular Quiescence: Methods and Protocols, Methods in Molecular Biology, vol. 1686,
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quiescent cells to proliferate for tissue repair and regeneration [ 5, 6].
Nevertheless, quiescent cells are largely non-dividing under normal
circumstance.

It was originally proposed that quiescence is a prolonged G1
phase of the cell cycle [4]. Quiescent and G1 cells share the charac-
teristic of non-replicated 2n DNA content [7]. However, there are
striking differences between the two states. For instance, quiescent
cells proceed to S phase with a significant delay relative to G1 cells,
suggesting that they are fundamentally different states [7]. Quies-
cence is a non-proliferative state out of the cell cycle, termed GO
phase [8] (Fig. 1). Two additional types of non-dividing cells,
senescent and terminally differentiated cells, are also considered
to be in the GO phase. Among these GO cells, reversibility of cell
cycle arrest is a hallmark of cellular quiescence. This characteristic
distinguishes quiescent cells from senescent and terminally difter-
entiated cells as they are considered to be irreversibly restricted in
the GO phase and rarely reengage in active cell cycle under normal
physiological conditions. It is important to note that certain differ-
entiated cells, like mature hepatocytes, are also considered to be
quiescent in normal tissues and are capable of entering the cell cycle
in case of injury and stress [4]. Cells adopted quiescence, senes-
cence or differentiation states have similar and also different char-
acteristics. These cells contain similar DNA contents since all of
them withdraw from the cell cycle during the G1 phase [9]. Dis-
tinctively, quiescent cells are smaller in cell size, metabolically less
active with suppressed global RNA and protein synthesis, and
display increased autophagy [10, 11].

Most of the early studies about mammalian cells quiescence
employ in vitro cell culture quiescence models [4]. Through
manipulating the culture conditions: serum deprivation, contact
inhibition and loss of adhesion, cultured cells can be effectively
driven into quiescence via distinct mechanisms [7, 10, 12-15].
These studies suggest the notion that the extracellular environment
has pivotal regulatory roles in cellular quiescence. Such notion is
further underpinned by more direct evidence. Mature hepatocytes
are largely quiescent in intact liver and they undergo limited rounds
of replication after partial hepatectomy [16]. Yet they exhibit more
robust proliferative potential in vitro. They are able to proliferate
continuously and develop into non-transformed lines [17], impli-
cating that tissue environment tends to maintain cells in a quiescent
state.

It is interesting and also important to answer the question that,
at which point of the cell cycle, cells make the decision between
going into quiescence or proliferation. Zetterberg and Larson
demonstrated that only cells in early G1 phase exit the cell cycle
and enter quiescence in response to serum starvation whereas
growth of cells in late G1 phase is not arrested [7, 18]. The classic
model of “restriction point” or “R point” based on the work by
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Fig. 1 Cell cycle progression and cellular quiescence. Each of the four phases of the cell cycle is regulated by a
specific complex of cyclin and CDK (cyclin-dependent kinase). The regulatory machinery of G1 progression
overlaps with decision mechanism about the commitment to quiescence or proliferation before the restriction
point (R point). Under mitogenic condition, CDK4/6/cyclinD complex phosphorylates Rb, thereby releasing E2F
from Rb-inhibition. E2F then transactivates cyclin E. CDK2/cyclin E complex drives G1 to S phase transition.
CDK4/6/cyclinD complex also removes p21 and p27 inhibition on CDK2. Cells in G1 phase exit the cell cycle
and exist in GO phase as quiescent, senescent, or differentiated cells. In the absence of mitogen, Rb is active
and sequesters E2F to render its promoting effect on CDK2/cylin E complex formation. As a result, cell cycle
arrest is induced and cells are then driven into quiescence. CDK3/cyclin C complex can drive cells to enter cell
cycle from quiescence. In response to mTORC1 signaling, quiescent cells can transit into the GAlert phase and
become poised for rapid cell cycle entry

Pardee supports the existence of a decision point in late G1 phase:
before the R point, cells are withdrawn from the cell cycle and
become quiescent under unfavorable growth conditions, like
serum deprivation. When there is stimulation by mitogens, cells in
G1 phase continue the cell cycle toward the R point. Once passed
the R point, the cell cycle becomes autonomous and it will proceed
to S phase and continue until completion regardless of serum avail-
ability [19] (Fig. 1). R point guards the proliferation and quiescence
in normal, non-transformed cells and the loss of R point control is
proposed to lead to uncontrolled replication of malignant cells [19].

2 Molecular Regulation of Cellular Quiescence

The molecular mechanism of R point is closely linked to the cell
cycle machinery of G1 progression [20], in which the retinoblas-
toma (Rb) protein serves as the key determinant to enter
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quiescence or to progress to S phase. Under mitogenic condition,
Rb protein in cells is inactivated by hyperphosphorylation [20].
E2F is then released from Rb repression and promotes CDK2/
Cyclin E complex formation, which promotes cell cycle progression
to S phase (Fig. 1). Under conditions like serum insufficiency, Rb is
hypophosphorylated and becomes active, E2F is sequestered and
repressed by this growth-inhibitory form of Rb. Growth is arrested
at G1 and cells are driven to quiescence [21] (Fig. 1). Activation of
E2F under physiological serum levels is implicated in the reversibil-
ity of quiescence [3]. On the contrary, the threshold for E2F
activation is greatly raised by high levels of CDK inhibitors, like
p21 and p16 in senescent and differentiated cells [22, 23], making
cell cycle arrest irreversible under normal growth conditions [3].

In contrast to the decision point in the G1 phase, there is a
long-standing thought that commitment decision in whether to
proceed to the next cell cycle occurs at the previous G2 phase [24,
25]. An alternative decision point located at late G2/M phase of
the preceding cycle has also been proposed recently [26]. Governed
by serum availability, cycling cells in late G2/M phases are bifur-
cated into two populations, defined by high and low CDK2 activ-
ities: in mitogenic environment, low p21 activity allows cells to
build up CDK2 activity and commit to the next cell cycle whereas
active p21 suppresses CDK2 and directs cells to quiescence when
serum is insufficient [26].

Quiescent cells are low in metabolic activity and non-cycling.
However, is quiescence solely a state of cell cycle arrest? Is quies-
cence a static or a dynamic cellular state? A recent transcriptional
profiling revealed that, in addition to molecular signature of cell
cycle arrest, quiescent cells actively express genes to prevent adop-
tion terminal differentiation cell fate and thereby preserve the
reversibility of cell cycle arrest [10]. Importantly, these transcrip-
tional and functional aspects of quiescence could not be recapitu-
lated by growth arrest induced by CDK inhibition [10]. Another
recent study demonstrates that quiescent adult stem cells can rever-
sibly transit between two distinct functional phases: “deep” quies-
cence (GO) and quiescence alert (GAlert) [27]. Quiescent stem
cells are driven into GAlert in response to mTORCI signaling
elicited by distant injuries (Fig. 1). GAlert is an intermediate state
between quiescence and activation, more akin to quiescence. Yet
stem cells in GAlert exhibit a set of “alerting” properties that are
distinct from quiescent cells: increased cell size, transcriptional
activity, mitochondrial metabolism, and accelerated cell cycle
entry [27]. Quiescence, once viewed as a static and non-dividing
state, is emerging as a cell state that is poised and actively regulated.
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3 The Evolving Stem Cell Niche Concept

3.1 The Classical
Stem Cell Niche
Hypothesis

3.2 Emerging
Concepts About Stem
Cell Niche

The existence of specific microenvironment housing stem cells and
regulating their functions was hypothesized based on evidence
from early hematologic experiments. Hematopoietic stem cells
(HSCs), which regenerate the entire blood and immune system,
are difficult to be maintained under in vitro conditions [ 28 ]. Dexter
demonstrated that HSCs co-culture with bone marrow stromal
cells as an efficient mean of preserving HSCs functions [29].
In vivo, HSCs exhibit functional decline if they circulate freely
outside the bone marrow, suggesting a dependency of HSCs on
specific cues within the bone marrow [30]. Within the bone mar-
row, it was discovered that there are regions of discrete HSCs and
progenitor cell densities, which are associated with the proliferative
state of HSCs [31]. This suggests that spatially distinct microenvir-
onments in the bone marrow regulate HSC state and functions [32].

In 1978, Schofield proposed that stem cells are located within
tissues in association with other cells. The specialized cellular envi-
ronment retaining stem cells was coined the term stem cell “niche”
[33]. When stem cells are “fixed” in their respective niches, they are
restrained from maturation and are capable of replicating indefi-
nitely. Residing in the niche also protects stem cells from muta-
tional errors [33]. An additional property of the niche is that it
shapes the fate of stem cells. After a stem cell is divided, the
daughter cell that remains in the niche will become a stem cell
whereas another daughter cell that cannot occupy the niche will
inevitably replicate and differentiate [33].

In Caenorbabditis elegans, somatic distal tip cells (DTCs) cap
the ends of the gonads and constitute the niche for germline stem
cells (GSCs) [34]. Factors from DTCs stimulate adjacent GSCs to
proliferate and inhibit meiosis [35], thereby preventing GSC to
differentiate into gametes and maintain adult GSCs population.
Ablation of DTCs aberrantly shifts GSC self-renewal to differentia-
tion [34]. Moreover, DTC niche maintains the organization of
GSCs and gametes within the gonads. The two populations are
polarized where GSCs is located at the distal end and gametes are
located at the proximal end. Such polarity would be altered accord-
ingly if positions of DTCs are changed during early development
[35]. All these findings provide direct evidence to support the
notion of the existence of a stem cell niche and laid the framework
of the niche theory.

Thus far, stem cells and their niches have been identified in numer-
ous mammalian tissues. The interplay between stem cells and vari-
ous niche components has started to be comprehensively
elucidated. New dimensions have been proposed in addition to
the original stem cell niche concepts. In this section, these new
concepts will be discussed in detail.
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3.2.1 Stem Cell
Progenies as Niche Cells

3.2.2 Niche as an
Integrator of Tissue
and Organismal State

The list of niche cells contributing to stem cell microenvironment
keeps growing. Recently, stem cell progenies have been shown to
become niche cells and feedback to regulate stem cell behaviors
[36, 37]. These progenies provide feedback cues to maintain qui-
escence and prevent excessive activation, thereby preserving a func-
tional stem cell pool. Megakaryocytes (MKs) are myeloid lineage
progenies of HSCs. MKs can feedback to regulate HSCs indirectly
through the modification of the endosteal niche or to constitute as
a part of the HSC niche themselves [38—41]. Two individual
groups demonstrated that in vivo ablation of MKs resulted in loss
of HSC quiescence and led to a marked increase in HSCs prolifera-
tion [40, 41]. Similarly, in the skin compartment, removal of ter-
minally differentiation keratin 6 positive (K6+) inner bulge cells
from hair follicles prematurely activates quiescent hair follicle stem
cells (HFSCs) because signals from K6+ cells counterbalance other
activating signals in the niche and maintain neighboring HESCs in
quiescence [42].

Adding to the view that stem cell niches are generated by signals
within a local microenvironment of the stem cell, niche is emerging
as an integrator of information from tissue as well as from more
distant sites. This enables stem cell behaviors to be modulated in a
manner that suits the homeostatic, physiological, or reparative
needs of a given tissue. Long-range signals are delivered via vascu-
lar, immune, and neural inputs and are incorporated into the local
milieu to regulate stem cells.

Skin is supplied with a rich milieu of factors from blood capil-
laries and neurons [43]. Hair follicle activity in rodents is remo-
deled during different reproductive states [44 ], presumably due to
endocrine hormones. In pregnant and lactating females, systemic
level of prolactin is elevated [45] (Table 1). Prolactin is a negative
regulator of hair cycle as exogenous prolactin and prolactin recep-
tor knockout delays and advances hair cycle, respectively [46, 47].
Reaching the hair follicle, inhibitory prolactin signal overrides local
stimulatory signals and maintains HFSCs in quiescence, thereby
stalling the initiation of a new cycle [48]. Niche also translates cues
emanated from distant injuries into regulatory signals of stem cells.
Muscle SCs are activated in response to blood-borne factors after
burn injuries in distant sites [49, 50]. A recent study has revealed
that systemic signals produced by remote injuries do not act directly
on stem cells. Rather, they are translated into signals that remodel
the extracellular matrix surrounding the stem cells and prime qui-
escent stem cells for more rapid activation [27]. Niche is the hub for
these systemic signals being integrated into the local microenviron-
ment. Such integration enables stem cells quiescence and activation
to be regulated timely and appropriately according to the state of
the organism.
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Niche factors and their roles in stem cell quiescence

Receptor and Stem cell/ Source in the Effect on
Niche factor signaling niche niche quiescence Reference
TGEB/BMP signaling
TGEp TGEFBRII, HSC/bone Megakaryocyte,  Maintain [84,102]
SMAD?2 /3 marrow non- quiescence
myelinated
Schwann cell®
TGEp2 SMAD2/3 HESC /hair Dermal papilla Exit quiescence  [59]
follicle
BMP2 SMAD1/5/8 HESC/hair Adipocyte Maintain [44]
follicle quiescence,
lodge aged
HESCs in
quiescence
BMP4 SMAD1/5/8 HESC/hair Dermal papilla,  Maintain [44, 62]
follicle dermal quiescence
fibroblast,
adipocyte
BMP6 HFSC /hair K6+ bulge cell Maintain [42]
follicle quiescence
BMP HESC /hair Dermal papilla Exit quiescence  [56, 58]
inhibitors, follicle
Noggin
Myostatin SC/skeletal SC Maintain [150]
muscle quiescence
Follistatin HESC /hair Adipocyte Exit quiescence  [144]
follicle
Notch
Delta Notchl, SC/skeletal Myofiber, Maintain [120-124]
Notch3, muscle interstitial cell quiescence
canonical
Notch
signaling
What signaling
Wntba non-canonical HSC/bone Bone marrow Maintain [100]
Wnt marrow stromal cell quiescence
signaling
Dickkopfl Wnt/B- HSC/bone Osteoblast, Exit quiescence  [92, 94, 151]
catenin marrow stromal cell
Wnt Wnt/B- HFSC /hair HESC Maintain [64, 65]
inhibitors catenin follicle quiescence
Growth factors
FGF2 FGFRI, SC/skeletal Myofiber, Exit quiescence, [127,128,146]
FGFR4 muscle connective disrupt
tissue quiescence in
aged SCs
FGF1, FGF4 FGFR4 SC/skeletal Myofiber, Exit quiescence  [127, 129]
muscle connective
tissue

(continued)
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Table 1
(continued)
Receptor and Stem cell/ Source in the Effect on
Niche factor signaling niche niche quiescence Reference
FGFo6 SC/skeletal Myofiber Exit quiescence  [127]
muscle
FGEF7, FGFR2-1IIb, HEFESC /hair Dermal papilla Exit quiescence  [56]
FGF10 MAPK follicle
FGF18 FGFR3 HEFSC /hair K6+ cell dermal  Maintain [42,56]
follicle papilla quiescence
BTC EGFR NSC/ Endothelial cell ~ Exit quiescence  [152]
olfactory
bulb and
dentate
gyrus
HGF cMet SC/skeletal Myofiber, ECM  Exit quiescence  [127, 130, 134]
muscle
HGF cMet, PI3K-  SC/skeletal Myofiber, ECM, Gae, transition  [27]
AKT/ muscle, LT- connective
mTORCI HSC/bone tissue
marrow
PDGFa PDGFR HESC /hair Adipocyte Exit quiescence  [62]
follicle precursor
Other
Ang-1 Tie2 HSC/bone Osteoblast Maintain [83, 153, 154]
marrow quiescence
Thpo Mpl HSC/bone Osteoblast Maintain [90,91]
marrow quiescence
CXCL12 CXCR4 HSC/bone CAR cell, Maintain [40, 104-1006]
marrow osteoblast, quiescence
endothelial
cell,
megakaryocyte
Prolactin prolactin HEFSC /hair Circulation Maintain [48]
receptor, follicle quiescence
JAK/
STAT5

Abbreviations: Ang-1angiopoietin-1, BMPbone morphogenetic protein, BTC betacellulin, CAR cell CXCL12-abundant
reticular cell, CXCL12 C-X-C motif chemokine ligand 12, CXCR4 C-X-C chemokine receptor type 4, ECM extracellular
matrix, FGF fibroblast growth factor, HFSC hair follicle stem cell, HGF hepatocyte growth factor, HSC hematopoietic
stem cell, K6+ cell keratin 6 positive cell, LT-HSC long-term hematopoietic stem cell, NSC neural stem cell, PDGFa
platelet-derived growth factor-a, SC satellite cell, TGFp transforming growth factor , thpo thrombopoietin.

"Latent TGFp is secreted by stromal megakaryocytes and processed into active form by non-myelinated Schwann cells
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4 Adult Stem Cell Niche and Stem Cell Quiescence

4.1 The Bulge Niche
and HFSC Quiescence

Collaborate with intrinsic mechanisms, extrinsic signals from niches
tightly control adult stem cell quiescence [51]. To understand how
a niche microenvironment maintains the stem cells, it is first neces-
sary to determine where the stem cells reside and identify the
repertoire of factors from various niche cells and extracellular
matrix (ECM) as well as systemic long-range signals. Several adult
stem cells and key components in their corresponding niches have
been comprehensively defined, including HFSCs in the skin com-
partment, hematopoietic stem cells in the bone marrow and satel-
lite cells (SCs) in skeletal muscles.

Using nucleotide pulse-chase experiments, the existence of slow
cycling, label-retaining cells (LRCs) was found in the outermost
layer of the bulge region of hair follicle in skin [52]. These LRCs are
identified as the stem cells responsible for cyclic hair growth and the
bulge as the niche hosts of HESCs [53]. The hair follicle is a tissue
that turnovers periodically. The hair follicles undergo unique cycles
of bouts of active growth (anagen), rest (catagen), and regression
(anagen), which are collectively termed the hair cycle [54]. HFSCs
are maintained in a quiescent state during most of the cycle [52,
55]. They are only transiently sensitive to activating signals during
late telogen and become activated to proliferate in anagen [56, 57].
At late anagen, HFSCs enter quiescence again, which persists
through catagen and HFSCs remain quiescent until late telogen
[44] (Fig. 2).

HESC quiescence maintenance and activation are complex.
Intrafollicular components like K6+ cells and the dermal papilla, a
regulatory center located beneath the hair follicle [36], extrafolli-
cular fibroblasts and adipocytes secrete numerous quiescent and
regenerative signals to control HFSC quiescence [36, 56, 58, 59]
(Fig. 2). Among which, the crosstalk between the Wnt signaling
and the bone morphogenetic protein (BMP) signaling is central to
HEFSC quiescence and the hair cycle regulation [44 ]. Waves of BMP
expression in the bulge niche occur out of phase with Wnt/p-
catenin signals cycle [44]. The competitive equilibrium of the two
signaling determines responsiveness of HESCs toward regenerative
signals and divides telogen into two distinct functional phases [44 ]
(Fig. 2 and Table 1).

During early telogen, the bulge niche is characterized with a
BMP-high, Wnt/p-catenin-low microenvironment, restricting
HEFSCs in quiescence and refractory to activating signals [44].
Active BMP signaling drives HESCs into quiescence through
repressing CDK4 expression [60]. Ablation of BMP receptor IA
causes bulge cells to lose quiescence [61]. High BMP levels in the
bulge are contributed by BMP4 from dermal papilla, dermal
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Fig. 2 Hair follicle stem cell (HFSC) quiescence regulation by the bulge niche. HFSCs are quiescent in early
telogen follicles and are activated during anagen induction. HFSC quiescence and activation are regulated by
the balance between the Wnt signaling and bone morphogenetic protein (BMP) signaling. (/eff) During early
telogen, the BMP-high, Wnt-low niche environment maintains HFSCs in quiescence. Within hair follicles,
BMP4, BMP6, and fibroblast growth factor (FGF)18 from dermal papilla and keratin 6 positive (K6-+) inner
bulge cells act on HFSCs in a paracrine manner. Together with high levels of BMP2 and BMP4 derived from
extra-follicular fibroblasts and subcutaneous adipocytes, these factors make HFSCs refractory to stimulation.
Wnt ligands are scarce and HFSC-derived Wnt inhibitors keep the Wnt-low microenvironment. (righf) During
late telogen, BMP production from various niche cells ceases. Dermal papilla functions as the activation center
and secrete numerous factors, including BMP inhibitors, transforming growth factor-p2 (TGFB2), FGF7, and
FGF10. High levels of these factors antagonize BMP signaling and decrease the threshold for activation.
Platelet-derived growth factor-o (PDGFo) from adipocyte precursors also induces exit of HFSCs from
quiescence and telogen to anagen transition

fibroblasts, and subcutaneous adipocytes [44, 62]. In addition,
adipocytes secrete BMP2 and K6+ inner bulge layer produces
BMP6 [42, 44] (Fig. 2). Meanwhile, the Wnt/p-catenin activity
reaches its nadir at early telogen of the hair cycle [44, 63], in part
due to actions of Wnt inhibitors that prevent premature activation
of HESCs during telogen to anagen transition [64—68]. Fibroblast
growth factor (FGF) 18 from K6+ inner bulge cells and dermal
papilla also contributes to HESC quiescence maintenance [42, 53,
56] (Fig. 2 and Table 1).

Approaching the end of telogen, levels of BMP2 and BMP4 in
the niche decrease with a concurrent increase in BMP inhibitors
Sostdcl, Bambi, and noggin [44, 56, 58] (Fig. 2). Inhibition of
BMP signaling has been demonstrated to markedly shorten the
refractory phase and induce HFSCs to exit quiescence, thereby
accelerating hair follicle cycling and propagation of regenerative
wave [44, 61, 69, 70]. BMP signaling is also antagonized by
TGEFP2 secretion from dermal papilla, further lowering the overall
threshold for HESC activation [44, 59] (Fig. 2 and Table 1).
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The BMP-low microenvironment transits HESCs from a refrac-
tory to a competent state to the activating Wnt/f-catenin signaling
[44]. There is a surge in B-catenin activity during anagen induction
[44, 63, 67, 71], which is sufficient to break HFSC quiescence and
induce hair follicles to enter the anagen of'a new hair cycle [66, 67].
During this time, the dermal papilla also releases progressively
increased FGF7 and FGF10 to activate HFSCs [56]. In addition,
adipocyte precursor cell population increases in number and its
platelet-derived growth factor-a (PDGFa) expression peak during
anagen induction [62, 72] (Fig. 2 and Table 1). PDGFa further
augments HFSC activation and promotes the anagen phase [72].
Activated HFSCs within the bulge divide symmetrically to replen-
ish HESC pool during early anagen [57]. Until late anagen, they
eventually cease proliferation to enter quiescence again, which is
possibly driven by the elevated BMP2 and BMP4 signals during late
anagen [44]. Together, quiescence and activation of HFSCs are
coordinated by intrafollicular and extrafollicular signals HFSCs in
the hair cycle.

The hematopoietic system has a high turnover rate and appropriate
quiescence control is critical to maintain stem cell pool for life-long
functional hematopoiesis. It is generally accepted that HSC quies-
cence parallels the self-renewal capacity and repopulation potential
[73, 74]. HSCs are mostly quiescent or slowly cycling, with 75%
residing within the GO phase at any one time [75, 76]. They are
distributed throughout the bone marrow. Within the bone marrow,
two anatomical niches have been proposed: the endosteal niche and
the centrally located perivascular niche adjacent to sinusoidal vas-
culature [77]. These two niches contain different combinations of
factors and are believed to play complementary roles in the regula-
tion of HSC quiescence. Quiescent HSCs are preferentially located
in endosteal niche that is enriched with osteoblasts and osteoclasts
(Fig. 3). Upon activation, cycling HSCs are redistributed to the
perivascular niche where factors from sinusoid endothelial cells and
perivascular cells are abundant [78-80]. Extensive demonstrations
of the endosteal localization highlight the importance of direct
contact of HSCs to the endosteal surface in HSC maintenance
[78, 81-83]. Disruption of the endosteal niche overcomes HSC
quiescence and reduces functional long-term repopulating HSCs

[78].

In the endosteal niche, quiescent HSCs are in close contact with
osteoblasts lining the endosteal surface [84]. Osteoblasts are
specialized mesenchymal cells responsible for bone formation
[85]. Importance of osteoblasts in hematopoiesis has been demon-
strated by studies in which conditional ablation of osteoblasts
results in significant decrease in the HSC number accompanied
by a decrease in marrow hematopoiesis [86], whereas co-
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Fig. 3 Hematopoietic stem cell (HSC) quiescence regulation by the endosteal and the perivascular niches.
Within bone marrow, two spatially separated niches with distinct compositions and functions have been
proposed. Quiescent HSCs are more concentrated at the endosteum in close proximity to osteoblasts.
Osteoblasts are the central niche component to maintain a specialized niche housing quiescent HSCs. They
secrete multiple factors such as angiopoietin-1 (Ang-1), osteopontin (OPN), and thrombopoietin (Thpo).
Additional niche components have been identified in the stroma, including Wnt5a and CXCL12 from
CXCL12 abundant reticular (CAR) cells. Moreover, megakaryocytes (MKs) and non-myelinated Schwann
cells cooperate to produce active TGFp. Although the perivascular niche is thought to be associated with
HSC proliferation and differentiation, endothelial cells within the perivascular niche also help to maintain a
quiescence-prone microenvironment by contributing CXCL12

transplantation with osteoblasts improves HSC engraftment [87].
Osteoblasts secrete various factors to keep HSCs in quiescence.
Within the bone marrow, osteoblasts deposit a matrix glycoprotein
osteopontin (OPN) specifically on the endosteal surface [88]
(Fig. 3). OPN contributes to HSC trans-marrow migration to the
endosteum as evidenced by the failure of transplanted HSCs to
locate to the endosteal surface of OPN knockout mice [89]. OPN
also promotes HSC quiescence and inhibits HSC cell cycle progres-
sion [89]. This notion is supported by the observations of increased
number of cycling HSCs and expansion of HSC pool in OPN-
deficient mice [88, 89]. In conclusion, osteoblasts serve as a niche
component of HSC to promote HSC quiescence [89].

In addition to OPN, several osteoblast expressed soluble
ligand-receptor pairs mediate the control of HSC quiescence.
Osteoblasts express angiopoietin-1 (Ang-1) and thrombopoietin
(Thpo), which interact with the receptors Tie2 and Mpl on
HSCs, respectively [83, 90] (Fig. 3 and Table 1). These Tie2+
and Mpl+ HSCs exhibit features of GO quiescence such as low
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Pyronin Y staining, resistance to myelosuppression, and high levels
of CDK inhibitors [83, 90, 91]. In the bone marrow transplanted
with Ang-1-overexpressing bone marrow cells, percentage of qui-
escent cells is markedly higher [83]. On the contrary, when Thpo/
Mpl signaling is inhibited, HSCs lose quiescence and are redistrib-
uted from GO to Gl and S/G2/M phase [90, 91]. Collectively,
both signaling pathways are implicated in the maintenance of HSC
quiescence.

Osteoblasts are also a source of endogenous Dickkopfl
(Dkk1), a pan-Wnt inhibitor, which suppresses canonical Wnt sig-
naling in HSCs [92, 93] (Fig. 3). Overexpression of Dkk1 in the
osteoblastic niche reduces p21 expression in HSCs and enhances
HSC sensitivity to myelosuppression [94 ]. The loss of quiescence is
parallel to the progressive decline in regenerative function of HSCs
isolated from Dkk1-overexpressing mice in repopulating irradiated
wild-type recipient [94]. However, there are conflicting data
regarding the importance of P-catenin on HSCs. For instance,
HSCs retain reconstitution capacity even f-catenin is deleted
[95]. Ectopic B-catenin expression enhances reconstituting capacity
[96]. Furthermore, two individual groups demonstrated a negative
role of B-catenin signaling in HSC maintenance. Constitutively
active f-catenin leads to loss of HSCs quiescence due to a depletion
of long-term stem cell pool, which failed to repopulate irradiated
mice [97, 98]. These data make the role of canonical Wnt pathway
in HSC quiescence regulation ambiguous [95-98].

Away from the endosteum, the stroma contains a heterogeneous
population of mesenchymal cells. Stromal cells that are adjacent to
sinusoidal vasculature, along with endothelial cells, constitute the
perivascular niche [77]. Factors from these compartments are
implicated in HSC regulation. It has long been known the stromal
compartment is important for preserving HSCs functions [29]. To
date, various stromal cells and their roles in HSC quiescence regu-
lation have been identified. Non-canonical Wnt signaling ligand
Wntba is secreted by bone marrow stromal cells [99] (Fig. 3 and
Table 1). In vitro Wnt5a treatment induces p27, restricts HSCs in
quiescent state, and inhibits in vitro HSC expansion [100]. In
parallel, HSCs transiently incubated with Wnt5a enhance HSC
repopulation after engraftment [100, 101]. In addition to Wnt5a,
TGEP has also been shown to be a potent HSC quiescence inducer.
Megakaryocytes in the stroma are the major source of TGEp in the
HSC niche and non-myelinated Schwann cells process latent TGFf
into an active form [84] (Fig. 3 and Table 1). In vitro treatment
with TGEF strongly suppresses HSC proliferation and colony for-
mation [102]. In TGFp type II receptor knockout mice, there is an
increase in number of cycling HSCs [84]. TGEp-induced quies-
cence is mediated by p57 induction [102, 103] and knockdown of
p57 abolished the cell cycle arrest induced by TGFf [103].
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4.3 Basal Lamina
and Myofiber Niches
and SC Quiescence

Chemokine CXCL12 is abundantly expressed by multiple cell
types in bone marrow, including endothelial cells and various cellu-
lar components of stroma [40, 104-106] (Fig. 3 and Table 1).
Among which, CXCL12-abundant reticular (CAR) cells secrete a
significant level of CXCL12 in both the endosteal and the perivas-
cular niches [106]. Induced genetic ablation of its receptor,
CXCR4, in adult bone marrow results in severe reduction in HSC
numbers. The remaining HSCs exhibit signs of the loss of quies-
cence and an increase in the susceptibility to myelosuppressive
stress, illustrated by a reduced fraction of Ki67-negative GO cells
and a larger fraction of actively dividing cells [106]. Collectively,
HSC quiescence is regulated by factors from the stroma and the
perivascular niche in addition to the factors from the endosteal
niche.

In sharp contrast to the hair follicle and the bone marrow, skeletal
muscle is a low-turnover tissue under homeostatic conditions. Yet,
skeletal muscle has tremendous regeneration potential after injury.
SCs are initially identified at the periphery of adult skeletal muscle
fibers [107] and later are shown to be the bona fide adult stem cells
responsible for skeletal muscle regeneration [108]. Anatomically,
SCs are sandwiched between basal lamina and myofibers and they
lose stem cell characteristics when isolated and cultured in vitro
[107,109] (Fig. 4). Quiescent SCs are characterized by high Pax7

Quiescence Activation
interstitial cells

basal lamina

FGF1, FGF2,
myofiber FGF4, FGF6

Fig. 4 Satellite cells (SCs) quiescence regulation by the myofiber and the basal
lamina niches. Quiescent SCs are situated juxtaposed to the basal lamina and
sarcolemma of myofibers. Tethering of SCs to laminin in basal lamina protects
SC quiescence from activating signaling pathways. SC quiescence is also
maintained by the Notch-rich environment, with high levels of Notch ligand
Delta from myofibers and interstitial cells. Injury-induced SC activation is mainly
achieved by elevated levels of activating factors in response to injury, including
release of hepatocyte growth factor (HGF) from extracellular matrix ECM and
various fibroblast growth factors (FGFs) from the damaged myofibers. These
factors promote SCs to leave quiescence and proliferate. FGF also hinders SCs
return to quiescence after asymmetric cell division. Inhibiting FGFR signaling in
SCs by Sprouty1 (Spry1) is necessary to restore quiescence
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expression [110]. The basal lamina and myofibers represent the key
niche components for SC quiescence regulation.

Physical tethering to the ECM is critical for SC quiescence. SC
is anchored to the ECM laminin through cell surface o7 /p1-integ-
rins, which are negative regulators of mechanotransduction [111]
(Fig. 4). Extracellular mechanical forces, like during exercise, are
transduced into the cells to activate intracellular signaling pathways,
including those that are known to break SC quiescence [111-113].
a7 /Pl-integrins are capable of antagonizing those pathways,
making SCs resistance to activation [111]. Underneath the basal
lamina, quiescent SCs are closely associated with basal lamina ECM.
Biomechanical and biochemical properties of ECM are important
for the optimal SC quiescence regulation and functions [ 109, 114].
SCs cultured on substrates that simulate the physiological stiffness
of muscle can improve SC self-renewal and restore in vivo repopu-
lating capability [109]. Collagen VI (ColVI) is an ECM component
that affects the elasticity of ECM. Muscles from ColVI null mice
display significant decrease in stiffness. Such niche compromises
SC-mediated muscle regeneration and SC self-renewal capacity
after injury [114].

Equally important is the myofiber niche. It is reported that SCs
associated with myofibers remain in the quiescent state and exhibit
reduced response to mitogens after isolation [115, 116]. More-
over, selective ablation of myofibers led to extensive SC prolifera-
tion [116]. Myofibers are a rich source of Notch ligand, Delta
[117] (Fig. 4 and Table 1). Notch pathway has emerged as one of
the important regulators of SC quiescence [118-123]. Quiescent
SCs express multiple Notch receptors and Notch effectors [119,
121-125], making Notch signaling active in quiescent SCs [119,
124]. Intervening Notch signaling by depleting the intracellular
mediator RBPJ or downstream targets of Notch signaling directs
SCs to premature quiescent exit and promotes terminal differentia-
tion. As a result, SC number is reduced and muscle regeneration is
impaired after acute injury [119-121]. Together, findings from
various studies support the notion that physical association or
factors emanated from myofibers maintain SCs in a quiescent state.

Interestingly, Notch signaling plays a dual role in maintaining
and breaking SC quiescence. The observation that Notch ligand
Delta is rapidly upregulated in the interstitial cells, myofibers and
the associated SCs upon muscle injury suggests that Notch activity
is implicated in SC activation and muscle regeneration [117, 122].
Accordingly, Notch is activated when SCs exit quiescence and
become proliferative [122]. Blocking Notch signaling restrains
SCs from activation and proliferation and impairs muscle regenera-
tion [117,122].

In addition to Notch ligand, injured muscle tissues, including
myofibers, release various members of the fibroblast growth factor
(FGF) family as paracrine factors for SC proliferation [126, 127]
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(Fig. 4 and Table 1). FGF2 promotes quiescent SC cell cycle entry
in culture [128]. In ex vivo culture of isolated myofibers, a condi-
tion that mimics muscle injury, FGF2, as well as FGF1, FGF4, and
FGF6, promotes SCs to exit quiescence and accelerate cell cycle
entry [129]. SCs devoid of syndecan-4, a FGFR co-receptor, are
defective in activation and display a delayed onset of proliferation
[130, 131]. Paracrine FGF negatively regulates SC quiescence.
Sproutyl (Spryl), a FGFR signaling inhibitor [132], is highly
expressed in Pax7+ cells, which regulates FGF signaling and pro-
motes SC quiescence [112, 124]. Accordingly, SC-specific condi-
tional ablation of Spryl renders SCs fail to reestablish quiescence
after muscle injury [112].

Hepatocyte growth factor (HGF) is another key activator of
SCs [133-135]. In uninjured fibers, HGF is sequestered within
basal lamina ECM in its latent form. Active HGF is released by
matrix metalloproteinases upon both local [134, 136] and distant
injuries [27] (Fig. 4 and Table 1). HGF can induce exit from SC
quiescence and promote cell cycle entry as reflected by elevated
DNA synthesis, cyclin D1, and PCNA expression [134, 135, 137].
Injection of HGF into uninjured muscle stimulated SC activation
and upregulated myoblast number [133, 134].

5 Stem Cell Niche Aging and Stem Cell Quiescence

The ability of stem cells to maintain and regenerate decreases
dramatically with age leading to aging of tissues and organism.
There is a debate in whether the functional decline of stem cells
during aging is contributed by cell-intrinsic or cell-extrinsic
changes [138]. In some cases, cell autonomous defects do play an
important role. For example, intrinsic functional and molecular
changes in aged HSCs contribute to hematopoietic system aging
[139]. Changes in stem cell niche also contribute to the compro-
mised functions of aged stem cells [140]. Through heterochronic
parabiosis experiments, exposure of old SCs to the young systemic
environment rejuvenates their regenerative activity [141, 142]. On
the contrary, exposure to old serum hampers regeneration by
young SCs. Furthermore, cross-age transplantation experiments
rescued aged phenotypes in skin and muscle, suggesting that
defects are rooted in extrinsic changes rather than cell-intrinsic
defects [143, 144].

In the skeletal muscle, age-related alterations in both systemic
inputs and local microenvironment contribute to the loss of stem
cell quiescence and diminished regenerative capacity. Circulation of
aged mice contains elevated levels of factors that are deleterious to
the regeneration process [141, 145]. For example, young SCs
express Notch ligand Delta and activate themselves in an autocrine
manner [ 122]. Yet, SCs express a reduced level of Delta in old mice
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and therefore SC activation and muscle regeneration are hampered
[117]. Regenerative potential is also possibly impaired through
alteration of stem cell fates. In both in vitro and in vivo, Wnt ligands
can promote fibrogenesis at the expense of myogenic potential of
young SCs [142]. Serum content of Wnt ligands mount during
aging, which is suggested to associate with poor muscle regenera-
tion and excessive fibrosis in aged muscle [142].

Within the aged local niche, myofibers are the principal source
of elevated FGF2 [146], an activator of SCs [128]. In such micro-
environment, aged SCs lose their ability to retain a quiescent state,
as evidenced by the loss of molecular signatures of quiescence
[146]. Counterbalancing FGF2 signal from the aged niche via
Spryl overexpression in SCs has been shown to promote long-
term SC quiescence and improve regenerative capacity during
aging [146].

Loss of quiescence is obviously deleterious as it accelerates the
depletion of stem cell pool. Yet, stem cells can be lodged in quies-
cence and fail to regenerate tissue if the niche provides excessive
quiescence signals. This notion is best exemplified by the aging-
related defects in HFSCs. The resting telogen phase of hair follicle
becomes increasingly prolonged with age [ 144, 147 ]. Interestingly,
HESCs in aged skin are not depleted nor prematurely activated.
Instead, aged HFSC:s retain their number and have higher propen-
sities of staying in dormancy [144].

In young hair follicle, active BMP signaling keeps HESCs in
quiescence and refractory to Wnt/p-catenin anagen inducing sig-
naling [44]. Such balance is perturbed in aged HFSC niche and
quiescent HESCs become excessively resistant to activation [ 144,
147]. From adipose tissue in aged skin, elevated levels of BMP
proteins and reduced BMP-inhibitor follistatin are secreted into
the niche [144, 147]. All these signals set a high threshold for the
activation of aged HFSCs and thus delay their response to activa-
tion [147]. Meanwhile, activation by Wnt/p-catenin signaling is
dampened by aberrant secretion of Wnt pathway inhibitors (Dkk1
and Sfrp4) from aged adipocytes [ 144 ], further tipping the balance
from activation toward quiescence. Moreover, there is a general
elevation of inflammatory cytokines in the niche microenviron-
ment, presumably from extrafollicular T lymphocytes [148]. The
downstream JAK/STAT signaling is hyperactive in aged HESCs
and helps in keeping HEFSCs in deep dormancy [48, 148].
Together, changes in the stem cell niches deteriorate stem cell
functions during aging, opening the avenue to ameliorate aging
phenotypes through manipulating stem cell niches.
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6 Concluding Remarks and Future Directions

Taken all together, quiescence protects adult stem cells from acti-
vation and depletion and preserves stem cell properties including
regeneration capacity. Adult stem cells reside in specific niches
containing a combination of cellular and acellular components.
Niche complexity is increased as long-range physiological and path-
ological information being integrated. Niche microenvironment is
central to long-term maintenance of stem cell in the quiescent state
and dysregulation of stem cell quiescence by the niche underlies
aging and presumably disease pathogenesis. In this vein, a niche can
be therapeutically targeted to correct stem cell functions. All these
findings support manipulations of stem cell niche to treat stem cell-
related diseases as a novel approach of regenerative therapy. The
possibility of this notion is only beginning to be understood and is
supported by fascinating data from several proof-of-concept studies
in recent years [149].

With a tremendous potential to regulate stem cell quiescence as
well as other stem cell properties, the manipulation of stem cell
niches opens future applications in regenerative medicine and
therefore warrants further in-depth research. The first challenge
of niche manipulation is to identify critical components among a
complex crosstalk between stem cells and various niche compo-
nents. Sophisticated genetic, imaging, and sequencing approaches
will enable a holistic view of the identity, influence, and molecular
mechanism of niche components. The extrinsic and intrinsic regu-
lation of cellular quiescence is highly complex and our knowledge is
far from complete. A more thorough understanding about cellular
quiescence and its regulation is critical to delineate and manipulate
its imperative homeostatic and reparative potentials.
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Chapter 2

An In Vitro Model of Cellular Quiescence in Primary Human
Dermal Fibroblasts

Mithun Mitra, Linda D. Ho, and Hilary A. Coller

Abstract

Cellular quiescence is a reversible mode of cell cycle exit that allows cells and organisms to withstand
unfavorable stress conditions. The factors that underlie the entry, exit, and maintenance of the quiescent
state are crucial for understanding normal tissue development and function as well as pathological condi-
tions such as chronic wound healing and cancer. In vitro models of quiescence have been used to
understand the factors that contribute to quiescence under well-controlled experimental conditions.
Here, we describe an in vitro model of quiescence that is based on neonatal human dermal fibroblasts.
The fibroblasts are induced into quiescence by antiproliferative signals, contact inhibition, and serum-
starvation (mitogen withdrawal). We describe the isolation of fibroblasts from skin, methods for inducing
quiescence in isolated fibroblasts, and approaches to manipulate the fibroblasts in proliferating and quies-
cent states to determine critical regulators of quiescence.

Key words Fibroblasts, Quiescence, Serum starvation, Contact inhibition

1 Introduction

1.1 Cell Quiescence Extracellular signals such as the availability of nutrients, the pres-
and Its Role in Human  ence of growth factors, or the presence of cytokines can serve as
Biology signals that cells should proliferate to generate daughter cells.

When pro-proliferative signals are absent or antiproliferative signals
are present, some cells have the capacity to reversibly exit the cell
cycle and enter into a quiescent state [1—4]. Quiescent cells are
defined by their ability to reenter the cell cycle at a future time when
conditions are favorable for cell division. Thus, quiescence repre-
sents a reversible, non-dividing state. The reversibility of quiescent
cells distinguishes them from senescent and apoptotic cells that
cannot reenter the cell cycle [ 3], and from terminally differentiated
cells that no longer divide, such as the cells that have undergone
squamous maturation.

Quiescent cells in the human body include memory T cells,
hepatocytes, fibroblasts, and stem cells. When quiescent cells sense

H. Daniel Lacorazza (ed.), Cellular Quiescence: Methods and Protocols, Methods in Molecular Biology, vol. 1686,
DOI 10.1007/978-1-4939-7371-2_2, © Springer Science+Business Media LLC 2018
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1.2 Biological
Markers of Quiescent
Gells

external stimuli to divide, they can be induced to proliferate. Often
this occurs in a context in which the quiescent cells are being called
on to proliferate and function as early responders in maintaining
tissue homeostasis. For example, during wound healing, quiescent
fibroblasts distant from the wound area become activated, resulting
in their proliferation and migration to the wound site [5, 6]. These
activated fibroblasts synthesize extracellular matrix proteins, such as
collagen, that help in closing the wound. Cancer is characterized by
cells that ought to exit the proliferative cell cycle but continue
proliferating despite anti-proliferative signals. Studying the molec-
ular processes that induce quiescence, maintain quiescence, and
stimulate cells to reenter the cell cycle may provide important
insights into multiple disease states. A better understanding of the
relevant factors can be gained by developing in vivo and in vitro
models that mimic the biological system faithfully and in a repro-
ducible manner.

Quiescent cells have entered a state in which the cells have ceased
dividing and no new genomic DNA is being synthesized. Recent
studies have described the properties of quiescent cells [3, 7-12],
including changes in gene expression patterns [13-19], but more
research is required to truly understand the molecular basis of
quiescence. This leads to the question: What approaches are avail-
able to ascertain whether a cell is in a quiescent state using different
cell-based techniques? What biological markers are available for
this?

Table 1 summarizes some of the markers and reagents that have
been used to probe for quiescent cells. The cell cycle of proliferating
cells is driven by the expression of cyclins, which are proteins that
activate cyclin-dependent kinases (Cdks) [20, 21]. Cdks, in turn,
phosphorylate key proteins at different stages of the cell cycle that
allow cells to progress through the cell cycle phases [22]. The
activity of these Cdks is inhibited by Cdk inhibitors such as p21
and p27 [23]. These Cdk inhibitors are often induced during
quiescence [24]. Some of the markers that have been used for
quiescence include reduced Cdk activity and elevated levels of
cyclin-dependent kinase inhibitors.

Members of retinoblastoma family of proteins (Rb/pl05,
pl07, and Rb2/pl130) bind to the activating E2F transcription
factors (E2F1, E2F2, and E2F3) [25]. Binding of Rb family mem-
bers results in a complex that sequesters E2F, thereby suppressing
the transcription of E2F-dependent cell cycle genes [26, 27].
Phosphorylation of retinoblastoma proteins by Cdks releases E2F,
which allows cell cycle progression. In some models, the complex
pl30-E2F accumulates in quiescent cells and has been used as a
marker for quiescent cells [28]. In other models, Rb itself, and not
pl130 or pl07, is critical for maintaining quiescence [29].
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Other methods to detect quiescent cells have been developed
based on the lack of DNA synthesis in quiescent cells. Cells that are
actively dividing incorporate nucleotides into their DNA. Addition
of labeled nucleotides like bromodeoxyuridine (BrdU) can be used
to detect cells that have recently replicated their DNA [15]. Quies-
cent cells are low or negative for this marker. Unlike BrdU, which is
detected by an antibody, labeled fluorescent nucleotides have been
developed with Click chemistry [30] to attach a fluorescent probe
to ethinyldU (eDU) to measure DNA synthesis [31, 32]. Another
characteristic of many quiescent cells is low levels of total RNA.
Pyronin Y stains total RNA and has been used as a quiescence
marker based on FACS analysis of individual cells [7, 32-34].

Identitying quiescent cells within an organism has mostly been
based on methods that identify cells that have not divided recently.
Cells that are quiescent have been identified with label-retaining
assays [ 35—40]. With these assays, a repeated and prolonged admin-
istration of a labeled nucleotide such as tritiated thymidine ([*H]
TdR) or BrdU will be taken up by the animal (pulse), followed by a
chase during which labeled nucleotides are not provided. Cells that
divide slowly can be identified as those that retain the label a long
time after the pulse period. A similar concept was developed to
fluorescently label cells in living organisms that have not divided
recently. An inducible histone H2B-GFP protein has been intro-
duced into organisms [41, 42]. Upon activation, H2B-GFP labels
every histone green. After the expression of the H2B-GFP is turned
off, and endogenous, unlabeled histone H2B is the dominant form
expressed, cells that retain the label will be those that have not
divided, and the label will be enriched in quiescent cells.

The Fluorescence Ubiquitin Cell Cycle Indicator (FUCCI) cell
cycle sensor can be used to monitor cell progression in living
organisms, though by itself, does not specifically distinguish quies-
cence from the Gl phase of the cell cycle [43—47]. The Fucci
system utilizes the chromatin licensing and DNA replication factor
1 (Cdtl) protein and its inhibitor geminin. With the Fucci model,
Cdtl, which is expressed at high levels in G1 and declines in S
phase, is labeled red. Geminin, which is expressed during S, G2,
and M cell cycle phases, is labeled green. Fucci zebrafish, flies, and
mice have been developed and the system has been used to gain
insight into the proliferative patterns of cells in vivo. Recently, the
Fucci system has been combined with a method to monitor p27
levels to identify quiescent cells [48]. Levels of p27 are high in
quiescent cells and two different degradation methods eliminate
p27. The Skpl (S-phase kinase-associated protein 1)-cullin-F-box
(SCF) ubiquitin ligase complex SCF**P? binds phosphorylated p27
and mediates its degradation in S and G2 cell cycle phases [49].
KPC (Kipl ubiquitination-promoting complex), consisting of
KPCI and -2, degrades p27 in G1 [50]. The exquisite control of
p27 levels achieved by the cell has been exploited to generate a
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1.3 Using Primary
Cells Isolated from
Tissues for Studying
Quiescence In Vitro

quiescent cell marker. The fluorescent protein Venus was fused to a
version of p27 that does not bind CDKs (mVenus-27 K-). Introdu-
cing this protein into cell allows visualization of GO cells based on
their fluorescence. Combining this method with FUCCI mice
allowed sensitive detection of quiescent cells in vivo: cells that
were positive for both the mVenus-27 K- fluorescence and Cdtl
fluorescence were considered to be in GO, while cells positive only
tor Cdtl fluorescence were considered to be in G1.

A recent exciting advance in this field was the advent of real-
time cell monitoring to detect quiescent cells. A CDK2 sensor has
been used to monitor Cdk activity in cycling epithelial cells over
several cell cycles [10]. This sensor contains four CDK consensus
phosphorylation sites and the yellow fluorescent protein Venus.
The sensor also contains nuclear localization and export signals so
that the protein can be imported into the nucleus and exported
from the nucleus based on the extent of Cdk activity in the cells.
The ratio of nuclear to cytoplasmic fluorescence provides a readout
for CDK2 activity. At the end of mitosis, while most cells exhibited
an intermediate amount of CDK2 activity, some cells with low
CDK2 activity were identified. These low CDK2 cells entered a
temporary state of quiescence. Time-lapse imaging followed by
fixation and immunofluorescence revealed that p21 levels were an
important determinant of which cells exited the cell cycle.

While these approaches have led to important discoveries about
quiescence and quiescent cells, new markers, including cell surface
markers, that positively identify quiescent cells and distinguish
them from cells in G1 that are about to divide and from those
that have irreversibly exited the cell cycle due to senescence or
differentiation, would be extremely valuable for the field.

Studying the quiescent behavior of cells using in vivo animal models
is important for our understanding of quiescence because it pro-
vides information about the physiologically relevant tissue micro-
environment. In addition, in vitro models of quiescence can be used
to complement in vivo systems. With in vitro quiescence models,
proliferating cells isolated from tissues can be induced into quies-
cence under different conditions (e.g., mitogen removal) in tissue
culture dishes. These experiments can provide a controlled envi-
ronment in which cells can be subjected to specific, reproducible,
and well-controlled treatments and isolated for downstream analy-
sis. Although in vitro models lack the complexity of in vivo models,
they do provide a simple, readily scalable, and reproducible system
for analysis of quiescence. With in vitro models, it is possible to
control the specific cell types present, and the levels of extracellular
matrix proteins, and signaling and growth factors.
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The choice of cell type in establishing an in vitro model of
quiescence is important. The cells should be amenable to easy
isolation from tissues and they should be able to be cultured readily
in vitro by following standard tissue culture techniques. A variety of
cell types have been used for establishing in vitro models of quies-
cence, including pancreatic stellate cells [51 ], HUVECs [52], myo-
blasts [53], keratinocytes, astrocytes, and fibroblasts described
turther below.

Fibroblasts are the predominant cell type in connective tissue.
They secrete extracellular matrix proteins such as collagen [54].
Fibroblasts isolated from different tissues such as lung and skin have
been extensively used to study quiescence in vitro [7, 15, 55-57].
Dermal fibroblasts are easy to culture and the steps to isolate them
from skin have been well established [58—61]. Proliferating dermal
fibroblasts can be induced into quiescence by contact inhibition or
serumstarvation and these quiescent fibroblasts assume distinct
morphologies and gene expression signatures compared to prolif-
erating fibroblasts [15, 19].

We present here steps to establish an in vitro model of quies-
cence using neonatal dermal fibroblasts. We provide protocols for
the isolation of neonatal fibroblasts from foreskin, for culturing
these fibroblasts in a laboratory tissue culture setting, and for
inducing the fibroblasts into quiescence. We also describe methods
to regulate the expression level of a specific gene via transfection of
short interfering (siRNA). siRNA-based methods permit the inves-
tigation of the functional role of an individual factor in quiescence
entry or exit.

2 Materials

2.1 Procurement of
Skin Tissue for
Fibroblast Isolation

For all of the tissue culture procedures described, fibroblasts are
grown in a 10 cm tissueculture treated plate (10 ml culture volume)
in an incubator set at 37 °C with 5% CO, level, unless otherwise
indicated. Culture volumes can be adjusted if using tissue culture
plates or dishes of different sizes.

To isolate primary human dermal fibroblasts, we obtained human
skin from newborns via the National Disease Research Interchange
(http: //ndriresource.org/) under a protocol approved by the
UCLA Institutional Review Panel. Readers should follow all the
safety and ethical guidelines as mandated by their local Institutional
Review Board. An authorized person who has received appropriate
training, following the procedure approved by the Institutional
Review Board and wearing the appropriate personal protective
equipment, should be responsible for skin collection.
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2.2 Materials for
Isolating Fibroblasts

2.3 Essential Tissue
Culture Reagents for
Culturing Fibroblasts

QN Ul R N

N

10.
11.
12.

13.

14.
15.

AN

. Antibiotic/antimycotic solution: 100 U/ml penicillin G,

100 pg/ml streptomycin, and 2.5 pg/ml amphotericin B dis-
solved in Dulbecco’s modified phosphate-buffered saline
(DPBS) without calcium and magnesium. Filter-sterilize and
store at —20 °C protected from light.

. 15 c¢m plates.

. 100% ethanol.

. Two pairs of eye forceps.

. Surgical scissors.

. 0.5% dispase solution: Add 500 mg solid dispase per 100 ml

PBS. Filter-sterilize and store at —20 °C in 5 or 25 ml aliquots.
All the dispase may not dissolve.

. Scalpel.
. 15 ml polypropylene tubes.
. 1000 U/ml collagenase: Add 320 mg solid collagenase

(318 U/mg Collagenase Type 1A) per 100 ml PBS. Filter-
sterilize and store at —20 °C in 5 or 25 ml aliquots.

Ice-cold DMEM with 7.5% Fetal Bovine Serum (EBS).
70 pm nylon mesh strainers.

100x Antibiotic/antimycotic Solution: Dissolve 10,000 units/
ml Penicillin G, 10,000 pg/ml Streptomycin, and 25 pg/ml
Amphotericin B in PBS. Filter-sterilize and store at —20 °C pro-
tected from light.

Fortified growth medium: Dulbecco’s Modified Eagle
Medium (DMEM), 10% FBS, 1x antibiotic solution, 1 mM
sodium pyruvate, 10 mM HEPES bufter, 2 mM r-glutamine,
0.1 mM nonessential amino acids in Minimum Essential
Medium (MEM) (1:100 of 10 mM stock).

Inverted light microscope.

Number 22 disposable surgical blades.

. Vial of frozen fibroblasts.
. Water bath at 37 °C.
. 15 ml conical tubes.

. Complete medium: Dulbecco’s Modified Eagle Medium

(DMEM), 10% fetal bovine serum (FBS).

. 10 cm tissue culture-treated plates.
. Inverted light microscope.
. Dulbecco’s modified phosphate-buftered saline (DPBS) with-

out calcium and magnesium.

. 0.05% trypsin in DPBS.
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9. Trypan blue.

10. Automated cell counter and disposable chamber slide or hema-
tocytometer and hematocytometer slide.

11. Low serum medium: DMEM and 0.1% serum.
12. Eppendorf tubes (1.5 ml).

13. Cell cooling apparatus (e.g., Mr. Frosty™ freezing container).

1. Cell lysis buffer (such as commercially available mammalian

Cell Lysates protein extraction reagent (M-PER) from Life Technologies).
2. Protease inhibitors.
3. Bicinchoninic acid assay (BCA assay) kit.
4. Soybean trypsin inhibitor.
5. Eppendorf tubes (1.5 ml).
2.5 siRNA 1. Plates for transfection (type depends upon the experimental
Transfection design).
2. Transfection reagent for siRNA transfection (commercially
available).
3. siRNAs for the genes of interest (commercially available).
3 Methods

3.1 Isolation of
Primary Dermal
Fibroblasts

Pre-warm all the media and other reagents to 37 °C using a water
bath or a dry bath for at least 15 min. Disinfect the outside surfaces
of media bottles, frozen cell vials, and other reagent tubes by
spraying with 70% ethanol. All steps are performed inside a tissue
culture laminar flow hood under sterile conditions, unless other-
wise indicated. The laboratory performing the fibroblast isolation
procedure should have permission to work with biohazardous
materials and be equipped with all instruments needed to perform
mammalian cell culture in a sterile manner. All personnel involved
in performing tissue culture experiments require training in
handling biohazardous materials.

Before starting the procedure, clean all the surgical tools (number
22 disposable surgical blade, scalpel handles, eye forceps, and sur-
gical scissors) with 70% ethanol and wrap them into a closed packet
of aluminum foil before sterilizing them by autoclaving. Note: do
not let the skin dry at any stage, as this will negatively affect
fibroblast yield.

1. Wash the skins (5 ml of solution/skin sample) by submerging
the tissue in 100 x antibiotic/antimycotic solution in a conical
tube and then removing the solution. Repeat once.
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. Incubate the washed skin in 5 ml of 100% ethanol for 1 min on

ice followed by washing in 5 ml 100x antibiotic/antimycotic
solution for 10 min.

. With two pairs of eye forceps and surgical scissors, scrape the

dermal side of the tissue to recover the subcutaneous connec-
tive tissue (second layer of red tissue on the dermal side). Using
either surgical scissors or a surgical scalpel and forceps, mince
the tissue into small ~0.5 cm width pieces on a 15 cm plate.
Incubate the pieces at 37 °C for 1—4 h in 5 ml (per skin) of 0.5%
dispase solution in a 15 ml tube (se¢ Note 1) until the epidermis
detaches from the dermis. Fine mincing enhances fibroblast
yield and viability, as fibroblasts will grow out from sharply
cut edges.

. Remove the epidermal sheet with gentle agitation or by two

pairs of forceps as follows. Lay the skin sample (epidermis side
up) on a 15 cm plate and with the curved edge of one pair of
forceps, pin down the skin sample, while using the other pair of
forceps to pinch and peel off the epidermis. Removal of the
epidermis reduces keratinocyte contamination.

. Using a number 22 disposable surgical blade, mince the dermal

sample into 2—3 mm square pieces on a 15 cm plate. Place the
pieces (~10-20) in a 15 ml polypropylene tube with 3 ml of
collagenase solution. Incubate at 37 °C for 1-2 h with vigorous
stirring until some of the cells are suspended in the solution. At
this point, the solution should be a bit turbid with some visible
insoluble debris. Stop before all of the cells are dissolved in the
solution.

. Add 3 ml ice-cold DMEM containing 7.5% FBS. Vortex the

tube a few times to separate fibroblasts from collagen fibers.
Filter the supernatant through a 70 pm nylon mesh strainer to
remove debris.

. Centrifuge the cells for 10 min at 150 x gat 4 °C. Aspirate the

supernatant. Resuspend the pellet in a fortified growth medium
and plate the cells on a 15 cm plate. This is passage 1 for this
batch of fibroblasts.

. Aspirate the medium after 24 h to remove detached cells and

add fresh, fortified growth medium. Confirm by light micros-
copy that the cells have the characteristic fibroblast morphol-
ogy: spindle-shaped cells in monolayer (Fig. 1).

. Grow the fibroblasts until they become ~80% confluent. Pas-

sage the fibroblasts (passage 2) to 2-3 new 15 cm plates. See
steps 2—4 in Subheading 3.2 for passaging fibroblasts; scale the
amount of each reagent for a 15 cm plate (20 ml of culture
volume). Use fortified growth medium instead of complete
medium.
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A. Day 1
Plate 5 x 10° cells
in DMEM (10% FBS) Day 2 Day 7
e E— e — e S —
Inhibition
10 cm plate Proliferating 7-day contact
fibroblasts inhibited
Plate 5 x 105 cells Day 1 of Day 7 of
in DMEM (10% FBS) Switch to low-serum  gorym_starvation serum-starvation
Serum 24 hr DMEM (0.1% FBS) 6 days
Starvation @ — Si —— @ —
10 cm plate Proliferating 7-day serum
fibroblasts starved
B. Proliferating
Fibroblasts (P) 7-day Contact-Inhibited 7-day Serum-Starved
Quiescence
Conditions
—_

Fig. 1 Methodology for generating proliferating, contact-inhibited, and serum-starved fibroblasts. (a) A
schematic showing the protocol for generating proliferating, 7-day contact inhibited and 7 day serum-
starved fibroblasts is provided. (b) Images of proliferating, serum-starved, and contact-inhibited fibroblasts
are provided

10. Freeze cells during passage 3 or 4 (see Subheading 3.3 for
freezing fibroblasts; scale the reagents for a 15 cm plate and
use fortified growth medium instead of complete medium).
Make sure the cells are in the exponential growth phase when
they are collected for freezing (see Note 2).

3.2 Culturing 1. Check the 10 cm plate containing fibroblasts under the micro-
Proliferating scope. Passage the cells if the confluency reaches about 80%.
Fibroblasts Use complete medium (without antibiotics) for regular cultur-

ing of cells (see Note 3).

2. To passage the cells, remove the medium containing dead and
non-adherent cells from the plate by aspiration. Add 5-10 ml
DPBS to the plate and gently swirl the plate to wash the cells.
This washing step will remove any remaining complete
medium that might inhibit the activity of trypsin added in the
next step. Aspirate the DPBS from the plate. Add 3 ml of 0.05%
trypsin solution to the plate and swirl the plate to coat the cells
uniformly with trypsin. Incubate the cells in the incubator for
5 min.

3. After 5 min incubation, check the cells under the microscope to
make sure that all the cells have been detached. If the cells are
still attached, incubate the cells in the incubator for a few
additional minutes. Exposure of the cells to trypsin should be
minimized as trypsin affects cell viability. Tap the plate gently
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3.3 Freezing and
Thawing the
Fibroblasts

(if needed) to release the cells that are loosely attached to the
plate. Add 10 ml of complete medium to neutralize the trypsin.
Transfer the cell suspension (13 ml) to a 15 ml conical tube.
Spin the tube at 500 x g for 5 min to pellet the cells.

. Aspirate the supernatant containing trypsin from the tube. This

removal of trypsin after trypsinization helps in maintaining cell
viability. Resuspend the cell pellet in 1 ml of complete medium.
A portion of this cell suspension is then added to a fresh tube
and mixed with complete medium to achieve a final volume of
10 ml and the desired dilution of the cells. For example, to
dilute the cells four times (4x dilution), 250 pl of cells are
mixed with 9.75 ml of complete medium and then added to a
10 cm plate.

. Use proliferating cells of low passage number for freezing

(see Note 4). Pellet the cells as described before (see steps 2
and 3 in Subheading 3.2). Aspirate the supernatant.

. Add 3 ml of cell freezing medium to the cell pellet and resus-

pend the pellet by gently pipetting up and down.

. Add the cell suspension to a cryovial. Using a cryo marker pen

or a cryo-label suitable for liquid N, storage, label the cryovial
with the following information: name of investigator, type of
cells, cell source, passage number, number of cells in the vial,
and date of freezing. An electronic log sheet should be main-
tained separately containing all the above information and
other important information such as type of culture medium
and freezing reagent used.

. Transfer the cryovial to a cooling apparatus for slow cooling

and place the apparatus inside a —80 °C freezer overnight. The
next day, move the cryovial to a liquid nitrogen freezer for
long-term storage.

. Thaw a vial of frozen fibroblasts by gently swirling the tube in

the water bath set at 37 °C. Transfer the cells (1 ml) to a 15 ml
conical tube, add 9 ml of complete medium and mix gently by
pipetting up and down using a 10 ml serological pipette. Try to
avoid generation of air bubbles.

. Spin the tube at 500 x g for 5 min at room temperature to

harvest the cells. Remove the supernatant and add 1 ml of
complete medium. Suspend the cell pellet by gently pipetting
up and down a few times using a 1 ml pipet tip (see Note 5).
Make sure that the cell pellet is completely suspended. Add
9 ml of complete medium and mix. Add the 10 ml of cell
suspension to a 10 cm plate. Place the plate inside an incubator.
Move the plate forward and backward and sideways to distrib-
ute the cells across the surface of the plate. Swirling in a circle
may result in cells piling in the middle of the plate.



3.4 Induction of
Fibroblast Quiescence
by Contact Inhibition

3.5 Induction of
Fibroblast Quiescence
by Serum Starvation
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. Grow fibroblasts in a 10 cm plate until the cells are about 80%

confluent. Change the medium after every 48 h. Wash the cells,
trypsinize, and prepare the cell pellet (see steps 2 and 3 in
Subheading 3.2). Resuspend the cell pellet in ~1 ml of com-
plete medium (stock suspension).

. Take 10 pl of cell suspension in an Eppendorf tube and add

10 pl of trypan blue. Mix well by pipetting up and down. Add
10 pl to the hematocytometer slide or into a disposable cham-
ber slide for automatic counting. Count the cells manually
using a hematocytometer or an automated cell counter by
following the manufacturer’s instructions. For more detailed
protocols on cell counting using trypan blue refer to [62].
Note the density (cells/ml) of live cells (see Note 6). The live
cells show bright centers and dark edges upon trypan blue
staining. Repeat the counting procedure. Average the two
counts to get the final number for live-cell density (Y cells/ml).

. Calculate the volume of the stock suspension (X ml) needed for

plating 5 x 10° cells per 10 cm plate using the density of live
cells (Y cells/ml). Pipet the calculated amount of stock suspen-
sion (X ml) to a 15 ml conical tube and then add the appropri-
ate amount of complete medium to make the total volume
10 ml. Mix well and add the suspension to one or many
10 cm plate(s) (Day 1). Incubate the plate(s) in the incubator
for about 24 h.

. Depending upon the strain of fibroblast, the cell confluency can

be expected to reach 50-70% after 24 h (Day 2). The cells can
be harvested at this stage and the pellet can be prepared as
described above (see steps 2 and 3 in Subheading 3.2). At this
stage, cell lysates from proliferating cells (P) for western blot
can be prepared (see Subheading 3.7).

. Grow the cells until Day 7 changing the medium every 48 h.

The cells should cover the bottom of the plate by day 3—4. By
day 7, the cells will have ceased to grow due to contact inhibi-
tion (Fig. 1). Prepare the cell lysates for 7 day contact inhibited
cells (see Subheading 3.7).

. Plate 5 x 10° cells in a 10 cm plate (see steps 1-3 in Subhead-

ing 3.4).

. After 24 h, wash the cells twice with 5 ml of DPBS to

completely remove the medium. Add 10 ml of low serum
medium (containing DMEM and 0.01% serum) to the plate.
Incubate the plate in the incubator (Day 1 of serum starvation).

. Change medium (low serum) every 48 h. Continue to grow

the cells until Day 7 (Fig. 1). On Day 7, harvest the cells and
prepare cell lysate for 7 day serum-starved cells (7dSS) (see
Subheading 3.8 for modified protocol using trypsin inhibitor).
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3.6 Restimulation of
Quiescent Fibroblasts
into a Proliferating
State

3.7 Preparation of
Cell Lysates for P,
7dCl, and
Restimulated Cells

Cells made quiescent by either contact inhibition or serum starva-
tion can be induced to reenter a proliferative state (restimulation).
This is useful for studying the effects of specific proteins and molec-
ular pathways on the transition of cells from a quiescent to a
proliferative state.

1.

1.

Begin with a 10 cm plate containing fibroblasts in a contact-
inhibited state (see Subheading 3.4). Detach the cells from the
plate by trypsinization and collect the cell pellet (see steps 2 and
3 in Subheading 3.2).

. Resuspend the cell pellet in 1 ml of complete medium. Take the

desired amount of cell suspension (e.g., 200 pl for 5x dilution)
in a 15 ml tube and add complete medium so that the final
volume is 10 ml. Mix well. Add the cells to a 10 cm plate and
culture them under proliferation conditions (cells should be
<80% confluent). The proliferating cells can be used for down-

stream analysis like monitoring protein expression by western
blot (see Subheading 3.7).

. For restimulating serum-starved fibroblasts, take a 10 cm plate

containing serum-starved cells (see Subheading 3.5) and aspi-
rate the low-serum medium. Wash the cells (see step 2 in
Subheading 3.2) with 5 ml of DPBS. Detach the cells by
trypsinization and neutralize the trypsin with complete
medium followed by pelleting the cells by centrifugation (see
steps 2 and 3 in Subheading 3.2). Dilute the cells and plate
them (see step 4 in Subheading 3.2). This process will restimulate
serum-starved cells into a proliferating state. The proliferating
cells can be used for downstream analysis (see Subheading 3.8).

. The confluency of serum-starved cells is less than 100%, so

depending upon the application, restimulation can be per-
formed with (see step 3 in Subheading 3.5) or without cell
dilution (adding complete medium directly to serum-starved
cells without any dilution).

Detach the cells from the plate with trypsinization (see Note 7)
and pellet the cells (see steps 2 and 3 in Subheading 3.2).
Resuspend the pellet in 0.5-1 ml of DPBS and transfer the
cell suspension to a 1.5 ml Eppendorf tube. Keep the cell
suspension on ice until the next step. Centrifuge the tube at
2500 x g for 10 min to pellet the cells again. Remove the
supernatant. This step will remove any residual complete
medium and trypsin. If needed, the cell pellet could be flash
frozen in dry ice and stored in —80 °C freezer.

. Add cell lysis buffer containing protease inhibitors to the tube

and pipet up and down to suspend the cell pellet completely.
Incubate the cell suspension for 10 min at room temperature
with gentle shaking. Check the instructions for using the cell
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lysis buffer if using a commercially available one. See Ref. 63 for
recipes of traditional cell lysis buffers such as NP-40 and RIPA
lysis bufters.

. Centrifuge the tube at 14,000 x g for 10 min. Remove the

supernatant (cell lysate) and transfer it to a fresh microcentri-
fuge tube. Measure the concentration of the cell lysate using
BCA assay kit by following the manufacturer’s instructions.
Perform western blot analysis using the collected cell lysates
to probe for the proteins of interest.

. Fora 10 cm plate containing 7dSS cells, aspirate the low-serum

medium and trypsinize the cells from the plate (see steps 2 and
3 in Subheading 3.2). Add 3 ml of soybean trypsin inhibitor
(instead of complete medium) to quench the activity of trypsin.
The use of soybean trypsin inhibitor ensures the cells are not
stimulated by serum.

. Transfer the cell suspension to a 15 ml conical tube. Spin the

tube at 500 x g for 5 min to pellet the cells. Remove the
supernatant. Prepare cell lysates from the cell pellets (see steps
2 and 3 in Subheading 3.7). Perform western blot analysis
using these cell lysates to probe for the proteins of interest.

. Thaw a vial of frozen fibroblasts and grow a plate of proliferat-

ing fibroblasts (see steps 5 and 6 in Subheading 3.3). Count the
cells when the confluency reaches ~80% (see steps 1 and 2 in
Subheading 3.4). Check the amount of cells to be plated for
different plate formats (e.g., 6-well plate or 10 cm plate) by
referring to the instruction sheet provided by the manufacturer
of the transfection reagent. Plate the desired amount of cells
(for the chosen plate format) depending upon the experimental
goals and the amount of cells required for downstream analysis.

. On the next day, check to see if the cells are at the recom-

mended confluency for transfection. Grow the cells for a longer
duration or split the cells and replate to achieve the required
confluency. Perform the transfection using the desired siRNAs
and transfection reagent by following the manufacturer’s
instructions (se¢ Note 8). The siRNAs for the genes of interest
can be obtained commercially. Usually two or more siRNAs per
gene are used. At least one control siRNA should also be used
(see Note 9).

. Forty-eight hours after transfection (se¢e Note 10), maintain

some cells as proliferating and switch some cells to a low-serum
medium (0.1% serum) (see steps 1 and 2 in Subheading 3.5) to
induce cell cycle arrest. Cells should be replated at the required
confluency before adding the low serum medium.

4. After 24 h, pellet the cells. Prepare cell lysates for western blot

analysis, if required (see Subheading 3.8).



42 Mithun Mitra et al.

3.10 Studying Cell
Cycle Entry from a
Quiescent State by
SiRNA Transfection

. Take a plate of proliferating cells and switch to a low-serum

medium (see steps 1 and 2 in Subheading 3.5).

. Keep the cells in the low-serum medium (0.1% serum) for 24 h

or more depending upon the experimental design. Change the
medium every 48 h if serum-starving the cells for more than
48 h.

. Pellet the cells and suspend the cells in 1 ml of low-serum

medium (0.1% serum) (see steps 1 and 2 in Subheading 3.8).
Count the serum-starved cells (see step 2 in Subheading 3.2),
and plate them according to the instruction sheet for the
transfection reagent (see step 1 in Subheading 3.9).

. On the next day, perform the transfection using the transfec-

tion reagent by following the manufacturer’s instructions.

. Forty-eight hours later, switch to a complete medium to induce

proliferation.

. Twenty-four hours after performing step 5, harvest the cells for

downstream analysis, such as making cell lysates for western
blot (see Subheading 3.7).

4 Notes

. The incubation time for fibroblast release from tissue will

depend upon the freshness of the dispase solution. Freshly
prepared solution, same day is ideal, will decrease the incuba-
tion time. Also, the powder form of the dispase used to make
the solution should be less than a year old. An alternative to
dispase treatment is to incubate the skin in 0.3% trypsin solu-
tion in DPBS for 10 min. If trypsin is used, agitate the solution
every 2—-3 min.

. Fibroblasts are generally passaged or frozen while the cells are

still proliferating (i.e., exponential phase). The cells should not
be allowed to reach 100% confluency for proliferating samples.

. Human skin is contaminated with bacteria and other micro-

organisms, which need to be removed by the addition of anti-
biotics (penicillin and streptomycin) and antimycotics
(amphotericin B). For regular culturing of fibroblasts after
they are isolated from skin, the antibiotics can be omitted.

. Primary cells like fibroblasts can only be passaged for a limited

number of times due to a decrease in proliferative potential.
The cells will ultimately become senescent upon prolonged
passaging. In our laboratory, we culture the fibroblasts to ~12
passages after their isolation. For the same reason, it is also
good to freeze the fibroblasts at low passage number (<7). This
also allows the investigator to have reserves of fibroblasts
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isolated from a specific skin tissue in case an experiment needs
to be repeated later. The different strains of fibroblasts isolated
from the skin tissue of different infants may be heterogeneous
in terms of their proliferation potential and other cellular
properties.

. When resuspending a cell pellet, make sure to gently pipet up

and down using a pipet tip a few times (10-12 times) to obtain
a uniform cell suspension and to avoid cell clumping. There
should not be any visible lumps present in the suspension. A
uniform cell suspension will prevent formation of cell clusters
when the cells are plated.

. When counting the cells, use trypan blue to count the number

of live cells. Using the counts for live cells, and not total cells,
for estimating the cells to be plated ensures that the same
number of cells is plated in different experiments. See Ref. 62
for more information on cell counting using trypan blue.

. Trypsin is used to detach the cells from the plate. If trypsin

cannot be used, a cell lysis buffer can be added directly to the
plate containing cells [63]. If cell lysis buffer is being used, first
aspirate the medium. Wash the cells with PBS and then add the
appropriate amount of cell lysis buffer to the plate, maintaining
a small volume to ensure proteins will be present in a high
concentration. Incubate the plate for 5-10 min with gentle
shaking. Collect the lysate (and debris) by tilting the plate
and transfer to a 1.5 ml microcentrifuge tube. Centrifuge the
tube at 14,000 x g for 10 min. Transfer the supernatant (cell
lysate) to a fresh microcentrifuge tube.

. A forward transfection procedure (plating the cells a day before

the transfection) is described here in detail, but transtection can
also be performed by following a reverse transfection protocol,
i.e., transfection and plating of the cells are performed at the
same time. Check the instruction manual of the transfection
reagent for more information.

. siRNAs are double-stranded RNAs (21-28 bp) containing 2-

nucleotide overhangs at their 3’ ends. A single RNA strand of
the duplex containing a region that is perfectly complementary
to a region of target mRNA is incorporated into a silencing
complex. This complex is then involved in recognizing and
cleaving the target mRNA [64, 65]. Different siRNAs target-
ing different regions of the same gene may have different
knockdown efficiencies, so it is best to use two or more siRNAs
for a gene. Follow the manufacturer’s protocol for reconstitut-
ing and storing siRNAs. Avoid repeated freeze and thaw cycles
by aliquoting the reconstituted siRNAs before freezing them.

It may take about 48 h for siRNA transfection to affect the
targeted gene. Knockdown of the gene of interest should be
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monitored 24, 48, and 72 h after transfection using quantita-
tive reverse transcriptase-polymerase chain reaction (RT-PCR)
or western blot to find the time for optimal knockdown levels.
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Chapter 3

Flow Cytometric Detection of GO in Live Gells by Hoechst
33342 and Pyronin Y Staining

Ayad Eddaoudi, Stephanie Louise Canning, and Itaru Kato

Abstract

Hoechst 33342 and Pyronin Y double staining can be used to measure DNA and RNA content in live cells
by flow cytometry. Quiescent cells at GO phase have the same amount of DNA as cells at G1 phase but lower
RNA levels compared to proliferating cells. Therefore, resting cells in GO phase can be distinguished from
proliferating cells in G1, S, and G2 M phases. This chapter describes a protocol for double staining of live
cells with Hoechst 33342 and Pyronin Y. Combined with immunophenotyping of intact and live cells
Hoechst 33342 and Pyronin Y staining is a powerful noninvasive method for the analysis and isolation of
quiescent cells from any defined cell population.

Key words Cell cycle, GO, Hoechst 33342, Pyronin Y, Multiparametric flow cytometry, Live-cell
sorting

1 Introduction

GO is described as the cell cycle phase where cells remain in a state of
dormancy characterized by mitotic and metabolic quiescence after
exiting the cell cycle in response to environmental stimuli or a cell
intrinsic genetic program. For example, conditions such as high cell
density or serum starvation can drive cells into a quiescent non-
proliferative state, which is defined as GO phase in the cell cycle.
Recent advances in molecular and cellular biology suggest that
quiescence (GO) is an actively regulated state controlled by not
yet fully elucidated regulatory mechanisms allowing cells to survive
for an extended period of time and reenter cell cycle when necessary
in response to specific physiological stimuli [1]. Quiescence allows
unicellular organisms to avoid exhaustion [2] and is crucial for
proper homeostasis and regeneration of stem cells [3]. In addition,
cancer stem cells use cellular quiescence to escape chemotherapy
and maintain malignancy and to progress into metastasis [4].
Cellular quiescence can be identified and measured by multi-
parametric flow cytometry and other methods [5] that take
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advantage of the status of cellular components in quiescent cells,
such as mitochondria, nuclear proteins, and RNA. In this chapter,
we focus on the flow cytometric detection of GO by simultaneous
staining of live cells with Hoechst 33342 and Pyronin Y dyes.

This noninvasive method is used for the separation of GO and G1
cell cycle phases in intact live cells and is based on the measurement of
cellular DNA and RNA content using the cell permeant dyes Hoechst
33342 and Pyronin Y and multiparametric flow cytometry as initially
described by Howard Shapiro in 1981 [6] and successfully employed
by Srour and Jordan in 2001 to sort and culture viable human bone
marrow cells [7]. Non-cycling quiescent cells that are arrested in GO
phase have a lower level of RNA compared to active cells that are in
Gl, S, G2, or M phases [8]. Hoechst 33342 is a cell-membrane
permeant dye that reacts exclusively with double-stranded DNA,
while Pyronin Y, also a cell-membrane permeant dye, reacts with
DNA, RNA, and mitochondrial membranes. In the presence of
Hoechst 33342, the Pyronin Y reaction with DNA is blocked and
predominantly stains RNA when used at lower concentrations [9,
10]. When cells are stained first with Hoechst 33342 and then with
Pyronin Y, it is possible to distinguish DNA from RNA using fluores-
cence simultaneously emitted by both dyes and detected by flow
cytometry. When these dyes are used at lower concentrations stained
human cells can survive cell staining and also can be sorted and
cultured successfully. However, at these concentrations Pyronin Y is
toxic to murine cells [10].

Hoechst 33342 dye is excited at 350 nm and its blue emission
can be recorded between 440 and 480 nm. Pyronin Y optimal
excitation is at 550 nm and its optimal emission is around
575 nm. Hence, the ideal cell analyzer for this method would be
a flow cytometer fitted with yellow-green (561 nm) and UV
(350 nm) lasers. However, a standard flow cytometer fitted with a
UV laser is also convenient as Pyronin Y/RNA complex is effi-
ciently excited by the standard 488 nm blue laser most flow cyt-
ometers have, and generates strong signals. Pyronin Y can be
detected through the same emission filters (band pass filters around
575 or 580 nm) normally used for phycoerythrin (PE) on standard
flow cytometers.

2 Materials

1. Hoechst 33342 (Hoechst) stock solution (10 mg,/ml): dissolve
10 mg of Hoechst powder in 1 ml of distilled water or DMSO
(Hoechst is not soluble in PBS but diluted solutions of
Hoechst can be used with PBS). Filter-sterilize through a
0.22 pm pore size filter. When stored at 4 °C and protected
from light the Hoechst stock solution can last for at least
6 months.
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2.

Pyronin Y (Pyronin) (1 mg/ml): dissolve 1 mg of Pyronin
powder in 1 ml of distilled water. Filter-sterilize through a
0.22 pm filter. Store at 4 °C protected from light.

. Appropriate cell culture medium.

4. Fetal calf serum (FCS).

. Water bath that can protect incubated samples from light,

adjusted to 37 °C.

. Sterile phosphate-buftered saline (PBS), pH 7.2.
. 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)

buffer, 10-25 mM.

. Flow cytometer fitted with 488 nm and 350 nm UV lasers.

3 Methods

3.1 Staining
Procedure

Hoechst/Pyronin staining of live cells requires approximately 2 h.
When combining Hoechst/Pyronin staining with immunopheno-
typing an additional 30 min period is required. This protocol can be
performed under aseptic conditions for sterile cell sorting so that
sorted cells can be cultured for further study. The concentration
and incubation time for Hoechst and Pyronin require prior optimi-
zation for each particular cell type.

1.

Resuspend live cells (see Note 1) in their pre-warmed (37 °C)
optimal culture medium (see Note 2) at a concentration of
1 x 10° cell/ml. The cell density is crucial for better dyes
uptake. Higher numbers of cells can be stained as long as the
final cell density is kept at one million cells per ml. Include two
extra tubes of one million cells each for single positive controls
(one for Hoechst only and one for Pyronin only).

. Add Hoechst dye to a final concentration of 1-10 pg/ml

(1.6-16.2 pM). Hoechst concentration requires optimization
(see Note 3).

. Mix well and incubate in a water bath pre-adjusted to 37 °C for

45 min (see Note 4) in the dark. Mix every 15 min.

. Add Pyronin directly to cells at a final concentration of 1-5 pg/

ml (3.3-16.5 pM). Pyronin concentration requires optimiza-
tion (sec Note 5).

. Mix well and incubate in the water bath at 37 °C for another

45 min in the dark.

. Transfer cells onto ice and protect samples from direct exposure

to light (see Note 6).

. For cell analysis only (no cell sorting), cells can be directly

analyzed on a flow cytometer (no wash is needed). See Sub-
heading 3.2 for instrument setup, data acquisition, and cell
sorting.
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3.2 Instrument
Setup, Data
Acquisition, and Cell
Sorting

3.2.1 Instrument

3.2.2 Instrument Setup

8. For cell sorting wash cells with cold PBS and resuspend in PBS
at higher cell concentration (up to 20 million cells /ml) with 3%
FCS. Keep cells at 4 °C and in the dark during cell sorting.

9. When combining with immunophenotyping staining, centri-
fuge cells at 250 x g for 10 min at 4 °C (se¢ Note 7). Remove
the supernatant and wash once with PBS containing Hoechst
and Pyronin at the optimized concentration used during the
Hoechst/Pyronin staining (see Note 8). Centrifuge as before
and discard the supernatant leaving 50-100 pl of medium
depending on total number of cells.

10. Add fluorochrome-conjugated antibodies cocktail to the cells
(see Note 9), mix well, and incubate on ice for at least 30 min in
the dark. At this stage extra tubes could be prepared for single
positive controls (compensation beads can be used instead of
precious cells) and fluorescence minus one (FMO) controls.
EMO controls are cell samples; each one contains all antibodies
you are testing except one. Obviously, this kind of multi-
parametric flow cytometry experiments including phenotyping
needs to be designed in advance for the type of flow cytometer
available.

11. Wash off remaining antibodies by adding ice-cold PBS contain-
ing Hoechst and Pyronin as described above.

12. Centrituge the cells at 250 x g for 10 min at 4 °C.

13. Discard the supernatant and resuspend cells in PBS supplemen-
ted with HEPS (10-25 mM, see Note 10) and 2% serum at the
desired density, transfer cells onto ice, and store in the dark.

14. Proceed to analysis or cell sorting by flow cytometry.

A dual-laser flow cytometer fitted with a 488 nm blue laser and a
350 nm UV laser is required to acquire data from samples stained
with Hoechst and Pyronin (se¢ Note 11). When combining this
staining with immunophenotyping, a multi-laser multi-parameter
flow cytometer that can excite and collect signals from all chosen
fluorochromes will be needed. If a green (532 nm) or a yellow-
green (561 nm) laser is available, it is preferable to use it to excite
Pyronin. With the recent advances in flow cytometry technology
multi-laser multi-parameter flow cytometers have become available
and more affordable.

Keep cells on ice protected from light during the data acquisition
time.

1. Adjust the flow cytometer using unstained cells and single
positive controls. Ensure the linear scale is selected for Hoechst
and Pyronin fluorescence as well as area, height, and width
parameters for Hoechst fluorescence.
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2.

When cell surface immunophenotyping is included, a single
positive control for each fluorochrome should be added.
FMO controls should also be considered for clear gating strat-
egy. Single positive controls can be prepared from compensa-
tion beads in case cells are scarce.

. Use single positive controls to correct spillover between all

fluorochromes and FMO controls to draw correct gates that
exclude any background contributed by data spread caused by
compensation.

4. Run cells at low Pressure Differential (see Note 12).

. Use a dot plot showing Hoechst parameters “Area vs. Height”

or “Area vs. Width” to exclude doublets and clumps. Draw a
gate around single cells. Be as inclusive as possible.

. Show single cells in a scatter diagram (ESC vs. SSC). Draw a

second gate around cells excluding debris (bottom left corner
of the scatter diagram). Use these two gates to look at Hoechst
and Pyronin fluorescence.

. A dot plot with Hoechst fluorescence in X-axis and Pyronin

fluorescence in Y-axis should show a distribution of DNA
content and RNA content with GO cells having 2n DNA con-
tent and the lowest Pyronin Y signal (Fig. 1). G1 cells have the
same amount of DNA as GO but have higher level of RNA.
Cells in GO also have less RNA level than cells in S phase. A
good resolution of cell cycle phases is crucial for the success of
this assay.

Define your gating strategy and target your cell populations of
interest. Cells in GO, G1, S, and G2 M phases from any identified
cell populations of interest can be purified using a cell sorter and
put back to culture for further studies (Fig. 2).

4 Notes

1.

Fixed cells can also be stained with Hoechst 33342 and Pyronin
Y solutions [11-13]. Cells can be fixed with ice-cold 70%
ethanol for 30 min on ice, washed and resuspended in Hoechst
33342 (2 pg/ml final concentration) and Pyronin Y (4 pg/ml
final concentration) solution on ice for 20 min. In this case 7-
Aminoactinomycin D (7-AAD, excitation: 548 nm, emission:
648 nm, which is also reasonably excited by the 488 nm blue
laser) can replace Hoechst 33342 [14] and a UV laser is no
longer required.

. Hoechst uptake by live cells is an active process (it requires

internalization by ABC transporter activity) that depends on
cell type and should be performed under optimal culture
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Fig. 1 Gating strategy. Hoechst 33342 (10 pg/ml, 45 min) and Pyronin Y (3 pg/ml, 15 min) staining in leukemic
cells (acute lymphoblastic leukemia, patient sample expanded in mouse): (a) Singlet events are gated on Hoechst
Area vs. Hoechst Height bivariate. (b) Forward scatter (FSC) and side scatter (SSC) characteristics of singlet events.
A second gate that excludes debris and dead cells targets live cells. (¢) DNA content distribution showing cell cycle
phases of live cells. Hoechst fluorescence alone cannot discriminate GO from G1. (d) Single cells are analyzed in
terms of Hoechst 33342 and Pyronin Y fluorescence with boxes showing GO, G1, S, and G2 M phases as
discriminated by the DNA and RNA levels. (e) Scatter overlay of cells from each cell cycle phase

conditions. Healthy intact cells of interest (including adherent
cells) should be harvested and prepared in single-cell suspen-
sion free of clumps prior to staining. Cells should be kept in
their own optimal culture medium and under their optimal
growing conditions during Hoechst and Pyronin Y staining.

3. Higher concentrations of Hoechst 33342 are toxic to cells
while lower concentrations of Hoechst 33342 will lead to less
resolved cell cycle phases. The optimal concentration of
Hoechst 33342 and incubation time have to be determined
empirically in advance for each cell type. In general, dye con-
centrations between 1 pg/ml and 10 pg/ml and incubation
times between 20 min and 90 min lead to well-resolved cell
cycle phases. It is advisable to add a viability dye, such as 7-
AAD, Propidium lodide, Topro-3, etc. to monitor cell death
during the titration of Hoechst 33342.
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Fig. 2 A cell-sorting snapshot. MoFlo XDP high-speed cell sorter fitted with 488 nm bleu laser (150 mW) and
350 nm UV laser (100 mW) was used to sort leukemic cells in Go (R6 box), G1 (R7 box), and G2 M (R8 box)
phases. We used the same gating strategy as in Fig. 1

4. A cell culture incubator can also be used as long as it could be

kept at constant 37 °C for the entire staining procedure. Any
drop in temperature will affect the ability of cells to uptake the
dyes. When incubating cells in a water bath HEPES should be
added to the incubation medium. Cell culture medium with
bicarbonate as a buffering system is not suitable to use when
cells are kept outside the CO; cell culture incubator because
they are formulated to keep a stable pH under CO, atmo-
sphere. The cell suspension medium should be buffered prop-
erly to avoid cell death during incubation. HEPES buffer
maintains a stable pH outside the CO, incubator.

. Optimal Pyronin Y concentration is critical. At low concentra-

tions (<1 pg/ml) Pyronin Y does not stain RNA stoichiomet-
rically. At high concentrations, Pyronin Y is toxic to cells and
Pyronin Y/RNA complex precipitates, which in turn quenches
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10.

11.

PY fluorescence. Optimal Pyronin Y concentration and incuba-
tion time have to be determined empirically in advance for each
cell type. Depending on cell type, Pyronin Y incubation time
can take 15—45 min to achieve stoichiometric staining of RNA.

. Cells loaded with Hoechst 33342 and Pyronin Y become pho-

tosensitive and should be protected from exposure to direct
light during staining, cell sorting, and after cell sorting.

. To keep cells viable and avoid cell loss use low centrifugation

tforce with the brake off and longer centrifugation time. Again,
this should be optimized for each cell type beforehand to make
sure you are not losing your cells after centrifugation. 250 x g
for 10 min is a good start for most suspension and blood cells
when spun down in small volumes. Cell loss can be avoided by
using a centrifuge with the brake set to off.

. Concentration of both Hoechst 33342 and Pyronin Y should

be maintained in all washing and staining solutions during
immunophenotyping staining to prevent efflux of the dyes.
When working with mouse bone marrow cells, verapamil
hydrochloride (50 pM in DMSO or Ethanol), a multidrug-
resistant (MDR1) protein inhibitor, could be added to the cells
alongside Hoechst 33342 and Pyronin Y to block efflux of the
dyes or to check that stem-cell-enriched side population (SP),
defined by Hoechst blue and red fluorescence [15] and which
has strong dye efflux activity, is not affecting the DNA and
RNA profiles [16]. SP cells show a lower intensity of Hoechst
33342 blue and red fluorescence that is below the level emitted
by cells in GO/G1.

. With the introduction of Brilliant Violet and Brilliant Ultra

Violet fluorochromes (BD Biosciences and Biolegend) in addi-
tion to standard fluorochromes such as FITC, PECy7, APC,
and its conjugates, there are a few good choices of non-
overlapping fluorochromes to combine with Hoechst 33342
and Pyronin Y staining without major compensation issues. A
suitable viability dye could also be added to exclude dead cells.

Cells should be kept viable during long cell sorting period. Any
change in pH will affect their viability. High-speed cell sorting
involves applying high pressure to cell suspensions that
decreases pH. Adding HEPES butffer to cell suspension (and
collection) medium will maintain the optimal pH 7.2 for the
cells during the cell sorting.

Because Hoechst 33342 requires an expensive UV laser that
most flow cytometers are not equipped with, it may be replaced
with a cell membrane permeant DNA dye that is excited with
the standard lasers (488 nm blue laser, 633—-647 nm red laser,
or 405 Violet laser). Vital DNA-specific dyes such as Draq5,
Vybrant DyeCycle Green, Vybrant DyeCycle Ruby, or Vybrant
DyeCycle Violet are potential candidates.
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12. Pressure Differential (difference between sheath and sample

pressure) is used in flow cytometry to drive the cell suspension
through a hydrodynamically focused sheath fluid. The higher
the Pressure Differential the wider the core of the medium—in
which cells are suspended—inside the sheath stream. The man-
ufacturer usually sets the low Pressure Differential level that
delivers cells one-by-one in a single lane for interrogation by
lasers. At low Pressure Differential, an acceptable high event
rate can be achieved by concentrating cell suspension without
increasing coincidence and aborts. This event rate depends on
the type of the flow cytometer. New instruments equipped
with the latest flow cytometry technology can accommodate
up to 20,000 cells per second without losing precision and
accuracy of signal measurement (low coefficient of variation).

References

1.

Cheung TH, Rando TA (2013) Molecular reg-
ulation of stem cell quiescence. Nat Rev Mol
Cell Biol 14(6):329-340

. Gray JV, Petsko GA, Johnston GC, Ringe D,

Singer RA, Werner-Washburne M (2004)
‘Sleeping beauty’: quiescence in Saccharomyces
cerevisiae. Microbiol Mol Biol Rev 68
(2):187-206

. Arai F, Suda T (2008) Quiescent stem cells in

the niche. In: StemBook, ed. The stem cell
research  community, StemBook. doi/
103824 /stembook16.1

. Moore N, Lyle S (2011) Quiescent, slow-cycling

stem cell populations in cancer: a review of the
evidence and discussion of significance. J Oncol
2011:1-11. doi:10.1155,/2011 /396076

. Nakamura-Ishizu A, Takizawa H, Suda T

(2014) The analysis, roles and regulation of
quiescence in hematopoietic stem cells. Devel-
opment 141(24):4656—4666

. Shapiro HM (1981) Flow cytometric estima-

tion of DNA and RNA content in intact cells
stained with Hoechst 33342 and Pyronin Y.
Cytometry 2(3):143-150

. Srour EF, Jordan CT (2011) Isolation and

characterization of primitive hematopoietic
cells based on their position in cell cycle. In:
Klug CA, Jordan CT (eds) Hematopoietic stem
cell protocols, Methods in molecular medicine,
63rd edn. Humana, Totowa, NJ

. Darzynkiewicz Z, Traganos F, Melamed MR

(1980) New cell cycle compartments identified
by multiparameter flow cytometry. Cytometry
1(2):98-108

. Darzynkiewicz Z, Kapuscinski J, Traganos F,

Crissman HA (1987) Application of pyronin
Y(G) in cytochemistry of nucleic acids. Cyto-
metry 8(2):138-145

10.

11.

12.

13.

14.

15.

16.

Chitteti BR, Srour EF (2014) Cell cycle mea-
surement of mouse hematopoietic stem/pro-
genitor cells. In: Bunting KD, Qu C-K (eds)
Hematopoietic stem cell protocols, Methods in
molecular biology, vol 1185. Springer, New
York, pp 65-78

Crissman HA, Darzynkiewicz Z, Tobey RA,
Steinkamp JA (1985) Correlated measure-
ments of DNA, RNA, and protein in individual
cells by flow cytometry. Science 228
(4705):1321-1324

Crissman HA, Darzynkiewicz Z, Tobey RA,
Steinkamp JA (1985) Normal and perturbed
Chinese hamster ovary cells: correlation of
DNA, RNA, and protein content by flow cyto-
metry. J Cell Biol 101(1):141-147

Lemons JM, Feng X]J, Bennett BD, Legesse-
Miller A, Johnson EL, Raitman I, Pollina EA,
Rabitz HA, Rabinowitz JD, Coller HA (2010)
Quiescent fibroblasts exhibit high metabolic
activity. PLoS Biol 8(10):¢1000514. doi:10.
1371 /journal.pbio.10005, ¢1000514

Toba K, Winton EF, Koike T, Shibata A (1995)
Simultaneous three-color analysis of the surface
phenotype and DNA-RNA quantitation using
7-amino-actinomycin D and pyronin Y. J
Immunol Methods 182(2):193-207

Goodell MA, Brose K, Paradis G, Conner AS,
Mulligan RC (1996) Isolation and functional
properties of murine hematopoietic stem cells
that are replicating in vivo. ] Exp Med 183
(4):1797-1806

Bhatt RI, Brown MD, Hart CA, Gilmore D,
Ramani VA, George NJ, Clarke NW (2003)
Novel method for the isolation and character-
isation of the putative prostatic stem cell. Cyto-
metry A 54(2):89-99


https://doi.org/10.1155/2011/396076
https://doi.org/10.1371/journal.pbio.10005, e1000514
https://doi.org/10.1371/journal.pbio.10005, e1000514

Chapter 4

Using Carhoxy Fluorescein Succinimidyl Ester (CFSE)
to Identify Quiescent Glioblastoma Stem-Like Cells

Hassan Azari, Loic P. Deleyrolle, and Brent A. Reynolds

Abstract

Tumor resistance to conventional therapies is a major challenge toward the eradication of cancer, a life-
threatening disease. This resistance mainly results from tumor heterogeneity and more specifically from the
existence of “stem-like” cells that remain in a quiescent state for long periods of time and thus escape
commonly used anti-cancer drugs resulting in treatment failure. Therefore, targeting this subpopulation
would present a viable strategy to overcome tumor burden. This daunting task requires a deep and
thorough understanding of the biology of the quiescent stem-cell population, their interaction with
tumor microenvironments, and mechanisms used to sustain themselves despite aggressive therapies. In
this chapter, we describe detailed technical procedures for the isolation of quiescent or infrequently dividing
stem-like cells in cultured glioblastoma tumor cells using carboxy fluorescein succinimidyl ester (CESE)
staining and flow cytometric analysis. Quiescent glioblastoma cells with stem-like features are characterized
and subsequently isolated based on their ability to retain the CESE labeling.

Key words Cancer stem cell, Glioblastoma, Flow cytometry, CESE, Quiescence

1 Introduction

Surgical resection, chemotherapy, and radiotherapy are conven-
tional therapeutic approaches for many malignant tumors including
glioblastoma (GBM). However, despite aggressive treatment regi-
mens, the majority of tumors would return causing death of tumor-
bearing individuals [1, 2]. It has been shown that subpopulations of
tumor cells called tumor stem-like cells contribute to this resistance
and subsequent tumor recurrence. It is hypothesized that stem-like
cells that are slow cycling or remain in a quiescent state are spared
from aggressive conventional therapy, which targets preferentially
actively proliferating cells [3-5]. As a result, targeting quiescent
stem-like cells appears a promising approach to develop more effi-
cient anticancer strategies. Different methodologies were used to
isolate this rare cell population from the bulk of tumor cells. Of
these include expression of neural stem cell markers such as CD133
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[6], and CD15 [7]; aldehyde dehydrogenase activity [8]; and ele-
vated expression of adenosine triphosphate-binding cassette (ABC)
transporters (Hoechst 33342 dye exclusion), such as breast cancer
resistance protein (ABCG2) [9]. Label retention property was also
utilized as a tool to identify tumor-initiating cells from many solid
tumors including breast [10], skin [11], pancreatic cancers [12], as
well as GBM [4]. The fluorescent dye carboxyfluorescein succini-
midyl ester (CEFSE) was previously used for tracking frequency of
cell division in blood-borne tumors in vitro and in vivo [13]. Using
this approach, our group identified for the first time a slow cycling
population with stem cell-like properties in human GBM. CESE is a
non-fluorescent pro-drug that can easily permeate inside cells and
undergo conversion by intracellular esterases into a fluorescent
compound that remains inside the cells by forming stable amide
bonds through covalent binding of succinimidyl moiety with amine
groups of intracellular proteins [ 14]. Upon each division, the fluo-
rescent dye is equally distributed between daughter cells leading to
halving of fluorescence intensity. This approach enables tracking
cell cycle frequency for up to eight to ten rounds of division. Using
CESE retention capacity, we identified and isolated a slow cycling
subpopulation (top 5% dye-retaining cells) in human GBM cells
enriched in cells with cancer stem cell activity 14, 15].

This chapter describes the procedure for CESE staining and
subsequent isolation of quiescent stem-like cell population within a
culture of human GBM-derived cells using flow cytometry.

2 Materials

2.1 Cell Culture

2.1.1  Cell Culture
Plasticware

2.1.2  Culture Medium,
Supplements, and
Reagents

1. Tissue culture flasks: 25 and 75 cm? with 0.2 pm vented filter
cap.

Sterile polypropylene conical tubes: 15, 50 ml.

40 pm cell strainer.

0.22 pm bottle-top filter.

Media bottles (100, 250, or 500 ml).

A

1. Neural Stem Cell (NSC) basal medium. This protocol is based

on reagents for culture primary neural stem cells from StemCell
Technologies (NeuroCult®).

2. NSC proliferation supplement (NeuroCult®).

3. Complete NSC medium: Mix the neural basal medium and the
NSC proliferation supplement at a ratio of 9:1, respectively.

4. Solution of Penicillin-Streptomycin.
5. Heat inactivated fetal calf serum.
6. 0.05% Trypsin—~EDTA.
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7. Phosphate-buftered saline (PBS).

10.

11.
12.

Minimal essential medium (MEM).

HEPES-buffered minimum essential medium (HEM): Mix
1 x 10 1 pack of MEM powder with 160 ml of 1 M HEPES
and bring volume to 8.75 | with distilled water. Set the final pH
to 7.4 and store at 4 °C.

Trypsin inhibitor solution: Make DNase solution by dissolving
10 mg of DNase in 10 ml of HEM. Then, add 0.14 g of trypsin
inhibitor to the DNase solution and bring volume to 1 I using
HEM. Keep aliquots at —20 °C freezer.

10 pg/ml stock solution of epidermal growth factor (EGF).
CellTrace™ CFESE Cell Proliferation Kit.

PBS.
Fluorescence-activated Cell Sorter (i.e., BD FACSAria II).

Propidium Iodide (PI) solution: Dissolve PI in sterile water to
a final concentration of 500 pg/ml.

3 Methods

3.1 Preparation of
Single-Cell
Suspension from
Glioma Spheres

In this section, we describe how to prepare a single-cell suspension
from glioblastoma-derived spheres, CFSE staining, and CFSE load-
ing verification.

1.

Isolate and expand glioma cells from resected tumor specimens
or established cell lines, as described in separate protocols
[16, 17].

. When glioma spheres reach around 200 pm, collect the medium

containing spheres, transfer to an sterile tube, and centrifuge at
110 x g for 5 min at room temperature (se¢ Note 1).

. Decant the supernatant, resuspend the pellet of spheres with

1 ml of 0.05% trypsin-EDTA, and incubate at 37 °C in a water
bath for 3-5 min.

. Mix the trypsin-digested pellet with an equal volume of soybean

trypsin inhibitor to quench the trypsin activity (see Note 2).

. Very gently pipette the cell suspension to achieve a homoge-

neous single-cell suspension without any residual spheres and
also to ensure that the trypsin activity is stopped (see Note 3).

. Centrifuge mixed cell suspension at 110 x g for 5 min. Decant

the supernatant and resuspend cell pellet with 1 ml of Neuro-
Cult® NSC Basal Medium.

. Take 10 pl of the single-cell suspension and mix with 90 pl of

trypan blue (0.04% in PBS) to perform a cell count.
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3.2 Staining Single
Cells with the CFSE
Dye

3.3 CFSE Staining
Evaluation

. Prepare CFESE staining solution by adding 1 pl of 5 mM Cell-

Trace™ CFSE dye to 1 ml of NeuroCult® Basal Medium to
reach a final concentration of 5 pM.

. Add the staining solution to the cells (1 ml of staining solution

for every one million cell), gently mix to reach homogeneity,
and incubate suspension at room temperature for 10 min (see
Note 4).

. Prepare ice-cold NSC Basal Medium as a quenching solution

while incubation is ongoing.

. Add 5-10 volumes of ice-cold quenching solution to CFSE-

stained cells to stop labeling process.

. Centrifuge the resulting suspension at 110 x g for 5 min and

decant the supernatant (see Note 5).

. Wash the pellet to remove free CFSE dye. To achieve this,

resuspend the pellet with 1-2 ml of fresh NSC basal medium,
centrifuge at 110 x g4 for 5 min, and decant the supernatant.
Repeat this procedure for a total of three washes.

. After the third wash, resuspend cells with 1 ml of NSC basal

medium and count cells.

. Plate CFSE-stained cells in sterile tissue culture flasks at a

density 50,000 cells/mL and incubate flasks at 37 °C in a 5%
CO, humidified incubator.

. Monitor cells plated in NSA culture under a fluorescent micro-

scope (Fig. 1) to ensure a homogenous CFSE staining (see
Note 6).

. Run the sample in a flow cytometer to confirm uniform CFSE

labeling. Place suspension of CESE-labeled cells and non-
labeled negative control cells in 1 x PBS or NSC basal medium
in separate FACS tubes. As many as 1-5 x 10° cells in a total
volume of 500 pl are adequate to determine successful CESE
staining.

. Calibrate the flow cytometer based on its user manual

instructions and keep in mind that CFSE has a wavelength
excitation maximum of 492 nm and emission maximum of
517 nm.

. Run first non-labeled cells and record the acquired events in

forward and side scatter (FSC vs. SSC) and histogram plots
gating on main cell population (Fig. 2).

. Analyze CFSE-labeled cells using same settings used for con-

trol cells (Fig. 2).
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Fig. 1 Gliomasphere-derived single cells immediately after staining with CFSE dye. The bright green color
demonstrates successful labeling. Original magnification (5x)

3.4 Identification
and Isolation of the
Quiescent [i.e., CFSE
Retaining] Stem-Like
Cell Population Using
Fluorescent Activated
Cell Sorting (FACS)

As human GBM cells divide to form gliomaspheres, the CFSE
intensity decreases and the resulting spheres are composed of cells
with different levels of green fluorescence intensity (Fig. 2). The
following steps describe procedures required to isolate CESE
retaining cells using FACS.

1. Collect the content of each flask when the spheres have reached
an average size of approximately 150-200 pm in diameter
(approximately 5-10 days after CFSE labeling depending on
growth rate of each cell line), and place them in an appropriate
size sterile tissue culture tube.

2. Centrifuge at 110 x g for 5 min at room temperature. Decant
the supernatant and prepare a single-cell suspension (see Sub-
heading 3.1). Resuspend cells in PBS, count cells, and adjust
the volume to reach a cell density of 107 cells/ml.

3. Add 1 pl of the solution of propidium iodide (500 pg/ml) for
each ml of cell suspension in order to exclude dead cells during
flow cytometry analysis or cell sorting.

4. Run non-labeled cells using a flow cytometer and plot forward
scatter (FSC) versus side scatter (SSC). Ensure that the major-
ity of the cells are included in the ESC/SSC plot by adjusting
voltages for both the FSC and SCC parameters.

5. Plot the events based on SSC versus PI and gate the single live-
cell population (PI negative) to exclude dead or damaged cells
(PI positive, see Note 7).
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Fig. 2 CFSE-loading verification and isolation of quiescent stem-like cells 6 days after CFSE labeling using
flow cytometry. (@) SSC vs. FSC to show the entire cell population, (b) SSC vs. Pl signal to exclude dead or
damaged cells, (¢) SSC vs. FSC to gate live-cell population, (d) Non-labeled gliomasphere-derived cells (CFSE
negative), (e) Freshly CFSE-labeled gliomasphere-derived cells (CFSE bright), (f) Overlap of these two
populations shows several orders of magnitude difference in the CFSE fluorescence intensity, (g)
Gliomasphere-derived cells cultured for 6 days after CFSE labeling, (h) Comparing non-labeled cells, freshly
labeled cells, and labeled cells after 6 days culture. Although fluorescence intensity decreased over time, it is
still much higher in a fraction of cells (quiescent stem-like cells) as compared to the negative control.
Histogram displaying the gating strategy to identify CFSE-retaining cells (/, top 5%) and CFSE-diluting cells (i,
bottom 85%) on day 6 after CFSE labeling
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. Gate live-cell population based on FSC/SSC and then plot live

cells in a histogram of CFSE intensity set on a logarithmic scale.
Adjust the CFSE laser intensity to place the negative signal
between 0 and 100.

. Run and analyze CESE-labeled cells in a flow cytometer using

the same parameters and gating strategy (Fig. 2).

. Identity different cell populations based on their ability to

retain CESE (CFSE™#": top 5% and CFSE'™: bottom 85%,
respectively).

. Sort and collect the slow-cycling cells (CESE"®" cells) and the

fast cycling cells (CESE'™Y cells) in two separate 15 ml sterile
tissue culture tubes containing 1 ml of complete NSC basal
medium.

Centrifuge sorted cells at 110 x g for 5 min. Discard the
supernatant and resuspend the cell pellet in an appropriate
volume of medium and perform a cell count.

Use the sorted cells from different populations for downstream
experiments such as serial passaging in neurosphere assay,
tumor formation experiments, and genetic or molecular
analysis.

4 Notes

. The gliomaspheres should not grow beyond 200 pm in diame-

ter. Single cells are difficult to obtain from overgrown spheres
and will result in cell death upon dissociation.

. Do not leave the gliomaspheres in trypsin—-EDTA for more

than 5 min. Over-trypsinization increases the rate of cell
death and subsequently lead to low yield of CESE-retaining
cells.

. The gliomasphere digested in trypsin—~EDTA should not be

pipetted before adding trypsin inhibitor. Pipetting at this
stage causes membrane rupture and cell death. After the addi-
tion of the trypsin inhibitor, gently pipette suspension up and
down to ensure a single-cell suspension without damaging
cells.

. Sufficient resuspension of cells in the staining media is required

to establish a proper density and ensure homogenous staining.

. At this point, one should be able to observe a bright-green

tinted color in cell pellets at the bottom of the tube, indicating
that labeling was successful.

. At this stage, all cells should have a homogenous bright green

color. You can also add a drop of CESE-labeled cells on a
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microscope slide to verify labeling efficiency under the fluores-
cent microscope.

7. Propidium iodide (PI) is essential for identifying live cells and
to be able to remove dead and damaged cells from cells of
interest because dead cells might affect downstream
applications.
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Chapter 5

Isolation of Neural Stem and Progenitor Gells from the Adult
Brain and Live Imaging of Their Cell Cycle with the FUCCI
System

Alexandra Chicheportiche, Martial Ruat, Francois D. Boussin,
and Mathieu Daynac

Abstract

Neural stem cells (NSCs) enter quiescence in early embryonic stages to create a reservoir of dormant NSCs
able to enter proliferation and produce neuronal precursors in the adult mammalian brain. Various
approaches of fluorescent-activated cell sorting (FACS) have emerged to allow the distinction between
quiescent NSCs (QNSCs), their activated counterpart (aNSCs), and the resulting progeny. In this article, we
review two FACS techniques that can be used alternatively. We also show that their association with
transgenic Fluorescence Ubiquitination Cell Cycle Indicator (FUCCI) mice allows an unprecedented
overlook on the cell cycle dynamics of adult NSCs.

Key words FUCCI, FACS, Neural stem and progenitor cells, Sub-ventricular zone, Time-lapse video
microscopy, Cell cycle

1 Introduction

New neurons continue to be produced in the neonatal [1] and the
adult rodent brain, emerging from neural stem cells (NSCs) present
in two main regions: the sub-ventricular zone (SVZ) along the
lateral ventricles [2, 3] and the sub-granular zone (SGZ) of the
dentate gyrus in the hippocampus [4, 5]. Adult NSCs are mostly
quiescent and only a fraction is actively proliferating [6, 7]. Recent
breakthrough studies have identified a slowly dividing population
of embryonic NSCs that are the origin of most of the adult NSCs
[8-10]. NSCs from the developing ventral hippocampus will
migrate from the temporal to septal poles and remain as quiescent
NSCs in the SGZ of the adult hippocampus [10], while the vast
majority of adult NSCs in the SVZ are produced between E13.5
and E15.5 in the embryonic lateral ganglionic eminences and enter
quiescence until their eventual reactivation in the adult [8].
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The perspective of using endogenous quiescent NSCs (QNSCs)
for therapeutic purposes in the adult brain has shed the light on the
study of NSCs cell cycle dynamics. However, the rarity of adult
quiescent NSCs (qNSCs) and the difficulty to distinguish them
from their proliferative counterpart (aNSCs) has kept this study
challenging. Here, we review two emerging flow cytometry tech-
niques that have allowed the distinction between qNSCs and
aNSCs [11-13] and show how their association with the transgenic
FUCCI mice that “color” the cell cycle phases [ 14] allows a better
understanding of the cell cycle dynamics of adult NSCs.

2 Materials

2.1 Cell Gulture and
Media

2.2 SVZ Dissociation

1. Glass-bottom 96-well or 24-well culture plates or micro-plates
are coated with poly-D-lysine (PDL 10 pg/ml in distilled
H20) overnight at 37 °C and washed three times after coating
with distilled H,O. Allow plates to dry for 2-3 h under a
laminar flow (see Note 1).

2. Culture the medium for activated NSCs and transit-amplifying
cells (TACs): NeuroCult NSC Basal Medium (STEMCELL
Technologies) mixed with 1:10 of NeuroCult NSC Prolifera-
tion Supplement (STEMCELL Technologies) along with
2 pg/ml heparin, 20 ng/ml purified human recombinant epi-
dermal growth factor (EGF), and 10 ng/ml human recombi-
nant fibroblast growth factor 2 (FGF-2).

3. Culture medium for quiescent NSCs [15]: DMEM /F12 sup-
plemented with 0.6% glucose, HEPES buffer (1x), Insulin-
Selenium-Transferrin (1x), N-2 and B-27 supplements in the
presence of 20 ng/ml EGF or 20 ng/ml EGF and 20 ng/ml
bFGF (see Note 2).

1. Use PBS with 0.6% Glucose to collect brains and PBS with
0.15% BSA for washing steps and for antibody staining (see
Note 3).

2. Dissociation tools include scissors, dissecting and fine tying
forceps (F.S.T), scalpel. Autoclave surgical instruments before
use.

3. SVZ dissociation solution (Papain): 1 mg/ml papain in Earl’s
Balance Salt Solution containing 0.2 mg/ml L-cysteine,
0.2 mg/ml EDTA, and 0.01 mg/ml DNase I in PBS. Sterilize
the solution using a 0.22 pm filter. For use warm the solution at
37 °C (see Note 4).

4. Protease inhibitor solution (Ovomucoid): DMEM/E-12
medium containing 0.7 mg/ml trypsin inhibitor type II.
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Sterilize the solution using a 0.22 pm filter. For use warm the
solution at 37 °C.

5. 20 pm filters (BD Medimachine Filcon).
6. Percol 22% Plus GE Healthcare in PBS.

1. 5 pg/ml Hoechst 33342 (see Note 5).
2. Propidium iodine in PBS (final concentration 2 pg/ml).

. DMEM/F-12 medium supplemented with 2% B27 prior to
antibody staining [11].

w

. CD15/LeX fluorescein isothiocyanate [FITC] conjugated.
. GLAST phycoerythrin [PE] (mouse IgG2a).

. CD24 phycoerythrin [PE]/Cy7 conjugated (rat IgG2Db).

. Alexa647-conjugated EGF ligand.

. Compensation beads were used as single color controls (see
Note 6).

o N O Ut W

Two different constructs of FUCCI mice can be used in this
protocol [14]: mKO2-hCdt1(30,/120) (FUCCI-Red) construct
to follow the G; phase with red fluorescence and mAG-hGem(1/
110) (FUCCI-Green) to follow the S/G, phases with green fluo-
rescence (RIKEN BioResource Center, JAPAN) (see Note 7).

3 Methods

3.1 FUCCI Mouse
Brain Harvesting and
SVZ Dissection

1. Euthanize adult mice following the appropriate institutional
guidelines [14]. Choose FUCCI-Red or FUCCI-Green mice
depending on the antibody combination used for analysis (see
Note 7).

2. Decapitate dead mice with sharp scissors after spraying the neck
with 70% ethanol.

3. Use fine scissors to cut the base of the skull and follow a
longitudinal midline until the olfactory bulbs. Remove the
skull with fine forceps.

4. Collect the brain in PBS containing 0.6% Glucose, preferably in
small cell culture dishes (see Note 3).

5. Turn the brain to face the ventral side and perform a coronal
cut at the level of the optic chiasm using a scalpel.

6. To dissect the SVZ under a microscope, first remove the sep-
tum with fine curved forceps and then insert one tip of fine
forceps into the adjacent striatum and the other tip into the
cortex and gently detach the SVZ. Cut as thin as possible. For
additional information watch video describing this procedure
[16]. Collect the SVZ in a new small cell culture dish contain-
ing PBS 0.6% Glucose.
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3.2 SVZ Dissociation

3.3 Live DNA
Staining

34
Immunofluorescence
Staining for FACS

1.

Mince the SVZ tissue into small pieces using a scalpel or fine
forceps and transfer minced tissue to a tube containing SVZ
dissociation solution (see item 3 in Subheading 2.2). Use
500 pl-1 ml per mouse.

. Incubate at 37 °C for 10 min (sec Note 8).
. Centrifuge at 250 x g for 5 min and discard the supernatant.

. Add 500 pl of pre-warmed protease inhibitor solution (see item

4 in Subheading 2.2) to stop papain activity. The enzymatically
dissociated tissue needs to be further dissociated mechanically
to reach single-cell suspension by gently pipetting up and down
20-30 times through a p1000 micropipette tip.

. Filter cell suspension through a 20 pm filter in a new 15 ml

tube. Wash the filter with 5 ml of PBS 0.15% BSA.

. Centrifuge at 250 x g for 10 min and discard the supernatant.
. Add 1 mlof PBS 0.15% BSA, resuspend cells, and then centrifuge

in 22% Percoll for 20 min at 4 °C without brakes (see Note 9).

. Wash cell suspension with 5 ml PBS 0.15% BSA, centrifuge at

250 x g for 10 min, and discard the supernatant.

. To evaluate the DNA content of each population, cells can be

incubated with Hoechst-33342. Warning: the dye Hoechst-
33342 can be toxic for cell culture (see Note 5).

. Resuspend the cells with 500 pl of DNA content analysis

medium (see item 1 in Subheading 2.3) and incubate for
1.5 hat 37 °C.

. Wash the suspension with 5 ml PBS 0.15% BSA and centrifuge

at 250 x g for 10 min.

. Resuspend cells in 100 pl per mouse of PBS containing 0.15%

BSA and the appropriate antibody dilution (see Note 10).
Combination of antibodies depends on FUCCI mice used
(Fig. la and Note 7): (a) For cell cycle analyses using
FUCCI-Red mice use CD15/LeX fluorescein isothiocyanate
[FITC]-conjugated (1:50; mouse IgM); CD24 phycoerythrin-
cyanine? conjugate [PC7] (1:100; Rat IgG2b; clone M1,/69);
Alexa647-conjugated EGF ligand (1:150). (b) For cell cycle
analyses using FUCCI-Green mice use GLAST phycoerythrin
[PE] (mouse IgG2a); CD24 phycoerythrin-cyanine7 conju-
gate [PC7] (1:100; Rat IgG2b; clone M1/69); Alexa647-
conjugated EGF ligand (1:150).

. Prepare Fluorescence Minus One (FMO) controls. Use Com-

pensation Beads for single-color controls (se¢ Note 11).

. Incubate cells and fluorescence-conjugated antibodies for

20 min at 4 °C in the dark.
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Fig. 1 FACS strategies to distinguish NSCs from their progeny in the SVZ. (a) Two different strategies can be
used to distinguish gNSCs, aNSCs, and their progeny. LeX and Glast NSCs markers can be used alternatively
with EGFR TACs marker and CD24 neuroblast marker. Diagram was adapted from [13]. gNSC: quiescent
Neural Stem Cell; aNSC: activated Neural Stem Cell; TAC: Transit-amplifying cell; Im. Nb: Immature Neuro-
blast; Mig. Nb: Migrating Neuroblast. (b) Example of gate selection with Glast/EGFR/CD24 markers (FUCCI
green). Gates are set using the FMO Glast-PE. Glast™™™ cells represent qNSCs, Glast™ EGFR* cells are aNSCs,
EGFR™ stains for TACs, CD24™ EGFR™ for immature neuroblasts and CD24* labels migrating neuroblasts. For
clarity negative markers are not shown

4. Wash the suspension with 5 ml PBS 0.15% BSA and centrifuge
at 250 x g for 10 min.

5. Resuspend cells in 200-300 pl of PBS 0.15% BSA per brain.
Keep tubes with cells on ice protected from light. Proceed
immediately with cell sorting.

6. An example of gating strategy is shown in Fig. 1b for FUCCI
red. Glast®" cells are QNSCs, Glast® EGFR* cells are aNSCs.
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3.5 CGell Sorting with
FACS

3.6 Time-Lapse
Video Microscopy

3.7 Data Analysis

EGFR" stains for TACs, CD24" EGFR" for immature neuro-
blasts and CD24" labels migrating neuroblasts. The gating for
FUCCI-green has been previously reported [11, 17].

. Prior to cell sorting, add Hoechst 33258 or propidium iodine

at 2 pg/ml final concentration to discriminate live from dead
cells (see Note 12).

. In this study cells were sorted using a FACS Aria II (BD

Biosciences) at 40 psi with an 85 pm nozzle (see Note 13).
The following filter set was used: 520,/35 nm (FITC/FUCCI-
Green), 575/26 nm (PE/FUCCI-Red), 670/20 nm
(Alexa647) and 740LP (PC7) and 605,/40 nm (optional for
Hoechst-33342).

. Adjust voltage of photomultiplier tube (PMT) and compensate

with single-color controls. Set the gates with FMO-controls
(Fig. 1b).

4. Set the sorting gates with FMO-controls (Fig. 1b).
. Collect the cells in 100 pl of culture medium.

. Freshly sorted cells were plated at a density of ~3 x 10 cells/

mL on Poly-p-Lysine-coated 96-well (300pL of culture
medium) or 24-well glass-bottom plates (ImL of culture
medium).

. Allow cells to adhere for 1 h in the incubator at 37 °C and 5%

COs,.

. Live imaging can be performed using a Plan Apo VC 20x DIC

objective (NA: 0.75) on a Nikon AlR confocal laser scanning
microscope system attached to an inverted ECLIPSE Ti. The
chamber should be previously warmed at 37 °C under 5% of
COs,.

. Acquire images at a 512 x 512 pixels format with a resolution

of 1.26 pm/pixel. A mosaic image can be created to acquire
more cells; for better results overlap for the mosaic large image
should be set to to 10% (see Note 14).

. Capture images every 20 min for 24 h.

. Analyze the data using the NIS-Elements AR.4.13.04 64-bit

software or Image] by tracking cells individually.

. The use of FUCCI-Red and FUCCI-Green allows calculating

G and S-G, /M cell cycle phase length independently (Fig. 2a,

d,e):

(a) FUCCI-Green mice: Calculate first S-G,/M phase length
by selecting a single non-fluorescent cell and set time

0 (z = 0) when green-fluorescence switches “on” until
the cell divides (Fig. 2d). The following G; phase can be
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Fig. 2 Cell cycle tracking using FUCCI mice. (a) Schematic of the FUCCI system. Cells acquire red fluorescence
during G4 phase driven from the mK02-hCdt1(30/120) construct and green fluorescence during S-G»/M from
the mAG-hGem(1/110) construct [14]. (b) The association of Hoechst-33342 (H0-33342) live staining with
FUCCI-Green mice allows a precise characterization of proliferating cells. (¢) Distribution in different popula-
tions. (d) Example of S-G»/M phase tracking using FUCCI-Green mice (Glast™ EGFR™ aNSCs, FUCCI green). (€)
Example of G; phase tracking using FUCCI-Red mice (LeX™ EGFR™ aNSCs, FUCCI red)

measured by calculating the length of time until next
green-fluorescence switches back on again. The following
S-G,/M and G; phases can be calculated following the
same procedure.

(b) FUCCI-Red mice: Calculate the first S-G,/M phase
length (Fig. 2¢) by selecting a single red fluorescent cell
(in G;) and then set = 0 when red-fluorescence switches
“oft” to calculate S-G,/M phase length, until the cell
divides. The following G; phase can be calculated by
following red-fluorescence until it switches off. The fol-
lowing S-G,/M and G, phases can be calculated follow-
ing the same procedure (se¢ Note 15).

3. For a better distinction of proliferating cells, the combination
of FUCCI-Green fluorescence and Hoescht-33342 live
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staining can be used as shown in Fig. 2b (se¢ Note 16). As
expected, proliferating FUCCI-Green* Hoechst-33342 > 2 N
cells in the CD24 negative population are mainly activated
NSCs (Glast® EGFR") and TACs (EGFR"), while very few
quiescent NSCs (Glast® ") are in proliferation (Fig. 2c).

. Both flow cytometry strategies give similar results in terms of

population selection because the expression of Glast and LeX
markers is correlated [13]. For a precise tracking of G; and its
alteration for example in neurodegenerative conditions like
aging [18, 19], use FUCCI-Red mice. For a sharp analysis of
neural stem and progenitor cells proliferation or cell cycle-entry
[13], you should rather track S-G,/M phases with FUCCI-
Green fluorescence.

4 Notes

. Better results can be achieved with glass-bottom culture plates

notably in terms of image quality at the microscope.

. We recommend using the minimum cell density (3 x 103 cells/

mL of medium) to avoid cell aggregation.

. Small cell culture dishes (e.g., 35 mm x 10 mm) can be used to

collect brains in PBS 0.6% glucose.

. Because duration of papain treatment is critical to avoid antigen

degradation, warm up the papain solution to 37 °C before use.

. During FACS analysis, dead cells can be excluded using propi-

dium iodide (PI) or Hoechst 33258 added at a final concentra-
tion of 2 pg/ml to label dead cells. If the purpose of the
experiment is to sort cells for in vitro cultures, we recommend
not using live staining with Hoechst-33342 because this dye
can be toxic for cells [11]. The use of live DNA staining is
recommended for a sharper cell cycle analysis of FACS data.

. Combination of the antibodies LeX-FITC/CD24PE-Cy7/

EGFAx647 [11] and Glast-PE/CD24PE-Cy7 /EGFAx647
[12, 13] allows distinguishing NSCs from their progeny.

. LeX-FITC/CD24PE-Cy7 /EGFAx647 antibodies combina-

tion needs to be used only with FUCCI-Red mice [17, 18]
because mAG-hGem(1,/110) (FUCCI-Green) share the same
emission wavelength as LeX-FITC. The combination of Glast-
PE/CD24PE-Cy7 /EGFAx647 [12, 13] needs to be
used only with FUCCI-Green mice because mKO2-hCdtl
(30/120) (FUCCI-Red) shares same emission wavelength as
Glast-PE.

. To avoid affecting antibody binding, determine the optimal

dissociation time with SVZ dissociation solution time
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(10 min in this protocol). Incubations for 15-30 min diminish
LeX-FITC antibody binding [11].

. We recommend using Percoll to remove myelin and ensure cell

viability.
Avoid pooling more than 2—3 mice to limit the duration of cell
sorting because it can affect cell viability and differentiation.

Follow the manufacturer’s protocol to use compensation beads
(Compbead, BD Biosciences). In case of Alexa647-conjugated
EGF ligand, use cells for single control.

To discriminate live from dead cells, use Hoechst-33258 pref-
erentially because propidium iodine (PI) has a wider emission
spectrum that could lead to additional compensation.

Any cell sorter can be used but we recommend not exceeding
40 psi to limit cell death.

Try to limit exposure to light to ensure cell viability and avoid
bleaching of fluorescent dyes conjugated to antibody.

If the G; red fluorescence is too weak at the beginning, choose
the onset of the G; phase on the frame where the cell has
divided to avoid approximations.

We recommend using HO-33342 4+ FUCCI-Green for a
sharper and precise analysis of proliferating cells (Fig. 2b).
However, Hoechst-33342 live staining restricts culture of
sorted cells because of dye toxicity (see Note 5).
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Chapter 6

Determination of Histone 2B-Green Fluorescent Protein
(GFP) Retention in Intestinal Stem Cells

Kevin R. Hughes and Yashwant R. Mahida

Abstract

The epithelium of the gastrointestinal tract represents the interface between the luminal contents of the gut
and that of the host tissues and plays a central role not only in regulating absorption of dietary nutrients but
also in providing a barrier to prevent the entry of bacteria and other pathogens. Repair and replacement of
damaged aging cells within the epithelium is modulated by stem cells, which are located in the intestinal
crypts of the small intestine.

Two distinct populations of intestinal stem cells have been described in the literature, one population at
the very base of the crypt and a second population of long-lived stem cells located just above the Paneth cell
zone. Herein, we describe a method to label this population of long-lived GFP label retaining cells. This
method is free from confounding factors of previous methodologies based on radioactive tracers and also
enables functional studies not previously possible using the radioactive tracer techniques described in the
literature.

Key words Intestinal stem cells, Green fluorescent protein, Histone-2B, TetOp H2B-GFP mice,
Transgenic mice, Immunohistochemistry

1 Introduction

The gastrointestinal tract (GIT) is responsible not only for the
digestion of food, but also the transport and absorption of nutri-
ents into the host and the expulsion of waste material. The GIT also
represents the interface between the host, luminal gut bacteria
(microbiota), and ingested products. It modulates immunological
programming and host/microbial mutualism. Most of this regula-
tion occurs via the intestinal epithelial cells, which represent the first
host cells that interact with luminal constituents [1, 2].

The GIT can be divided into four main compartments, the
oesophagus, stomach, small intestine, and colon. Histologically,
the intestine can be subdivided into four compartments, known
as the mucosa, submucosa, muscular layer, and serosa. Each region
does have a specialized function and consequently, exhibits distinct
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Table 1

features with regard to its cellular organization. Specialization is
observed, particularly with regard to the intestinal epithelial cell
(IEC) subpopulations that line the surface of the intestine [3].

In the small intestine, the intestinal epithelium is folded to form
finger-like projections known as intestinal villi, which project out
into the intestinal lumen, increasing the effective surface area of the
mucosa for improved absorption of nutrients. These villi are sepa-
rated by invaginations of the epithelial layer known as the crypts of
Lieberkiihn. These crypts are home to populations of intestinal
epithelial stem cells (ISCs), which are important for cellular replace-
ment along the length of the small intestine. Thus, new IECs borne
from the ISCs located in the crypts mature and differentiate as they
migrate up the tip of the villus into one of five specialized epithelial
cell types (see Table 1).

Once IECs reach the tip of the intestinal villi, they are lost into
the intestinal lumen via a normal homeostatic process known as cell
shedding [4]. In this process, dying cells are lost from the intestinal
epithelium in a controlled manner via a purse string effect, main-
taining epithelial barrier integrity and thus preventing the entry of
luminal contents into host tissues.

In the colon, the finger-like villus projections are absent and
instead, crypt invaginations into the mucosa are seen at regular
intervals. As with the small intestine, new cells formed from ISCs
at the crypt base migrate up through the crypt and are lost at the

Specialized intestinal epithelial types and their primary functions

Epithelial cell

type Shape/organization Primary function Lifespan
Enterocytes Tall columnar cells Specialized for transport ~ 5-6 days
Goblet cells Glandular, modified simple columnar  Secretion of mucus 5-6 days

Paneth cells

Enteroendocrine
cells

M-cells

Stem cells

epithelial cells, interspersed among
other cell types

Granular cells located in intestinal
crypt

Specialized epithelial cell type

Located near Peyer’s patches

Located at the base of the crypt

Production of antibacterial Up to

peptides and lysozyme 3 months
for defense
Produce gastrointestinal ~ 5-6 days
hormones
Endocytosis of luminal 3—4 days
antigens for immune
programming
Production of new cells Variable
dependent
upon

population
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Fig. 1 Organization of ISCs within the small intestinal crypt. Cells can be
identified by their numerical position from the base of the crypt, as indicated.
Crypt base columnar (CBC) stem cells sit at the very base of the crypt (cell
position 2 in the diagram). Long-lived label-retaining stem cells (LRSCs) sit
above the Paneth cell zone, at cell positions 4-6 from the base of the crypt.
Paneth cells (cell position 1 and 3) and goblet cells (cell position 11) are also
shown

opening of the crypt by similar cell shedding processes as part of the
normal everyday replacement of cells.

Positions of cells within the intestinal epithelial cell compart-
ments of the crypt and villus axis can be studied by their cell
position relative to crypt base such that cells at cell position 1 reside
at the very base of the intestinal crypt and are numbered sequen-
tially from the base of the crypt to the villus tip (Fig. 1) [5]. As
shown in Fig. 2, CP4 ISC usually sits above Paneth cells.

Small intestinal stem cells have been studied for more than
40 years and have been identified in two locations in the crypt.
One population reside at the crypt base, where they are intercalated
with Paneth cells [6]. A second population are located above the
Paneth cell zone at cell position 46 [7, 8]. Stem cells at the crypt
base are marked by Lgr5 and cycle frequently. DNA label-retaining
studies have shown that stem cells located above the Paneth cell
zone are long lived, with heterogeneity in cycling rates and sensi-
tivity to radiation and may also include those that are dividing
asymmetrically [5, 9-11].

Incorporation of bromodeoxyuridine and tritiated thymidine
has previously been used to study DNA label-retaining stem cells
but disadvantages of this method include the inability to consis-
tently label all quiescent cells (because many may not be dividing at
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A

Fig. 2 Example staining of GFP label-retaining putative ISCs. Panel A shows
GFP-labeled ISC (at cell position 4) detected by conventional immuno-
histochemical staining (black arrowhead). GFP-labeled and unlabeled Paneth
cells contain eosinophilic granules. Panel B shows GFP-labeled (green nucleus)
putative ISC detected by immuno-fluorescence (white arrowhead). Paneth cells
are identified by cytoplasmic staining for lysozyme (red)

the time the label is administered), potential for DNA damage
(leading to cell division), and difficulties in their isolation for func-
tional studies. Mice in which transient DNA label can be induced in
all epithelial cells have recently been used to identify label-retaining
stem cells, following a period when the label is withdrawn (and the
DNA label lost from rapidly cycling cells that are subsequently shed
into the lumen).

In 2009, studies by the Hock laboratory generated a transgenic
mouse in which expression of histone 2B-green fluorescent protein
(GFP) fusion protein, which interacts with DNA, was under the
dynamic control of the antibiotic doxycycline [12]. These mice are
subsequently referred to as Tet-op H2B-GFP mice. In this model,
expression of H2B—-GFP in the nuclei of cells can be effectively
turned “on” or “off” by the administration of doxycycline in the
drinking water.

We reasoned that this model would enable labeling of the long
lived quiescent population of ISCs in the IEC layer, which was
confirmed in our published studies [5]. Below, we outline the
optimized methodology for labeling the quiescent ISC population
using this mouse model and their identification in histological
samples collected from these mice using immuno-histochemical
and immuno-fluorescent techniques.
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2 Materials

2.1 InVivo ISC
Labeling Study

2.2 Tissue Gollection

2.3 Tissue
Processing

2.4 Immuno-
Histochemical Staining

2.5 Additional
Reagents for Inmuno-
Fluorescent Staining

. Tet-op H2BGFP mice.

2. Doxycycline (2 mg/ml) and sucrose (10 mg,/ml) in the drink-
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ing water.

. Dissection instruments and plasticware.

. 10% neutral buffered formalin.

. Whatman filter paper and micropore tape for bundling.
. 70% Ethanol.

. Ethanol (100%, 90%, 80% and 70%).
. Xylene.

. Paraffin wax.

. Tissue processor (optional).

. Embedding station.

. Super-frost plus glass slides.

. Microtome.

. Water bath.

. Solvents: Xylene, ethanol, methanol.

. 0.2% Oxygen peroxide (H,0O,) in methanol.
. Phosphate-buftered saline (PBS).

. Antigen retrieval solution (Vector).

. Wax pen.

. Rabbit anti-GFP antibody.

. Peroxidase labeled polymer.

. Colorimetric peroxidase substrate kit.

. Mayer’s hematoxylin solution.

. Eosin Y solution.

. 1% Hydrogen chloride (HCl) and 70% ethanol.
. 0.1% sodium bicarbonate solution.

. DPX mounting medium.

. Goat anti-lysozyme antibody.
. FITC-conjugated anti-rabbit.
. Rhodamine-conjugated anti-goat.

. Fluorescent mounting medium.
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2.6 Cell Count 1. Microscope with fluorescent capability and FITC and TRITC
Analysis and filter channels.
Quantification 2. Score and WinCrypts analysis software or other counting
software.
3. Statistical analysis package.
3 Methods
3.1 In Vivo ISC 1. Administer 2 mg/ml Doxycycline (DOX) and 10 mg/ml

Labeling

3.2 Tissue Collection

3.3 Immuno-
Histochemical Staining
(Single Staining for
GFP)

sucrose in the drinking water to Tet-op H2BGFP transgenic
mice from 3 weeks of age and onward (see Note 1).

. Fully replenish DOX water at regular intervals thrice weekly (see

Note 2).

. Continue with DOX administration in drinking water for a

period of 23 days to fully label the IEC compartment.

. Place mice on regular drinking water for 28-162 days

(see Note 3).

. Collect tissue at defined time points during the chase period.

. Euthanize mice using an approved method and following insti-

tutional guidelines.

. Open the abdominal cavity to expose the peritoneal cavity and

locate the intestinal segments of interest.

. Dissect out the small intestine and flush with 10% neutral

buffered formalin to remove luminal contents and prefix the
tissue (see Note 4).

. Immediately transfer the intestinal tissue to a labeled vial con-

taining 10% neutral buffered formalin.

. Fix the tissue for 24 h.

. Following fixation transfer the tissue to 70% ethanol. Samples

can be stored short term in 70% ethanol before proceeding to
dehydration and embedding steps.

. Dehydrate the tissue through an ethanol and xylene series

either manually, or preferably using an automated device such
as a Leica ASP 3008 processing station.

At the end of the processing stages, embed tissue samples in

paraffin wax ready for sectioning and staining (see Notes 5 and 6).

In most cases, single immuno-histochemical staining using hema-
toxylin and eosin counter-staining is appropriate for discerning
GFP-labeled stem cells from GEP-labeled Paneth cells that stain
positive for eosinophilic granules (Fig. 2). In cases where staining
with two antibodies is required to definitively confirm cellular
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identity, serial sections may be double stained as described in Sub-
heading 3.4.

1.

o N O U

12.
13.

14.
15.

16.
17.
18.
19.
20.
21.
22.
23.

Rehydrate the slides through a xylene (x 3 solutions) and etha-
nol series (100, 90, 80, and 70%) by placing slides in each
solution for approximately 2 min each.

. Block endogenous peroxidase activity by incubating in 100%

methanol solution containing 0.2% H,O, for 30 min at room
temperature.

. Wash slides twice with phosphate-buffered saline (PBS) solu-

tion for 5 min each.

. Perform antigen retrieval using the Vector antigen retrieval

solution by diluting according to the manufacturer’s instruc-
tions and microwaving in a conventional microwave oven in a
suitable container for 20 min. Ensure that the slides remain
constantly immersed in antigen retrieval buffer.

. Allow slides to cool at room temperature for 30 min.
. Wash slides twice in PBS for 5 min.
. Mark around the edge of the sections using a wax pen.

. Apply a small volume of Rockland anti-GFP antibody at a

concentration 1:200 in PBS (see Note 7).

. Incubate for 1 h at room temperature or overnight at 4°C.
10.
11.

Wash 3x for 5 min in PBS.

Apply peroxidase labeled polymer for 30 min at room temper-
ature (see Note 7).

Wash 3 x for 5 min in PBS.

Apply colorimetric peroxidase substrate to detect signal. Use
an on-slide incubation time of 2 min.

Wash slides for 5 min in distilled water.

Counterstain slides in Mayer’s hematoxylin solution for
10 min.

Wash slides briefly in distilled water.

Counterstain in eosin Y solution for 2 min (se¢ Note 8).
Wash slides briefly with distilled water.

Differentiate slides in 1% HCI and 70% Ethanol for 15 s.
Wash slides briefly in distilled water.

Differentiate slides in 0.1% sodium bicarbonate solution.
Wash slides briefly in distilled water.

Dehydrate slides through ethanol (70, 80, 90, and 100%) and
Xylene (<3 solutions) series.
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24.

25.

Apply DPX mounting medium and coverslips to the slides and
leave slides to air-dry overnight.

Example staining is shown in Fig. 2.

Proceed with steps 1-9 in Subheading 3.3.

. After the application of anti-GFP antibody, wash slide 3x for

5 min in PBS.

. Apply anti-lysozyme antibody at a concentration of 1:100 in

PBS.

4. Incubate for 1 h at room temperature.

. Apply rhodamine-conjugated anti-goat and FITC-conjugated

anti-rabbit antibodies at a concentration of 1:500 in PBS.

. Incubate for 30 min at room temperature.

7. Wash 3x for 5 min in PBS.

3.4 Immuno- 1.
Histochemical Staining 2
(Double Staining for
GFP and Lysozyme) 3
(See Note 9)
5
6
8
9
3.5 Cell Count 1.

Analysis and

. Apply the VECTASHIELD mounting medium and photo-

graph immediately.

. Example staining is shown in Fig. 2.

At least 50 well-oriented, longitudinally sectioned half crypts
should be analyzed per mouse (se¢ Note 10).

. Assign cells to a cell position relative to the base of the crypt

and also to one of four categories: GFP labeled Paneth cell,
GFP labeled epithelial cell, unlabeled Paneth cell, or unlabeled
epithelial cell.

. Score and Wincrypts analysis packages can then be used along-

side statistical analysis packages to interrogate the data (see
Note 11) and identify the appearance of long-lived GFP
labeled stem cells within the stem cell zone.

Quantification 2
3
4 Notes
1

. Tet-op H2BGFP mice can be used from 6 weeks of age

onward, when maturation of the intestinal epithelium is com-
plete and mice exhibit mature intestinal epithelial cell physiol-
ogy. Labeling of intestinal cells in the preparation for
experimental procedures can however be initiated at weaning
(3—4 weeks of age) to ensure availability of fully labeled mice at
the beginning of adulthood. Transgene expression in all ani-
mals is induced by the administration of Doyxcycline hydro-
chloride in the drinking water. In order to improve palatability,
the addition of sucrose in the drinking water is recommended.
Sucrose itself does not impact transgene expression and there-
fore may be excluded in situations where it may affect other
aspects of the study design.
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2. Doxycycline is an antibiotic normally stored at 4°C. To circum-
vent issues that may be caused by degradation of the active
ingredient once reconstituted, regular replenishment of the
drinking water is reccommended. In our studies, a thrice-weekly
replacement regimen was employed.

3. To achieve complete labeling of intestinal epithelial cells, mice
should be administered doxycycline for 23 days. At this point,
mice are switched to regular drinking water for the remainder
of the study (known as “chase” period). During this chase
period, labeled cells are gradually lost as a natural process of
cell division and replenishment of old and dying cells within the
intestinal epithelial cell compartment. Meanwhile, slow cycling
cells of the ISC compartment retain the long-lived H2B-GFP
label during chase period. Typically, chase period of 28 days or
longer is required to eliminate all but the long-lived subpopu-
lations of cells. The length of the chase period required may
need to be optimized by each investigator.

4. Following euthanasia of the animals, immediate fixation of
tissue by flushing the intestinal lumen with formalin ensures
that cells are fixed in their native state before postmortem cell
death processes are initiated. Such preservation may be partic-
ularly important in circumstances where susceptibility of label-
retaining cells to cell death following irradiation is being inves-
tigated and where fixation of cells in their native state, prior to
initiation of radiation-independent cell death processes, is par-
amount. Following the fixation of the tissue, proper orienta-
tion of the tissue is essential for subsequent histological analysis
and to ensure adequate numbers of well-oriented crypt and
villus units for subsequent histological analyses. We recom-
mended using bundling techniques described elsewhere
which were successtully employed in our studies [13].

5. Tissue processing and embedding can be achieved in an auto-
mated fashion using most standard processors and embedding
instrumentation, although these can also be accomplished
manually where such equipment is not available. Incubation
times as defined in Table 2 should be followed wherever possi-
ble, although this may require optimization by the individual
experimenter for manual processing techniques.

6. Following embedding, best results for subsequent sectioning
and staining are achieved by mounting 3-5 pm sections onto
poly-L-lysine-coated slides or superfrost plus positively charged
slides to ensure proper adherence of tissue during antigen
retrieval steps. Tissue sections should be placed onto histologi-
cal water bath for around 5-10 min prior to mounting to slides
to avoid folding and are then left to dry overnight at room
temperature before staining.
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Table 2
T;::izal processing times for preparation of intestinal tissue ready for
embedding
Step number Reagent Incubation time (h)
1 70% ethanol 1.5
2 80% ethanol 1.5
3 90% ethanol 1.5
4 100% ethanol 1.5
5 100% ethanol 1
6 100% ethanol 1
7 Xylene 1.5
8 Xylene 1
9 Xylene 1
10 Paraffin wax 1.5
11 Paraffin wax 1.5
7. Staining with the anti-GFP antibody and secondary reagents

10.

that are described provides very robust and reliable staining.
Alternative anti-GFP antibodies and secondary reagents are
also expected to be suitable, although conditions and dilutions
for staining with different reagents will need to be optimized by
the individual experimenter, particularly with regard to antigen
retrieval, where certain antibody clones may not be suitable for
particular retrieval methods.

. As described, in the majority of cases, standard immuno-

histochemical techniques are suitable for discerning label-
retaining stem cells from residual label-retaining Paneth cells,
since the latter can be very easily identified by the presence of
eosinophilic granules. Since eosin is water soluble, it is espe-
cially important to stick rigidly to the slide-processing schedule
described to ensure good staining of eosinophillic granules.

. As detailed, double immuno-fluorescent staining can also be

employed to distinguish labeled Paneth cells from labeled stem
cells, but requires more specialized equipment (fluorescent
microscope) and can be more challenging for cell count analysis
versus assessment with standard bright-field microscopy. If
using secondary reagents not detailed in our method, concen-
tration and incubation times may need to be optimized by the
individual investigator.

Only crypts with a clear intestinal epithelial layer from base to
mouth of the crypt should be scored. Any crypts in which a
good longitudinal section across the crypt has not been
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achieved should be excluded along with crypts where the epi-
thelium is not clearly discernible from the lamina propria.
Using the score and Wincrypts analysis package [9], a cell is
assigned to a cell position relative to the crypt base and identi-
fied as positive or negative for GFP and lysozyme.

11. While our method for cell count analysis employed the Score

and Wincrypts programs to quantify and interpret the labeling
indices, cell count analysis can be very easily achieved using
other software packages such as data logging using EXCEL and
subsequent analysis in statistical analysis packages such as
PRISM software. To ensure that count analysis is not biased,
we recommend blinding all samples prior to counting. Ideally,
cell count analysis should be performed by two independent
investigators to verify findings.

References

1.

Peterson LW, Artis D (2014) Intestinal epithe-
lial cells: regulators of barrier function and

immune homeostasis. Nat Rev Immunol 14
(3):141-153. doi:10.1038 /nri3608

. Thaiss CA, Zmora N, Levy M, Elinav E (2016)

The microbiome and innate immunity. Nature
535(7610):65-74. doi:10.1038 /naturc18847

. van der Flier LG, Clevers H (2009) Stem cells,

self-renewal, and differentiation in the intesti-
nal epithelium. Annu Rev Physiol 71:241-260.
doi:10.1146 /annurev.physiol.010908.
163145

. Watson AJ, Hughes KR (2012) TNF-alpha-

induced intestinal epithelial cell shedding:
implications for intestinal barrier function.
Ann N Y Acad Sci 1258:1-8. doi:10.1111/j.
1749-6632.2012.06523 x

. Hughes KR, Gandara RM, Javkar T, Sablitzky

F, Hock H, Potten CS, Mahida YR (2012)
Heterogeneity in histone 2B-green fluorescent
protein-retaining putative small intestinal stem
cells at cell position 4 and their absence in the
colon. Am J Physiol Gastrointest Liver Physiol
303(11):G1188-G1201. doi:10.1152 /ajpgi.
00080.2012

. Barker N, van Es JH, Kuipers J, Kujala P, van

den Born M, Cozijnsen M, Haegebarth A,
Korving J, Begthel H, Peters PJ, Clevers H
(2007) Identification of stem cells in small
intestine and colon by marker gene Lgr5.
Nature 449(7165):1003-1007. doi:10.1038 /
nature06196

10.

11.

12.

13.

. Potten CS, Gandara R, Mahida YR, Loeffler M,

Wright NA (2009) The stem cells of small
intestinal crypts: where are they? Cell Prolif
42(6):731-750. doi:10.1111/7.1365-2184.
2009.00642 x

. Henning SJ, von Furstenberg RJ (2016) GI

stem cells - new insights into roles in physiol-
ogy and pathophysiology. ] Physiol 594
(17):4769-4779. doi:10.1113 /JP271663

. Potten CS, Owen G, Booth D (2002) Intesti-

nal stem cells protect their genome by selective
segregation of template DNA strands. J Cell Sci
115(Pt 11):2381-2388

Potten CS (1977) Extreme sensitivity of some
intestinal crypt cells to X and gamma irradia-
tion. Nature 269(5628):518-521

Cheng H, Merzel ], Leblond CP (1969)
Renewal of Paneth cells in the small intestine
of the mouse. Am J Anat 126(4):507-525.
doi:10.1002 /2ja.1001260409

Foudi A, Hochedlinger K, Van Buren D,
Schindler JW, Jaenisch R, Carey V, Hock H
(2009) Analysis of histone 2B-GFP retention
reveals slowly cycling hematopoietic stem cells.
Nat Biotechnol 27(1):84-90. doi:10.1038/
nbt.1517

Williams JM, Duckworth CA, Vowell K, Bur-
kitt MD, Pritchard DM (2016) Intestinal prep-
aration techniques for histological analysis in

the mouse. Curr Protoc Mouse Biol 6
(2):148-168. doi:10.1002 /cpmo.2


https://doi.org/10.1038/nri3608
https://doi.org/10.1038/nature18847
https://doi.org/10.1146/annurev.physiol.010908.163145
https://doi.org/10.1146/annurev.physiol.010908.163145
https://doi.org/10.1111/j.1749-6632.2012.06523.x
https://doi.org/10.1111/j.1749-6632.2012.06523.x
https://doi.org/10.1152/ajpgi.00080.2012
https://doi.org/10.1152/ajpgi.00080.2012
https://doi.org/10.1038/nature06196
https://doi.org/10.1038/nature06196
https://doi.org/10.1111/j.1365-2184.2009.00642.x
https://doi.org/10.1111/j.1365-2184.2009.00642.x
https://doi.org/10.1113/JP271663
https://doi.org/10.1002/aja.1001260409
https://doi.org/10.1038/nbt.1517
https://doi.org/10.1038/nbt.1517
https://doi.org/10.1002/cpmo.2

Chapter 7

Detecting Hematopoietic Stem Gell Proliferation Using BrdU
Incorporation

Katie A. Matatall, Claudine S. Kadmon, and Katherine Y. King

Abstract

Cellular quiescence is a key component of hematopoietic stem cell (HSC) homeostasis; therefore, a reliable
method to measure HSC cell division is critical in many studies. However, measuring the proliferation rate
of largely quiescent and rare populations of cells can be challenging. Bromo-deoxyuridine (BrdU) incor-
poration into replicating DNA is a commonly used and highly reproducible method to detect cell division
history. Here, we describe a protocol for BrdU incorporation analysis in hematopoietic stem and progenitor
cells that can provide a sensitive measure of cell division even in rare cell populations. In combination with
flow cytometry, this method can be generalized to analyze other cell populations and other tissues as
identified by cell surface markers.

Key words BrdU, Flow cytometry, Proliferation, Hematopoietic stem cells, Cell cycle

1 Introduction

Many methods are available to study the proliferative status of cells,
including measuring DNA synthesis, metabolic activity, cell divi-
sion, or the presence of proteins associated with proliferation, such
as Ki67. Each of these techniques has inherent advantages and
disadvantages, and investigators should carefully consider which is
most appropriate to answer a particular scientific question [1-3].
As stem cells are relatively few in number and mostly quiescent,
many commonly used methods of detection may not be sensitive
enough to accurately identify their proliferation. Also, since stem
cells are not easy to maintain in vitro and behave differently in
culture, it is beneficial to assess them in an in vivo setting. Methods
to detect the presence of proteins associated with proliferation,
such as Ki67, PCNA, or MCM-2, provide a snapshot of a given
cell population at the time of assay [4—7 ]. However, these proteins
are expressed in the S, G1, and G2 /M phases of the cell cycle and so
mark loss of quiescence as opposed to proliferation per se. In
addition, quantifying the results of staining for markers such as
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Ki67 can often be subjective because protein levels are expressed on
a continuum, rather than as a bimodal distribution [8]. Another
approach is to measure the metabolic activity of cells with the use of
tetrazolium salts, such as MTT, XTT, or WST-1 [9-12]. These
assays can be read using a spectrophotometer and are easily quanti-
fiable, but they may be less accurate, can be toxic, and require
in vitro culture of the cells. A third common method to assess
proliferation is tracking cell division with a dye such as CFSE
(carboxyfluorescein diacetate succinimidyl ester), which readily dif-
fuses into cells and covalently binds to intracellular amines [13-16].
The dye is split evenly between daughter cells upon division which
allows for the tracking of subsequent cell divisions. This method
has the advantage of allowing cell tracking over long periods of
time, but is subject to staining efficiency and dependent on follow-
ing stained cells that have been isolated, stained, and transplanted
back into an animal model.

Unlike the above methods, DNA intercalating agents can be
injected directly into animals to allow for direct tracking of cells
over time in their native in vivo state. Synthetic thymidine analogs,
such as BrdU and EdU, which incorporate into newly synthesized
DNA during the S phase of the cell cycle, are a common method for
directly tracking DNA replication [17-19]. In order to identify
incorporated BrdU, DNA must first be denatured so that antibo-
dies can gain access [20]. EAU, however, uses Click-iT technology,
which allows EdU analogs to be fluorescently tagged with the
addition of a small dye-labeled azide that is able to access DNA
without denaturation [21]. Therefore, if DNA structure is impor-
tant for other assays, it could be advantageous to use EdU staining
over BrdU despite its higher cost. One potential disadvantage of
both the methods is that the analogs themselves can damage cells
and cause mutations, making downstream, long-term experiments
problematic [22, 23]. Despite this caveat, these techniques are
especially useful for cell types that are not highly proliferative
because incorporation can be tracked in vivo over the course of
several days. In addition, BrdU and EdU incorporation assays can
be used in conjunction with other techniques such as flow cytome-
try or immunohistochemistry [24-27], making it feasible to ana-
lyze a large number of cells and cell types.

Here, we describe a protocol to identify proliferating hemato-
poietic stem cells (HSCs) using BrdU incorporation and
subsequent analysis using flow cytometry. Briefly, whole bone mar-
row is isolated from mice following BrdU injection. Bone marrow
cells are then stained for HSC surface markers, after which they are
fixed and permeabilized. DNA is then denatured to allow BrdU
antibodies access to the incorporated analogs. Finally, flow cytome-
try is used to identify BrdU positive HSCs. In addition to this
protocol, we provide a method by which rare cell populations can
be sorted prior to fixation in order to allow for co-staining
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protocols that may be disrupted by fixation, such as the use of
Hoechst dye for the identification of HSC side population cells
[28, 33]. While we focus on a method to identify proliferation in
HSCs, this technique is applicable to many other rare cell popula-
tions and largely quiescent cell types.

2 Materials

2.1 BrdU
Administration

2.2 Bone Marrow
Isolation

2.3 Enrichment of
Hematopoietic
Progenitors

2.4 Hematopoietic
Stem Cell Staining

2.5 Carrier Gell
Isolation

2.6 Cell Sorting

* These items are optional; see associated notes for details.

o Ul N

. Insulin syringes: 29G X 2 inch.
. BrdU solution: 10 mg/ml BrdU solution diluted in 1x Dul-

becco’s phosphate-buftered saline (DPBS).

. HBSS+: 500 ml Hank’s balanced salt solution without calcium

or magnesium (HBSS), 10 ml of fetal bovine serum (FBS),
5 ml of 1 M HEPES (N-2-hydroxyethylpiperazine-N-2-ethane
sulfonic acid).

. Needles: 27G x % inch and 18G x 1% inch.
. Luer-Lok Syringes: 5 and 10 ml.
. 15 cm tissue culture dish.

. 40 pm cell strainers.

* RBC lysis buffer: 9 ml 0.16 M amonium chloride (NH4Cl),
1 ml 0.17 M Tris—HCI pH 7.65 (see Note 7).

. * Mortar and pestle (see Note 5).

. CD117 (c-Kit) MicroBeads, mouse (Miltenyi-Biotec).

2. AutoMACS Pro Separator (Miltenyi-Biotec) (see Note 9).

. * Running buffer: 1x DPBS, 0.5% BSA (bovine serum albu-

min), 2 mM EDTA,; filter sterilized (se¢ Note 9).

. * MACS Columns (Miltenyi-Biotec) (see Note 9).
. * MACS Separators (Miltenyi-Biotec) (see Note 9).

. * Antibodies for lineage markers (Grl, B220, Macl, CD4,

CD8, Terl19), c-Kit, Scal, CD150, CD48, and CD34 (see
Note 10).

. Murine splenocytes.

2. Anti-mouse B220-Biotin.

. Anti-Biotin MicroBeads (Miltenyi-Biotec).

. FBS (fetal bovine serum).
. 1.5 ml tubes.
. FACS tubes.
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2.7 BrdU Staining

We use FITC BrdU Flow Kit (BD Biosciences); however, compo-
nents of this kit can be purchased separately from other sources:

1.
2. Cytofix/Cytoperm Buffer.

3.

4. Cytoperm Permeabilization Buffer Plus, 7-AAD, BrdU

Fluorochrome-conjugated anti-BrdU Antibody.

Perm/Wash™ Bufter (10x).

(10 mg/ml).

DNase solution.

3 Methods

3.1 BrdU
Administration

3.2 Bone Marrow
Isolation

All centrifugation steps should be carried out at 4 °C.

. Weigh mice to be injected with BrdU.

. Prepare 0.5 ml insulin syringes with BrdU solution at 1 mg

BrdU per 6 g of body weight. Stock BrdU solution is 10 mg/
ml so 100 pl per 6 g of body weight is required (see Note 1).

. Inject the prepared BrdU solution i.p. (intraperitonal) 24-72 h

before time of euthanasia. As an adjunctive to i.p. injection,
BrdU may also be administered in the drinking water (se¢ Note
2). The time of BrdU exposure must be tailored to the cell
population being studied. The more quiescent the population,
the more time is required to gain measurable incorporation (see
Note 3).

. Euthanize mice using an approved procedure and following

institutional guidelines.

. Remove 6 bones per mouse. Collect two tibiae, two femurs,

and two pelvic bones. Six bones may not be required if cells are
not being purified by cell sorting (see Note 4).

. Flush bone marrow from bones using HBSS+ solution. Use a

5 ml syringe with a 27G needle to flush each bone with 5 ml of
HBSS+ into a 15 cm culture dish. Pool bone marrow from all
six bones. If several mice will be combined into a single group
for analysis then crushing the bones may be more advantageous
(see Note 5).

. Disassociate bone marrow clumps. Use a 10 ml syringe with an

18G needle to draw up HBSS+ containing bone marrow from
the previous step. Repeatedly draw up and expel bone marrow
with the bevel against the bottom of the culture plate until no
visible clumps remain, avoiding aeration of the solution.
Approximately 5—6 repetitions are sufficient for normal bone
marrow (see Note 6).



3.3 Enrichment of
Hematopoietic
Progenitors

3.4 Hematopoietic
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. Filter the bone marrow. Use a 40 pm cell stainer to filter the

bone marrow to remove any clumps that may remain.

. Remove red blood cells from the bone marrow using RBC lysis

buffer. This lysis step is optional (see Note 7). Centrifuge
filtered bone marrow at 400 x g for 6 min. Remove the
supernatant and resuspend cell pellet in 2 ml of RBC lysis
buffer. Incubate at room temperature for 20 min.

. Wash cells to remove RBC lysis buffer. Add 10 ml of HBSS+ to

cells in RBC lysis buffer and centrifuge at 400 x g for 6 min.
Remove the supernatant.

. Incubate with c-Kit beads. Resuspend the cell pellet in 800 pl of

HBSS+ and add 200 pl of c¢-Kit beads. The amount of c-Kit
beads used should be adjusted for the total cell number (see
Note 8). Mix well and incubate at 4 °C for 30 min. Add 10 ml
of HBSS+ to cells and centrifuge at 400 x g for 6 min. Remove
the supernatant.

. Resuspend cell pellet in 5 ml of HBSS+ and filter cells through

a 40 pm cell strainer into a new tube.

. Magnetic bead enrichment to isolate c-Kit positive cells. Use a

positive selection program (poseld2) on an AutoMACS
machine to enrich for c-Kit-tagged cells. The negative fraction
after enrichment can be discarded or kept for other experi-
ments. Manual isolation columns can also be used here in
place of an AutoMACS machine (see Note 9).

. Centrifuge the positive fraction (c-Kit™ cells) at 400 x g for

6 min and discard the supernatant.

. Stain bone marrow for HSCs. For staining of long-term HSCs

(LT-HSCs) the antibody cocktail should contain lineage mar-
kers (Grl, B220, Macl, CD4, CDS8, Terll9), c-Kit, Scal,
CD150, CD48, and CD34 (see Note 10). Make an antibody
cocktail with antibodies at a 1:100 dilution in HBSS+, with the
exception of CD34 which should be used at a 1:50 dilution.
Resuspend cell pellets in 100 pl of antibody cocktail. Incubate
in the dark at 4 °C for 15 min (se¢e Note 11).

. Wash cells with 2 ml of HBSS+. Centrifuge at 400 x g for

6 min and discard the supernatant.

. If analysis of LT-HSCs using cell surface markers (Lineage ™

cKit* Scal” CD150" CD48™ CD34 ") is sufficient, skip directly
to Subheading 3.7 for fixation and BrdU staining.

. If the staining method used will be disrupted by fixation, then

sorting of HSCs before fixation may be required (such as using
Hoechst staining for side population identification [28]). For
sorting proceed to Subheadings 3.5 and 3.6.
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3.5 Carrier Cell
Isolation

3.6 CGell Sorting

Due to the low number of HSCs after sorting, it is reccommended
to use carrier cells during the subsequent fixation and staining steps
to minimize loss of HSCs and enable flow cytometric analysis.

1.

Isolate spleen cells. Remove spleen from a control mouse and
gently crush in HBBS+ to release cells from the capsule. Use a
5 ml syringe with an 18G needle to draw up HBSS+ containing
splenocytes. Repeatedly draw up and expel cells until no more
visible clumps are remaining.

. Filter the splenocytes. Use a 40 pm cell stainer to filter the cells

to remove any clumps that may remain. Centrifuge splenocytes
at 400 x g for 6 min and discard the supernatant.

. Stain B220" splenocytes (B cells). Resuspend cell pellet in

100 pl of HBSS+ with 1 pl of B220-biotin antibody. Incubate
in the dark for 15 min at 4 °C. Wash with 1 ml HBSS+.
Centrifuge at 400 x g for 6 min and discard the supernatant.

. Incubate splenocytes with biotin beads. Resuspend the cell pellet

in 800 pl of HBSS+ and add 200 pl of biotin beads. Mix well
and incubate at 4 °C for 30 min. Add 10 ml of HBSS+ to cells
and centrifuge at 400 x g for 6 min. Remove the supernatant.

. Resuspend cell pellet in 5 ml of HBSS+ and filter cells through

a 40-pm cell strainer into a new tube.

. Magnetic bead enrichment to isolate B220™ splenocytes. For

AutoMACS use a positive selection program (poseld2) to
enrich for B220-tagged cells. The negative fraction after
enrichment can be discarded or kept for other experiments.
Manual isolation columns can also be used here in place of an
AutoMACS machine (se¢ Note 9).

. Centrifuge the positive fraction (B220" splenocytes) at 400 x g

for 6 min and discard the supernatant.

. Stain B220" splenocytes. Resuspend cell pellet in 100 pl of

HBSS+ with 1 pl of streptavidin antibody (see Note 12).
Incubate in the dark for 15 min at 4 °C. Wash with 1 ml
HBSS+. Centrifuge at 400 x g for 6 min and discard the
supernatant.

. Prepare collection tubes. Add approximately 1 ml of 100% FBS

to a 1.5 ml eppendorf tube (se¢ Note 13). Invert the tube ten
times to ensure complete coating of the inside walls of the tube.
Transfer FBS to a new tube and repeat until all collection tubes
are coated. Use a vacuum to remove trace amounts of FBS
remaining in tubes. Fill tubes with 1 ml of HBSS+.

. Sort B220" splenocytes. Sort the B220" splenocytes using

FSC/SSC, singlet and live discrimination. Sort enough cells
to allow for approximately 1 x 10° B220* splenocytes per
sample of sorted HSCs.
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. Sort HSCs. Sort Lineage™ cKit™ Scal® CD150" CD48~

CD34~ HSCs using FSC/SSC, singlet and live discrimination.
Each mouse should yield on average about 2000 HSCs.

. Re-stain B220+ splenocytes (see Note 14). Centrifuge cells at

400 x g for 6 min and discard the supernatant. Resuspend cell
pellet in 100 pl of HBSS+ with 1 pl of anti-B220 antibody.
Incubate in the dark for 15 min at 4 °C. Wash with 1 ml
HBSS+. Centrifuge at 400 x g for 6 min and discard the
supernatant.

. Mix sorted HSCs and B220" splenocytes. Add approximately

1 x 10° re-stained B220* splenocytes per sorted HSC sample.
Mix well and centrifuge at 400 x g4 for 6 min. Discard the
supernatant and proceed with fixation and BrdU staining (see
Subheading 3.7).

. Fix cells. Resuspend the cell pellet in 100 pl of Cytofix/Cyto-

perm Buffer. Incubate in the dark for 15 min at room tempera-
ture. Wash the cells with 1 ml of 1x Perm/Wash Buffer (see
Note 15). Centrifuge at 300 x g for 6 min and discard the
supernatant (see Note 16). The protocol can be stopped here
and stored overnight (see Note 17).

. Permeabilize cells. Resuspend the cell pellet in 100 pl of Cyto-

perm Permeabilization Buffer Plus. Incubate in the dark for
10 min on ice. Wash cells with 1 ml of 1x Perm/Wash Bufter.
Centrifuge at 300 x g for 6 min and discard the supernatant.

. Re-fix cells. Resuspend the cell pellet in 100 pl of Cytofix/

Cytoperm Buffer. Incubate in the dark for 5 min at room
temperature. Wash the cells with 1 ml of 1 x Perm/Wash Buffer.
Centrifuge at 300 x g for 6 min and discard the supernatant.

. DNase treatment. Resuspend the cell pellet in 100 pl of

300 pg/ml DNase (see Note 18). Incubate cells in the dark
for 1 h at 37 °C. Wash the cells with 1 ml of 1x Perm/Wash
Buffer. Centrifuge at 300 x g for 6 min and discard the
supernatant.

. BrdU staining. Resuspend the cell pellet in 50 pl of BrdU

antibody mix, which contains 1 pl of BrdU antibody per 50 pl
of 1x Perm/Wash Buffer. If staining for other intracellular
markers is desired, they can be included here in the BrdU
antibody mix. Incubate cells in the dark for 20 min at room
temperature. Wash the cells with 1 ml of 1x Perm/Wash
Bufter. Centrifuge at 300 x g for 6 min and discard the
supernatant.

. Resuspend the cells in 500 pl of HBSS+. Optional: To stain for

total DNA content 20 pul of 7-AAD can be added to the cell
pellet before addition of HBSS+.
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Fig. 1 Example flow plots of sorted HSCs after BrdU staining. The panel on the left depicts the separation of
carrier cells (B220+ splenocytes) from sorted HSCs. In this example, CD150 is used as a representative
marker of the HSC population. The sorted HSC gate (shown in the right panel) is then gated for BrdU positive
cells. The following markers are used in this example: B220 PE Cy5, CD150 PE, and BrdU FITC

3.8 Flow Cytometry

1. Single-color controls should be prepared for each fluorophore
used to allow for correct voltage and compensation setup (see
Note 19).

Gating strategies for flow cytometry will depend on whether c-

Kit* hematopoietic progenitors or sorted HSCs were used for
BrdU staining;:

(@)

c-Kit" progenitors. Cells should first be gated through
FSC/SSC and singlet discriminations. As the number of
BrdU positive LT-HSCs will be low, it is helpful to set the
gate for BrdU positive cells before gating for HSCs. This
BrdU™" gate can then be applied to the final HSC gate (see
Note 20).

Sorted LT-HSCs. Cells should first be gated through
FSC/SSC and singlet discriminations. As the cells here
are a mixture of HSCs and B220" splenocytes, the sple-
nocytes must be removed from further analysis. Since the
B220 splenocytes were re-stained after cell sorting, they
should still retain strong signal and can easily be separated
from the remaining HSCs. After removing the B220*
cells, the remaining HSCs can then be gated for BrdU
positivity (Fig. 1) (see Note 21).

4 Notes

1. For an average mouse weight of 25 g, 416.7 pl of BrdU
solution would be needed (100 pl/6 g of body weight).
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2. For longer labeling studies BrdU can also be administered in the
drinking water either as an alternative to IP injections or in con-
junction. BrdU drinking water (1 mg/ml) should be protected
from light and replaced daily. 1% glucose can also be added to
improve palatability. Care should be taken if periods of longer than
1 week of administration are used as BrdU can become toxic to
animals and may adversely affect results [29, 30].

3. The length of BrdU treatment before time of euthanasia
should be varied depending on the cell population under inves-
tigation. For rapidly dividing cells, a shorter period of BrdU
incorporation should be used to achieve data in dynamic range
of the assay. 24 h of BrdU incorporation will result in approxi-
mately 2-5% of LT-HSCs (Lineage™ cKit® Scal®™ CD150"
CD48~ CD347) being labeled. If having a higher percentage
of HSCs labeled is desirable, the length of time can be extended
from 24 to 48 or 72 h, resulting in approximately 7-15% of LT-
HSCs being labeled at baseline.

4. The collection of six bones per mouse is recommended if the
enriched progenitor cells will be sorted for a more rare HSC
population. If, however, the c-Kit-enriched progenitor popula-
tion will be directly analyzed by flow cytometry without prior
sorting, collecting four bones should provide adequate cell
numbers. An estimate of the number of bones required can
be determined assuming that each bone will yield between 10
and 20 million whole marrow cells (this number can be further
increased with proficient crushing). L'T-HSCs are approxi-
mately 0.01% of the bone marrow, thus one bone would give
about 1000-2000 HSCs on average, although the achieved
number will be lower than this due to loss at each staining step.

5. If multiple mice will be combined to form a single group for
analysis, then crushing bones may be preferred over flushing to
extract whole bone marrow from the bones. If many bones are
pooled, crushing can generate a higher bone marrow yield and is
often quicker than flushing. However, it is important to note
that over-crushing can result in cell shearing and produce small
fragments of bone, both of which can decrease the overall yield.
For crushing, bones should be cleaned of extraneous muscle and
fat. This can be accomplished using a scalpel or razor blade to
scrape the tissue from the outside of the bones. Cleaned bones
are then crushed in approximately 5-10 ml of cold HBSS+
using a mortar and pestle. Bones should only be crushed until
large bone fragments are removed. After a minimal amount of
crushing, the HBSS+ should be pipetted up and down to break
up bone marrow clumps and filtered through a 40 pm cell
strainer. This process is then repeated one or two more times
until the majority of the bone marrow is released from the bones.
After crushing for a maximum of three times, the bones should
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10.

11.

12.

13.

14.

then be repeatedly washed with additional HBSS+ to release the
last of the bone marrow. After bone marrow has been filtered,
continue with step 6 in Subheading 3.2.

. Be careful not to draw up the bone marrow with the syringe too

many times as this will shear the cells.

. Strictly speaking, RBC lysis is not required. Whole bone mar-

row will be enriched for ¢-Kit" cells in the next step and so red
blood cells will be removed at this point. However, removal of
RBCs before enrichment greatly reduces the number of total
cells, thus allowing for the use of fewer c-Kit beads for
enrichment.

. The volume of c-Kit beads used will vary depending on the

total cell number. 200 pl of beads should be used for every
1 x 10® cells. The appropriate volume of beads should be
diluted 1:5 in HBSS—+.

. As an alternative to an automated separation machine, manual

columns can also be used for enrichment. Miltenyi Biotec
MACS Columns used with MACS Separators work well for
this. The specific column used will depend on the number of
labeled cells. Briefly, cells are resuspended in running bufter
and applied to a pre-washed column housed in a magnetic
separator. The column is washed repeatedly, removed from
the magnet, and then cells are eluted with the addition of
running buffer. The resulting enriched cells are then ready for
staining.

There are many potential staining schemes for hematopoietic

stem and progenitor cell staining, for more detailed informa-
tion see [31, 32].

Make sure cells are kept covered from this point forward to
avoid bleaching of the fluorophores.

Stain the splenocytes using an anti-B220 antibody with a
unique fluorophore that was not used for HSC staining. If an
additional fluorophore is not available, use the same fluoro-
phore as was used for the lineage markers in the HSC stain on
bone marrow. Only lineage negative cells will be sorted from
the bone marrow, so the resulting cells should not contain this
fluorophore.

Precoating the collection tubes with FBS can significantly
increase the survival of sorted cells, as they are much less likely
to stick to the walls of the tubes.

The intensity of the B220 fluorophore will have diminished
during the sorting process. It will be critical to have strong
signal from the B220 cells in order to separate them from the
HSCs during later flow analysis after BrdU staining.
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If using the Perm /Wash Buffer from the BD Biosciences BrdU
Flow Kit, it is supplied at 10x and should be diluted 1:10 with
deionized water prior to use. Unused diluted buffer can be
stored at 4 °C for future use.

After fixation the cells will be fragile. In addition to the slower
centrifugation speed (400 x greduced to 300 x g), care should
also be taken when resuspending cell pellets. Flick the tubes to
resuspend instead of vortexing.

The protocol can be stopped here following the initial fixation
(step 1 in Subheading 3.7). After centrifugation, resuspend the
cell pellet in HBSS+ and store overnight in the dark at 4 °C.

If using the DNase solution from the BD Biosciences BrdU
Flow Kit, it is supplied at 1 mg,/ml and should be diluted with
1x DPBS immediately prior to use to make a working stock of
300 pg/ml.

As the cells being analyzed for flow cytometry have been fixed
they will have very different FSC and SSC properties than live
cells. For this reason if cells will be used for single-color con-
trols, it may be helpful to fix them as well in order to more
accurately set these parameters.

For long-term HSCs, cells should first be gated for Lineage™
cells, then for c-Kit* Scal®. This double positive gate should
then be gated for CD150" CD48™ cells. The final LT-HSC
gate is CD34" cells. There will not be many cells left at this
point, so it may be helpful to bring forward the CD48" popu-
lation from the previous window as a reference point for deter-
mining where the CD34 gate should be placed. Of note, the
CD48" cells should not be included in the gating strategy here,
just used to help set the appropriate gate. Once the final Lin™
cKit™ Scal®™ CD150" CD48~ CD34™ gate is set, the BrdU*
gate that was set on the total cells can then be applied.

After removing B220" splenocytes, the remaining HSCs may
not be easily identified by surface HSC markers as the signal
intensity will have decreased during sorting. It may be helpful
here to pick one positive HSC marker that has retained signal
to separate the remaining cells from any contaminating debris
or unstained cells. This entire population can then be gated for
BrdU positive cells (Fig. 1).
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Chapter 8

Cell Cycle Analysis by Mass Cytometry

Gregory K. Behbehani

Abstract

The regulated progression of cells through the cell cycle during proliferation is a critical factor in tumor
progression, anti-neoplastic therapy response, immune system regulation, and developmental biology.
While flow cytometric measurement of cell cycle progression is well established, mass cytometry assays
allow the cell cycle to be measured along with up to 39 other antigens enabling characterization of the
complex interactions between the cell cycle and a wide variety of cellular processes. This method describes
the use of mass cytometry for the analysis of cell cycle state for cells from three different sources: in vitro
cultured cell lines, ex vivo human blood or bone marrow, and in vivo labeling and ex vivo analysis of murine
tissues. The method utilizes incorporation of 5-Iodo-2'-deoxyuridine (IdU), combined with measurement
of phosphorylated retinoblastoma protein (pRb), cyclin B1, and phosphorylated histone H3 (p-HH3).
These measurements can be integrated into a gating strategy that allows for clear separation of all five phases
of the cell cycle.

Key words Cell cycle, Mass cytometry, CyTOF, Iodo-deoxyuridine, Cyclin, Retinoblastoma protein,
Phosphorylated histone H3, Ki-67

1 Introduction

Alterations in the cell cycle are a critical aspect of normal develop-
ment and the regulation of almost every tissue in complex organ-
isms. The cell cycle is also critical for understanding diseases of
abnormal cell proliferation such as malignancies, and the therapies
used to treat them. Fluorescent flow cytometry has long been used
for the characterization of DNA and RNA content at the single-cell
level and these measurements were the first to enable the determi-
nation of DNA ploidy and cell cycle phase [1]. The combination of
these DNA and RNA stains with the antibody-mediated measure-
ment of the incorporation of halogenated nucleoside analogs (e.g.,
BrdU) enables a relatively precise characterization of cell cycle
phase [2]. Such studies have been used for the characterization of
malignant cell proliferation, immune cell activation, and develop-
mental regulation of cell proliferation. While very useful, these
assays rely on bright fluorescent dyes that can significantly hamper
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measurement of other surface or intracellular markers. The mea-
surement of BrdU incorporation can also further complicate the
assessment of other antigens as this requires partial DNA degrada-
tion using acid or DNase, and these steps can potentially damage
antigens of interest.

Mass cytometry is a cytometric technique similar to fluorescent
flow cytometry in which antibody binding to cellular antigens is
detected through the use of mass spectrometry rather than fluores-
cent detection [3, 4]. The technology utilizes the same antigen-
specific antibodies used in conventional flow cytometry, but mea-
sures their binding by attaching isotopically purified heavy metal
atoms to the antibodies instead of fluorophores. The presence of
the bound metal-conjugated antibodies is then detected through
the use of inductively coupled plasma ionization and time-of-flight
mass spectrometry analysis of the cells. The use of mass
spectrometry-based detection enables mass cytometers to measure
many more channels (currently up to 50) than fluorescence-based
machines. This technology has both advantages and disadvantages
with respect to cell cycle analysis. The major disadvantage is that
there are no comparable DNA or RNA stains with the same level of
resolution as those used in fluorescent flow cytometry (e.g., DAPI,
Hoechst, Pyronin Y, etc.). The high resolution of these dyes stems
in part from changes in their fluorescent properties that occur upon
interaction with nucleotide bases, and this property cannot be
replicated in mass spectrometry detection. Mass cytometry mea-
surement of the cell cycle state thus requires a different approach
based on measurement of IdU incorporation, Cyclin B1 levels, and
phosphorylation of the Retinoblastoma protein (Rb) and histone
H3 [5]. While slightly more complicated, this approach has two
major advantages: first, cell cycle measurements can be combined
with detection of up to 35 or more additional antigens; second, 5-
Iodo-2'-deoxyuridine (IdU) incorporation can be measured
directly without the need for an antibody or for the degradation
of DNA with acid or DNase.

Mass cytometric cell cycle analysis is well suited for the analysis
of cell cycle state in highly complex cell mixtures, or for the corre-
lation of cell cycle state with a large number of other functional
variables within less complex cell populations. We have previously
utilized this approach for the measurement of cell cycle state during
normal hematopoiesis in human bone marrow [5], and transgenic
murine models of telomerase deficiency [6]. We also utilized this
method to demonstrate that subtype-specific differences in leuke-
mia stem cell S-phase fractions in patients with acute myeloid
leukemia [7]. Such high parameter studies would be extremely
difficult or impossible with current fluorescent cell cycle analysis
methods. Other researchers have utilized this methodology to
characterize differences in proliferation rates across different
immune cell subsets [8] and proliferation and chemotherapy
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response of tumors xenografted into mice [9]. The protocol
described here is heavily based on the standard phospho-flow cyto-
metry methods originally developed by Krutzik and Nolan [10]
and additional background for some of the methods can be found
in their original protocol. Finally, it is worth noting that this analy-
sis approach also works well for performing cell cycle analysis by
fluorescent flow cytometry, allowing avoidance of bright DNA or
RNA dyes [5].

2 Materials

21 ldu

2.2 Fixatives,
Buffers, and Tubes

All solutions for mass cytometry should be prepared with ultrapure
water and all reagent solutions should be tested for heavy metal
contamination. (Do not inject any concentrated solution that may
contain heavy metal directly into the mass cytometer without first
testing a 1 /10th or 1,/100th dilution of the solution.) Note that
1dU, paraformaldehyde, and the Smart Tube bufter are all toxic and
potentially mutagenic. They should be handled with appropriate
protection (gloves, eye, and respiratory protection as appropriate).
It is also worth noting that standard laboratory dishwashers, auto-
claves, and dishwashing detergents are frequently contaminated
with heavy metals (particularly Barium), which can disrupt experi-
ments or damage the mass cytometer. We use either disposable
plastic or glassware that we wash by hand for the production and
storage of all solutions and reagents.

1. Dry 5-Todo-2'-deoxyuridine powder can be purchased from
various suppliers. We typically store the dry powder at 4 °C
and use it to periodically prepare concentrated stock solutions.

2. 1dU is not soluble at high concentrations in water. We typically
make 50 mM stock solutions in DMSO (5000 x final concentra-
tion). 88.5 mg of IdU will make 5 ml of stock solution at 50 mM,
which can be aliquoted into small volumes of 20-50 pl and
frozen at —80 °C (though it is likely stable at —20 °C). Sterilize
this solution using a syringe filter prior to making aliquots. Stocks
of up to 250 mM in DMSO can also be made for the purposes of
creating IdU solutions for injection (sez Note 1).

3. Before adding IdU stock solution to cells, it is advisable to
dilute the stock solution to 100x final concentration in a pre-
warmed aqueous solution so that the IdU will readily mix with
the cells without the requirement for vigorous pipetting or
mixing that might disrupt the cell cycle state of the cells
being studied.

1. Paraformaldehyde (PFA), 16% solution: This must be
methanol-free (i.e., not formalin). We purchase this in 10 ml
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6.

2.3 Antibodies 1.

ampules (Electron Microscopy Sciences) and transfer it to foil-
wrapped tubes, as it will lose activity over several weeks upon
exposure to air and light. We will throw out any PFA that has
been open for more than 1 month.

. Smart Tube proteomic stabilizer (STPS; alternate fixative):

This can be purchased from Smart Tube incorporated (San
Carlos, CA). This comes as a working solution that can be
added directly to cell samples at a sample:buffer ratio of 1:1.4.

. Pure Methanol: This should be kept cold (—20°Cto 4 °C)ina

sealed bottle. This should not have any drying agents added as
these may contain heavy metals.

. Culture medium: Typically, the standard culture medium used

for routine cell culture will work well; however, barium contam-
ination can occasionally be present in the cell culture medium.

. Cell staining medium: Standard phosphate-buffered saline

(PBS), plus 0.5% bovine serum albumin (BSA), and 0.02%
sodium azide, pH 7.4. This is typically made in 4 | batches by
adding 20 g of BSA and 800 mg of sodium azide. Start with 31
of sterile PBS and mix in the dry ingredients until dissolved.
Then add additional PBS to a total volume of 4 1. Sterile filter
this using a 0.2 pm bottle-top filter into rinsed, 500 ml glass
bottles. Rinse and hand-wash these bottles as necessary, but do
not place into standard laboratory dishwashers.

An intercalator solution is made by the addition of the Iridium-
based intercalator solution (Fluidigm, 201192A or 201192B)
to PBS at a final concentration of approximately 125 nM. To
this add 1,/10th volume of 16% PFA to achieve a final concen-
tration of 1.5% PFA. This solution should be made fresh just
before the addition to the cells.

. This protocol is written for use with standard 5 ml polystyrene

FACS tubes, but a variety of other tubes can be used. We have
successfully performed the protocol in 1.5 ml Eppendorf-style
micro-centrifuge tubes, and 1.1 ml polypropylene “cluster”
microcentrifuge tubes, though additional washes may be
required if the tube size is small relative to the staining volume.

A wide variety of antibodies can be utilized for mass cytometry
analysis of cell cycle state; however, we routinely use four anti-
bodies: phosphorylated retinoblastoma protein (S807/811),
Cyclin B1, phospho-Histone H3 (S28), and Ki-67 that allow
for the determination of all five cell cycle phases when com-
bined with measurement of IdU incorporation (se¢ Note 2).
These are detailed in Table 1. Additionally, several other anti-
bodies can be used to subset cell cycle phases or provide addi-
tional confirmation of cell cycle state or checkpoint activation,
the most useful are summarized in Table 1. All antibodies
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Table 1
Common antibodies used for mass cytometry cell cycle assessment
Antibody Clone Manufacturer Purpose Notes
Essentinl antibodies
p-Rb (S807/811) J112-906 BD biosciences GO0/G1 resolution (see Note 3)
Cyclin B1 GNS-1 BD biosciences G2 resolution (see Note 4)
p-HH3 (S28) HTA28  Biolegend M-phase resolution (see Note 5)
Optional antibodies
Ki-67 SolAl5 eBiosciences Confirmation of G0/G1 (see Note 6)
Cleaved-Caspase3 C92-605 BD biosciences Identification of apoptotic (see Note 7)
(D175) D3E9 CST cells
Cleaved-PARP F21-852 BD biosciences Identification of apoptotic (see Note 8)
(D214) cells
PCNA PC10 BD biosciences Confirmation of G0/G1 (see Note 9)
p-RP-S6 (S236,/236) N7-548  BD biosciences Confirmation of M phase (see Note 10)
Sample quality
p-H2AX (S139) JBW301 Millipore Detection of DNA damage (see Note 11)
Cyclin A BF683 BD biosciences Confirmation of G0/G1, (see Note 12)
G2 resolution
Cyclin E HEI12 Invitrogen Confirmation of G0/G1, (see Note 13)
G2 resolution
pCDKI1 (Y15) 10A11 CST Confirmation of M phase, (see Note 14)

G2 resolution

should be titrated to determine the optimal staining concen-
tration for the cells of interest, as the staining properties of
these antibodies are dependent on the cell type being stained as
well as the approximate cell cycle distribution of the cells (this is
particularly true for p-Histone H3 which must be used at
concentrations below antigen saturation).

. All intracellular antibodies described in this protocol have previ-

ously been tested following PFA or STPS fixation and methanol
cell permeabilization. We have not extensively tested staining
under other fixation permeabilization conditions (e.g., saponin),
though other permeabilization methods would likely be com-
patible with this method as these same antigens have been
successtully analyzed with other protocols [9, 11].



110 Gregory K. Behbehani

3 Methods

3.1 IdU Incubation
and Processing of
Gultured Cells In Vitro

Sample collection and processing is described in Subheadings
3.1-3.4.
1. Quickly and carefully place the desired number of cells for

analysis into a separate culture container at least several hours
before analysis. Each mass cytometry sample typically requires
at least 500,000 cells (we typically collect a minimum of 2 mil-
lion cells to allow for 1 million cells to be stained and analyzed
twice if necessary; see Note 15).

. At the desired time-point, add IdU to the cell culture medium

while cells are still growing under normal culture conditions.
Try to minimize the time required to add IdU to the cells so
that the cell cycle is not disrupted. We typically add IdU to a
final concentration of 10 pM for 10-15 min incubations, but
higher or lower concentrations can be used (particularly if
longer IdU incubations will be performed). If starting with
the 50 mM IdU stock solution, add 0.2 pl of IdU for each
1 ml of cell culture medium (2 pl total for a 10 ml culture dish).
Be sure to gently swirl or pipette the cells to ensure that the
IdU is evenly distributed (the DMSO stock solution will sink to
the bottom of an aqueous solution). Alternatively, it is prefera-
ble to pre-dilute the IdU (to 50-500x) in a pre-warmed
medium so that a larger volume of an aqueous solution can
be added to the cells enabling much more rapid mixing of the
1dU solution with the culture medium.

. Once IdU is added, the cells should be returned to the incubator

for approximately 10 min. The duration of the incubation is not
critical, but each sample of an experiment should be treated
consistently (IdU incorporation works well with incubations in
the 10-30 min range). Longer incubations will lead to higher
intensity of IdU labeling in S-phase cells but reduced resolution
of G2 and M cells, which may exhibit IdU that was incorporated
at the end of S-phase before these cells progressed to G2 or M
when IdU incubations are prolonged (sec Note 16).

. Optional: If you plan to perform viability staining with cisplatin

[12], it should be performed at the completion of the 1dU
incubation and before cell fixation (as this could lead to partial
permeabilization of the cell membrane reducing the accuracy of
the viability stain).

. At the completion of the incubation, add 1,/10th volume of

16% paraformaldehyde to achieve a final concentration of 1.5%
PFA. The medium should turn yellow. Leave the cells at room
temperature for 10 min. During this time, cells can be trans-
ferred from the culture tube to a centrifuge tube.
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6. At the end of the 10 min incubation, centrifuge the cells to
pellet them (this is typically done at 300 x g for 5 min but this
may be cell-type specific; see Note 17).

7. Aspirate the medium from the cells, removing as much as
possible, preferably to a pellet of 50 pl or less. This will enable
enough methanol to be added to achieve a final concentration

0t 90-95%.

8. Optional: If cells will require assessment of surface antigens
that are disrupted by methanol exposure or if an alternative
permeabilization method will be employed, cells can be washed
twice with CSM and then snap frozen (using a dry ice methanol
bath or liquid nitrogen) in CSM with DMSO added to a final
concentration of 10% (see Notes 18 and 19).

9. Thoroughly vortex the cell pellet to resuspend the residual cells
into a single-cell suspension.

10. While gently vortexing the cell pellet, rapidly add 1-2 ml ofice-
cold methanol (this volume depends on the cell number and
desired storage tube; final concentration of methanol should
be 90-95%). It is very important to add the methanol to a
completely resuspended cell pellet while vortexing. If the cells
are not maintained in an even single-cell suspension, the cells
will clump and be useless for cytometry analysis. Once the
methanol has been added, transfer the cells onto ice for at
least 10 min.

11. Cells can then be transferred into one or more storage tubes
and stored at —80 °C (in methanol) until analysis. We routinely
store the cells at 5-10 million cells per ml in methanol, so up to
15 million cells will fit into a 1.5 ml Eppendorf microcentrifuge
tube or a cryogenic freezing tube.

For the analysis of fresh primary human cell suspensions (typically,
human peripheral blood or bone marrow aspirate), we will typically
utilize Smart Tube proteomic stabilizer (STPS) solution. This solu-
tion utilizes a fixative cocktail, but is sufficiently gentle to allow
subsequent lysis of red blood cells as well as detection of antigens
known to be disrupted by standard PFA fixation. An alternative
fixation procedure developed by Chow et al. [13] utilizing PFA
fixation followed by Triton X-100 can also work well for ex vivo
sample fixation; however, this method tends to be slightly more
disruptive to fixation-sensitive antigens in our experience.

1. Human blood or bone marrow is typically collected in green top
(sodium heparin) blood tubes. Samples should be obtained as
fresh as practically possible. For cell cycle analysis of human
leukemia cells, we will typically collect bone marrow aspirates
at the bedside and begin IdU incubation within 1-2 min of
collection. We have not determined a maximum time from
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3.3 Sample
Processing In Vivo IdU
Incorporation in Mice

collection; however, we have seen intracellular signaling and cell
cycle changes occur in as a little as an hour after sample
collection.

2. As soon as possible after sample collection, cells are placed in a

37 °Cincubator and a 100x (1 mM) solution of IdU in PBS is
added to achieve a final concentration of 10 pM IdU. The 100 x
solution is made by dilution of the 50 mM DMSO stock into
sterile PBS. This solution can be added to the empty green top
tube prior to sample collection, or added after the sample has
already been placed into the tube. Invert the sample several

times after IdU addition to ensure adequate mixing (see Note
20).

. Incubate the green top blood collection tube containing the

sample with IdU added for 10-15 min at 37 °C.

. Following the 37 °C incubation, the STPS solution should be

added at a ratio of 1 part sample to 1.4 parts STPS. Following
the addition of the STPS, invert the sample several times and
then incubate this at room temperature for 10 min.

. Following the 10 min incubation with STPS, the sample can be

frozen at —80 °C and stored for up to 2 years (or more).

. At the desired time of sample analysis, the fixed cells should be

thawed at 4 °C (this can be done rapidly in a circulating 4 °C
water bath). Once thawed, red cells in the sample can be lysed
with incubation with 10 volumes of Smart Tube lysis solution
(per the manufacturer’s protocol).

. Mice should be maintained under desired experimental condi-

tion up to and during IdU incorporation. Twenty minutes prior
to euthanasia, each mouse should be given an intraperitoneal
injection of 1 ml of IdU solution in PBS with 0.5% DMSO. This
solution can be prepared by diluting 250 mM IdU (in DMSO)
into sterile saline.

. To minimize any effects from hypoxia, we typically euthanize

mice by deeply sedating them with using isofluorane (mixed
with oxygen) and then perform cervical dislocation according
to institutional guidelines.

. The desired mouse tissues can then be harvested, using any

desired application-specific protocol. We have found that the
tissue harvesting is best done on ice (to prevent blood clotting).
We have harvested the spleen, lymph nodes, and long bones (for
preparation of bone marrow cells), although this protocol
should work for most other tissues as well.

. It is important to harvest the tissues as quickly as possible to

preserve the intracellular signaling and cell cycle state. If the
tissues are harvested on ice, we will fix them with PFA while
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simultaneously warming them (in our experience, this prevents
the cells from adversely responding to cooling process).

5. Fixation is performed by adding PFA to a final concentration of
1.5%. If the cell samples are at room temperature, fixation can be
performed for 10 min. If the samples are on ice when PFA is
added, the PFA should be added directly to the cold samples (to
a final concentration of 1.5%) and the cold samples should be
placed on a mixer at room temperature. As the fixation is tem-
perature-dependent, fixation should be performed for 20 min if
the starting temperature is 0 °C and the samples warm to 20 °C.

6. Centrifuge the fixed cells at 500 X g (5 min at 4 °C) and aspirate
the supernate. Wash the fixed cells two times in CSM (500 x g4
for 5 min at 4 °C). After these washes the cells are resuspended
in CSM plus 10% DMSO, aliquoted (if desired) and then snap
frozen (using liquid nitrogen or a dry ice alcohol bath). The cells
can be stored at —80 °C for up to 2 years (or potentially longer;
see Note 19).

All cell cycle antibody staining should be performed after cell
permeabilization. If the planned permeabilization will disrupt sur-
face antigens required for the experiment, a two-step stain can be
utilized by first staining cells with antibodies directed against sur-
face markers of interest, then permeabilizing the cells and staining
for intracellular antibodies. This protocol is compatible with cellu-
lar barcoding either before or after cell permeabilization [14, 15].
With either type of barcoding, the barcoding should be performed
after cell fixation and freezing (if done) but before antibody stain-
ing. If cell surface staining will be performed before permeabiliza-
tion, we will typically perform a second fixation step and methanol
permeabilization after the completion of the surface stain and two
washes with CSM (see steps 5-10 in Subheading 3.1).

1. Add the desired number of cells in methanol to a tube half-filled
with PBS. Fill the remaining volume of the tube with CSM.
Pellet cells by centrifugation for 5 min at 600 x g and aspirate
the supernatant (see Note 21).

2. Wash cells once with CSM. If the volume of methanol added in
step 1 was more than 10% of the volume of the tube being used,
then a second wash with CSM should also be performed so that
the final methanol concentration of the residual buffer and cell
pellet is less than 0.5%.

3. Add a staining cocktail containing the desired antibodies for cell
cycle analysis (see Table 1) and any additional antibodies needed
for the experiment. We typically stain 1-2 million cells in 100 pl
staining reaction for 40-50 min at room temperature, but other
staining volumes, incubation times, or incubation temperatures
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can be used provided the antibodies are titrated for optimal
staining under the same conditions.

4. After the completion of staining, wash cells at least twice with

CSM.

5. Add at least 100-200 pl of intercalator solution for each million

cells in the cell pellet. This can also be titrated for the specific cell
types being stained. Mix or vortex cells gently to resuspend them
evenly in the intercalator solution. Place the cells at 4 °C for at
least 20 min. The cells will be stable in the intercalator solution
at 4 °C for at least a week.

6. Analyze cells on CyTOF mass cytometer. Exact acquisition set-

tings are dependent on which CyTOF version is being used and
the cell types being studied.
Data analysis is described in Subheadings 3.5-3.9.

1. The S-phase gate is typically the easiest to determine, but is also

the most important, as almost all other cell cycle gates are made
on the basis of a biaxial gate of IdU incorporation versus a
second cell cycle parameter. Several ways of making the standard
S-phase gate are shown in Fig. la. This gate can be created in a
biaxial plot of IdU (I1127) versus either Ki-67, pRb, or Cyclin
B1. For healthy cells under normal growth conditions, any of
these plots should result in the same S-phase fraction (plotting
IdU incorporation versus Iridium intercalator signal will also

Ir Intercalator

5 min

Cyclin B1

s 24.9%

T rrrrrrrrrrrrr Trrrrrrrrrrrr

Trrrrrrrrrrr 171
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Fig. 1 S-phase gating based on IdU incorporation. (a) The S-phase cell population can be gated using a variety
of biaxial plots. (b) The effect of increased IdU incubation time
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work well in this setting); however, disruption of the cell cycle or
S-phase can reduce the resolution of the IdU gate, and under
these conditions, a plot of IdU versus Ki-67 or pRb may be most
useful.

. The incorporation of IdU into S-phase cells is dependent on the

time of IdU incubation, the IdU concentration, and the rate of
nucleotide synthesis of the cells being studied. As shown in
Fig. 1b, as the time of incubation increases, both the IdU signal
and the fraction of IdU positive events will increase. The increase
in signal intensity is due to more IdU being incorporated as the
constant rate of IdU incorporation continues over a longer time
period. The increase in S-phase fraction occurs due to the entry
of additional cells into S-phase during the course of the incuba-
tion. For most cell types, the fraction of G1 cells that enter S-
phase or progress to G2 during the incubation is quite small
during a typical 10-30 min IdU incubation; however, incuba-
tions longer than 1-2 h can result in a significant fraction of the
cells in G2 at the time of fixation having IdU incorporated into
their DNA from the cell’s previous S-phase.

The discrimination of cells in G1 from cells in G2-M is based on
the level of Cyclin B1; however, Cyclin Bl levels increase con-
tinuously from G1 to M phase making it impossible to deter-
mine the exact phase boundaries of Cyclin B1 expression unless
the S-phase cells can be clearly separated. Thus, this distinction is
made based on a plot of IdU incorporation versus Cyclin B1.
This biaxial plot has 3 distinct populations: CyclinB1'*™ IdUI ™,
correlating to GO-G1 phase cells; Cyclin B1™41dU*, correlating
to S-phase cells; and CyclinB1™&" IdU™, correlating to cells in
the G2-M phase (Fig. 2).

. This gate can be difficult to draw for two reasons. First, normal

(i.e., healthy, untransformed) cells have a very low fraction of
cells in G2 compared to commonly used cancer cell lines, thus
the small size of the G2-M phase cell fraction (~2—4%) can make
identification of this distinct cell group difficult. Second, the
amount of cyclin Bl antigen in the G2 cells appears to be
sensitive to inadequate fixation, with relatively low levels of
cyclin B1 observed in cells that have not been completely fixed.
It is thus important to ensure good sample processing and that
the cyclin Bl antibody is labeled well with metal and that this
antibody is conjugated to a relatively sensitive metal channel.

. If G2-M phase gating is difficult, back gating with the M-phase

population may help to identify the boundaries of this popula-
tion. Cyclin B1 levels are high early in M phase and drop during
M phase progression, thus, if a significant number of M phase
cells are present in the cell population of interest, displaying
these cells in the plot of IdU versus cyclin B1 will show a large
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Fig. 2 Major cell cycle phase gates are shown for stimulated human T cells and the NALM6 leukemia cell line.
(@) GO cells are identified as having pRb levels of less than 95-99% of S-phase cells. A pRb-negative
population is also commonly observed (red arrow); this appears to be composed primarily of apoptotic and
necrotic cells, though senescent cells may also be present. (b) A biaxial plot of IdU incorporation versus cyclin
B1 allows for gating of GO-G1 cells, S phase cells, and G2-M cells. (¢) M-phase cells can be identified based
on high levels of p-HH3. (d) Ki-67 positive cells are defined based on the level of Ki-67 in 95-99% of S-phase
cells, and this cutoff varies across cell types

fraction of cells with G2 cyclin Bl expression and a smaller
fraction with very low (G0/G1) Cyclin B1 levels.

3.7 G0/G1 Gating 1. The discrimination of GO cells from those in GI is based on
previous work demonstrating that Rb becomes phosphorylated
at serine 807 and 811 by a Cyclin C-CDK3 complex during the
transition from GO to G1 [16]. Importantly, in many cell types
there is not a clear separation of the level of pRb between GO and
Gl cells, making it essential that this gate is determined from a
plot of pRb versus IdU incorporation (Fig. 2). We typically draw
a pRb™ gate that includes 95-99% of S-phase cells, though this
rule may require modification in circumstances where cell cycle
checkpoint activation is anticipated. For instance, cells with IdU
staining and high levels of DNA damage (e.g., following geno-
toxin exposure) may exhibit reduced pRb staining, presumably
due to the activation of an S-phase cell cycle checkpoint.

2. We have also noted that the absolute level of pRb in S-phase cells
varies in different cell types, and can vary with cellular differen-
tiation. The GO/G1 gate should thus be examined for each
distinct cell type being studied, and the biaxial gate of IdU
versus pRb should be adjusted as needed if the level of pRb in
the S-phase cells is found to be different between cell types or
stages of differentiation (Figs. 2 and 3a).
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Fig. 3 Special situations in cell cycle gating. (a) When the pRb gate position is based on the pRb levels in S-
phase cells, the exact gate position changes throughout cellular differentiation from stem and early progenitor
cells (Lin— CD34* CD38'") to mature granulocytes. Cells events are colored according to Ki-67 expression
level from low expression in blue to high expression in red. (b) Samples of CD34* leukemia cells from patients
with AML prior to treatment or during treatment with hydroxyurea (HU). HU treatment leads to a decrease in
IdU incorporation and an increase in Ki-67 levels. Cells events are colored according to p-Rb expression level
from low expression in blue to high expression in red

3.

The IdU versus pRb gate is typically drawn on the total cell
population, and then applied to the population of GO-G1 cells
gated from the IdU versus cyclin Bl plot (as described in Sub-
heading 3.6) to arrive at the population of GO cells (see Table 2).
This approach closely correlates with GO estimation using Pyr-
onin Y staining of total RNA [5].

. In most cell types, an Rb negative population is also observed

that is significantly dimmer than the majority of cells with levels
of pRb below that of the S-phase cells (see Fig. 2; red arrow).
This cell population typically represents apoptotic or necrotic
cells (though senescent cells may also be present in this popula-
tion). The addition of antibodies against Ki-67, PCNA, cleaved-
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Table 2

Assignment of cell cycle phase based on gated cell populations

Cell cycle Phase IdU gate Cyclin B1 gate pRb p-HH3
GO Negative Low Low-mid Negative
Gl Negative Low High Negative
S Positive High Negative
G2 Negative High High Negative
M Negative Positive

3.8 M-Phase Gating

3.9 Final Assignment
of Cell Cycle States

1.

caspase3, and cleaved-PARP can all help further delineate the
exact state of these cells (see Notes 6-9).

. Gating of M phase cells on the basis of histone H3 phosphory-

lation at serine 10 and 28 are both well-established markers of M
phase [17, 18]. This assay utilizes antibodies against the S28
phosphorylation on the basis of its slightly higher specificity for
M phase cells. M phase cells typically exhibit very high levels of
p-HH3, so this population is usually easily identifiable; however,
these cells are normally quite rare (<1%). This gate is typically
drawn around the IdU™ pHH3" cells in a plot of IdU incorpora-
tion versus p-HH3 (Fig. 2). In healthy untransformed cells,
however, progression from S-phase to M-phase can occur quite
rapidly. Thus, if IdU incubations are prolonged, cells in M phase
at the time of cell fixation my exhibit IdU that was incorporated
during the previous S-phase.

. The pHH3 antibody requires careful titration and thoughtful

selection of'its position in the design of the antibody panel, since
this antibody cannot be used at saturating concentrations (due
to the extremely large amount of this antigen in M-phase cells;
see Note 5).

. M-phase cells also typically exhibit high levels of phosphorylated

ribosomal protein S6 (§236,/235), Ki-67, and phosphorylated
MAMKAPK?2 (T334). These markers can be used for confirma-
tion of cell cycle phase assignment or as a control for appropriate
cell processing and viability.

Final cell cycle phase assignment is typically done on the basis of
the gate combinations (Table 2). Careful attention should be
paid to ensure that the boundaries of positive and negative gates
for each marker are immediately adjacent to one another, such
that all cells fall within either the positive or the negative gate for
each marker. If this is done, the sum of the percentage of cells in
each cell cycle phase will be very close to 100%.
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2. We have previously validated this methodology in head-to-head

comparisons with a fluorescent flow cytometer method utilizing
1dU incorporation, Hoechst DNA staining, and Pyronin Y RNA
staining [5]. However, it is likely that this methodology will
yield different results from methods utilizing total DNA or
RNA staining when cells are arrested in cell cycle checkpoints.
For instance, a cell that has completely arrested DNA synthesis
after entering an S-phase checkpoint will not actively incorpo-
rate IdU (appearing to be in GO or G1 by mass cytometry), but
may have a total DNA content between 2n and 4n (indicative of
S-phase by fluorescent total DNA staining). Researchers should
understand these differences when interpreting data generated
by this assay. Fortunately, mass cytometry allows for multiple
other antibodies to be incorporated into staining panels that
enable assessment of other aspects of any expected checkpoint
response (e.g., p-H2AX, p-ATM, etc.). Other analysis strategies
can also be used to derive cell cycle phase information from the
measurement of these same markers (sec Note 22).

. The assay described in this protocol has been designed for

measuring a “snapshot” of the cell cycle at the time of fixation.
Assessment of the total cell cycle time or of precise cell cycle
kinetics typically requires labeling with two different haloge-
nated uridine analogs (e.g., CldU and IdU) [2]. This method
is compatible with these protocols; however, assessment of uri-
dine analogs that incorporate halogen atoms of less than 75
Daltons (FdU, CldU) cannot be measured directly by mass
cytometry. While BrdU should theoretically be measureable, its
low mass, higher ionization energy, isotopic distribution (51%
72Br; 49% 3! Br), and the presence of a strong argon dimer signal
at 80 Daltons, all complicate direct measurement of this reagent.
It is however possible to utilize metal-conjugated antibodies
directed against any of these uridine analogs to perform
double-labeling experiments (provided the antibody chosen
does not crossreact with IdU).

4 Notes

1. We have noted the IdU solution will turn brown if left at room

temperature, so we typically make aliquots for single use.

. Ki-67 is not essential for identification of cell-cycle phases;

however, it is quite useful given its broad use in cell biology
and pathology. This marker also provides additional resolution
of GO and G1 cell cycle phases.

. p-Rb (8807 /811) increases during the transition from GO to

G1 [16] and is used for the separation of GO and G1 cells. This
phosphorylation site is different from the classical Rb
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phosphorylation site (§780) associated with G1-S phase pro-
gression. pRb (S807 /811) staining typically identifies 3 popu-
lations: negative cells that are apoptotic or senescent, pRb-mid
cells that are GO cells, and pRb bright that are cells in G1-M
phase of the cell cycle. pRb requires a relatively bright metal
channel that does not have significant isotopic contamination
or high level of oxidation (as the signal can become quite
bright). Best metal channels are Tb159, Hol65, Tm169, or
Lal75.

Cyclin Bl is used to define G2/M cells (Cyclin B1 high, IdU
negative). This antibody does not label well with metals, so it
needs to be used on a relatively bright channel, but most
channels above Eul51 should work well. Clear resolution of
G2 cells with Cyclin B1 requires good cell fixation, and tends to
be slightly better if cells are permeabilized with methanol
immediately after fixation. Note that normal cells (i.e., not
transformed) tend to have much lower frequencies of G2 cells
than cancer cell lines.

. p-Histone H3 staining is extremely bright on M-phase cells.

This metal needs to be used on a channel without significant
isotopic contamination and any antibody used on the mass
channel 1 Dalton above may receive spillover from bright p-
Histone H3 signal on M-phase cells. Good metals to use for
this antibody are Lal75, or Lul76. Because of the very large
amount of antigen present on M-phase cells, it is difficult to
saturate this antigen, as a result, staining reactions will be
sensitive to the number of M-phase cells present (higher cell
numbers will result in dimmer staining, lower cell numbers in
brighter staining).

. Ki-67 is used as a second measure of proliferation. It is gener-

ally quite consistent with pRb, but we have observed subtle
differences between the two markers. Measuring both gives
additional confidence to the assignment of GO cells (i.e., cells
negative for both Ki-67 and pRb). We typically use clone
SolA15 which is actually raised against mouse Ki-67, but has
good cross reactivity with human Ki-67 allowing this reagent
to be used for both murine and human cells (unlike many other
human-specific anti-Ki-67 antibody clones).

Cleaved-Caspase 3 is used to identify apoptotic cells. In our
experience, cleaved-Caspase 3 is slightly more specific for apo-
ptotic cells than cleaved-PARP, however, cleaved-Caspase 3
typically gives slightly dimmer staining. For experiments
where identification of all apoptotic cells is extremely impor-
tant, we will use both cleaved-Caspase 3 and cleaved-PARP.

. Cleaved-PARP is used to identify apoptotic cells. In our expe-

rience, cleaved-PARP gives slightly higher staining intensities
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than cleaved-Caspase 3; however, we have rarely observed small
cell subsets with cleaved PARP staining that do not appear to
be apoptotic by cleaved-Caspase 3 and other cell cycle mea-
sures. For experiments where identification of all apoptotic cells
is extremely important, we will use both cleaved-Caspase 3 and

cleaved-PARP.

Like Ki-67, PCNA is used as a second measure of proliferation
to identify the GO to G1 transition. All three makers (pRb, Ki-
67, and PCNA) can be used simultaneously if identification of
GO cells is essential; however, we have only rarely observed
significant discrepancies between Ki-67 and PCNA.

p-RP-S6 signal is strongly positive on M-phase cells. We use
this antibody to provide confirmation of M-phase assignment.
This marker is also useful for quality control, as we have
observed cells that were not fixed immediately after collection
ofloose p-RP-S6 signal on M-phase cells, suggesting that other
cell cycle or intracellular signaling measures may also be
disrupted.

pH2AX staining helps to identify cells with DNA damage,
which may indicate that these cells have entered a cell cycle
checkpoint. Knowing which cells have DNA damage can help
to explain alterations of expected correlations in cell cycle
response (e.g., unexpected observation of low levels of pRb
in IdU positive cells), and it may be helpful to ignore p-H2AX
positive cells when determining some gate boundaries (e.g.,
GO0/G1 gates).

Cyclin A staining can be used to help identify GO cells (negative
tor Cyclin A) and to assist with G2 gating (G2 cells should be
slightly lower for Cyclin A relative to Cyclin Bl) [5, 11].
However, the resolution of this marker is not as good as Cyclin
B1 or p-Rb making it less useful for cell cycle assignment than
these other markers.

Cyclin E staining can also help with resolution of GO versus G1
(GO cells should be negative) and is useful for resolution of G2
phase cells (which should be negative for Cyclin E) [5, 11].
Like Cyclin A, however, the lower staining intensity of this
antigen by mass cytometry limits its utility.

p-CDKI1 staining should peak in G2 phase and be lost upon
transition to M phase, it can thus be helpful as a confirmatory
marker of these cell cycle phases. The resolution of this marker
is also not very good, making it less useful than the other
markers of these cell cycle phases.

The minimum number of cells required for mass cytometry
analysis varies based on the exact number of centrifugation
steps, the type of centrifuge tubes employed, and the number
of washes performed. For the protocol described here
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16.

17.

18.

19.

20.

(utilizing standard 5 ml polystyrene FACS tubes), 500,000
cells is a good minimum number as the mass cytometer gen-
erates data from 30 to 50% of the cells that are injected,
requiring a proportional increase in the number of starting
cells (as compared to fluorescent flow cytometry). Utilizing
smaller, polypropylene tubes, and reducing the number of
staining and wash steps can allow for the analysis to be per-
formed with lower starting cell numbers (as low as 100,000).
Cells fixed according to this protocol will be stable for at least
several months, and we have successfully analyzed -cells
2-3 years after fixation.

While we have not observed any evidence of DNA damage or
cell death with short IdU incubations, we have observed poor
cell proliferation and toxicity with prolonged IdU incubations.
We suspect that toxicity may occur during the replication of
DNA strands containing IdU that had been incorporated dur-
ing the previous S-phase.

All the centrifugation steps prior to methanol permeabilization
can be performed at 300-600 x g (or whatever centrifugal
force is known to be optimal for the cells of interest) for 5 min.
After methanol permeabilization, centrifugation should be per-
formed at least 600 x 4. We recommend use of a refrigerated
swinging bucket centrifuge (e.g., Sorvall Legend XTR
[Thermo/Fisher], or similar) set to 4 °C.

Throughout this protocol, a “wash” refers to resuspending the
cell pellet in 10-20 volumes (typically about 5 ml) of cell
staining medium followed by a centrifugation to pellet the
cells (typically 300-600 x g for 5 min at 4 °C) and aspiration
of the supernatant. If the volume of the tube being used is not
large enough to allow for 10 volumes of CSM to be added,
perform additional washes until the total dilution is greater
than 200-fold. Note that washing is much more important in
mass cytometry than fluorescent flow cytometry, since residual
antibody in a solution can create significant background, mea-
surement errors, and may increase wear of the mass cytometer’s
detector.

It is not required to freeze samples after fixation, however,
given the time required to perform mass cytometry experi-
ments, and the frequent need to collect multiple time-points
for cell cycle studies, freezing is typically required for practical
purposes. If freezing is not desired, samples can be taken strait
onto the staining steps after fixation and two CSM washes.

The Smart Tube proteomic stabilizer can also be purchased as
part of Smart Tubes that are designed to work with an auto-
mated processing machine, the Smart Tube base station. These
tubes have the fixative solution contained in a glass vial that is
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broken open by the base station at a user-specified time to start
fixation. The user can also program the base station to perform
incubations at any desired temperature or duration allowing
these tubes to be used to perform the incubations for IdU
incorporation (see steps 3—4 in Subheading 3.2) prior to fixa-
tion. Following the 10 min fixation, the Smart Tube base
station will cool the sample to 4 °C slowing the fixation reac-
tion and allow the user several hours to move the sample to
-80°C.

The BSA in the CSM will precipitate if added to a solution with
a high concentration of methanol, so it is important to reduce
the methanol concentration before adding the CSM to the cell
suspension.

22. Alternate gating approaches, in addition to the biaxial plots

described above, can be used. Measurement of these same
markers enables cell cycle state assignment through the use of
clustering methods such as SPADE [19] or viSNE [20]. When
the core markers cell cycle markers (shown in Table 1) are used
as the basis for clustering in these analysis algorithms, clear
populations that correlate with each cell cycle state are readily

identifiable.
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Chapter 9

Preparation and Analysis of Saccharomyces cerevisiae
Quiescent Cells

Marla M. Spain, Sarah G. Swygert, and Toshio Tsukiyama

Abstract

Saccharomyces cerevisine enter quiescence during extended growth in culture (greater than 7 days). Here, we
describe a method to separate quiescent from non-quiescent cells by density gradient. We also describe
approaches for DAPI staining the chromatin of quiescent cells, measuring quiescent cell viability, and
extracting RNA from quiescent cells for use in genomics experiments.

Key words Quiescence, Quiescent cells, Saccharomyces cerevisine, DAPI, RNA, DNA, Protein,
Viability

1 Introduction

Quiescence is a reversible cellular state during which cells exit the
cell cycle and arrest in an extended Gj-like state often referred to as
Gy. Although quiescence is the most common cellular state in
organisms from yeast to human and the regulation of quiescence
plays essential roles in such diverse processes as stem cell mainte-
nance, oncogenesis, wound-healing, and microbial pathogenesis,
the factors governing quiescence entry, maintenance, and exit
remain largely unknown. A significant barrier to the study of quies-
cence has been the difficulty of obtaining sufficient quantities of
pure quiescent (Q) cells, as cells do not uniformly enter quiescence
and thus generally exist in a mixed population. The recent develop-
ment of a method to separate quiescent from non-quiescent (NQ)
cellsin S. cerevisine has made budding yeast a key model in the field.

Yeast in stationary phase culture (greater than 7 days) exist in
two populations—an asynchronous population of replicatively
older, NQ cells, and a uniform population of younger, unbudded
Q cells [1]. These two populations can be separated by density
gradient. Due to their thickened cell walls and increased amounts
of storage carbohydrates such as glycogen and trehalose, which
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causes them to be significantly denser than NQ cells, Q cells sedi-
ment at the bottom of the density gradient [1]. Studies using this
method of purifying Q from NQ cells have revealed much of what is
currently understood about quiescence [1-5]. During the process
of quiescence entry, Q cells build up their cell walls, increase their
thermotolerance, suspend the majority of transcription and transla-
tion, condense their chromatin, and arrest with G; DNA content
[1-8]. Whereas the majority of NQ cells lose the ability to re-enter
the cell cycle upon the reintroduction of nutrients after 7 days,
quiescent cells retain the ability to re-enter the cell cycle for as
long as they are viable [2, 9]. While progress has been made into
the elucidation of the factors that control quiescence, future inves-
tigations into the mechanisms of quiescence are needed.

In this chapter, we describe a method to grow and isolate pure
populations of Q and NQ cells. We also provide information for
how to quantify Q cell viability, which is useful for characterizing
mutants that affect quiescence, and strategies for staining Q cell
chromatin with DAPI and purifying RNA from Q cells. A major
consideration when implementing experimental methods to study
Q cells is that the cell wall fortification that helps to confer increased
thermotolerance and resistance to various types of stress also results
in reduced cell wall permeability [4]. As such, dyes that stain DNA
such as Sytox green or DAPI are unable to enter Q cells to the same
extent that they enter log phase cells [4]. This likely holds true for
various chemicals and antibodies commonly used in immunostain-
ing as well.

The thickened cell walls of Q cells further render them resistant
to breakage. Although standard methods of preparing DNA, chro-
matin, and protein lysates are sufficient for Q cells, the initial
breakage of Q cells requires additional effort. When using a bead
beating approach to open cells, we find that Q cells require twice as
long as log phase cells. When using zymolyase to digest cell walls,
we scale up both the concentration of enzyme and the incubation
time, using up to five times the concentration of zymolyase and
often incubating for several hours [7, 10]. Both bead beating and
zymolyase treatment require careful monitoring of lysis by micros-
copy, and must be scaled to each strain and condition. For these
reasons, we have not further described these methods here.

Finally, while standard methods of RNA purification may be
used successfully in Q cells, overall transcription decreases drasti-
cally as yeast cells enter stationary phase [7], leaving less mRNA
available per quiescent cell. In addition, more than 2000 transcripts
are sequestered in protein-RNA complexes in p-bodies in stationary
phase cells [11]. Nearly all of these transcripts are sequestered in Q
rather than NQ cells [11]. The sequestered RNAs are not released
by traditional hot phenol extraction methods [11], resulting in
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much lower total RNA levels in Q cells versus log phase cells. To
prepare RNA that includes sequestered mRNAs, protease treat-
ment, such as Proteinase K [12], may be more complete [2, 11].

2 Materials

2.1 Quiescent Cell
Purification

2.2 DAPI Staining
Quiescent Cells

2.3 Viability Assay
for Quiescent Cells

1. Yeast W303 (prototrophic).

[\
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. YPD medium: 1% Yeast Extract, 2% Bacto Peptone, 2%

glucose.

. Percoll™.

. 1.5 M NaCl.

. Parafilm.

. Shaking platform or incubator.

. Centrifuge with fixed angle and swinging bucket rotors.

. 30 ml glass round-bottom centrifuge tubes with appropriate

adapters.

. Glass slides and coverslips.
10.
11.

Light microscope with at least 20 x magnification.

Glucose strips.

. Purified quiescent yeast cells.

. 10% paraformaldehyde: Pre-warm 1 ml of water in a 1.5 ml

microfuge tube to 65 °C. Weigh 100 mg of paraformaldehyde
in a hood or while wearing a mask for protection. Add it to the
pre-warmed water. Add 1 pl of 1 M NaOH and shake or invert
the tube to mix. Place at 4 °C once the solution becomes clear
and use when cool. Store at 4 °C for up to 2 weeks.

. 1x PBS.

4. 100% ethanol.

. DAPI (4/,6-Diamidino-2-Phenylindole, Dihydrochloride)

1 mg/mlin 1x PBS.

. Mounting Medium: 1.4% low melting agarose, 1 M Sorbitol in

1x PBS.

. Purified quiescent yeast cells.

2. Sterile water.

. YPD plates: 1% Yeast Extract, 2% Bacto Peptone, 2% Bacto

Agar, 2% glucose.
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2.4 Preparing RNA
from Quiescent Cells:
Hot Acid-Phenol
Method

2.5 Preparing RNA
from Quiescent Cells:
Proteinase K Method

1.
2.

. Purified quiescent yeast cells.
. Liquid Nitrogen.
. Acid washed glass beads (~0.1 mm in size).

1
2
3
4. Mortar and pestle.
5.
6
7
8
9

TES buffer: 10 mM Tris pH 7.5, 10 mM EDTA, 0.5% SDS.

. Acid phenol.
. 100% ethanol.
. 80% ethanol.
. Chloroform.
10.
11.
12.

3 M sodium acetate, pH 5.2.
Glycogen 20 mg,/ml.
Nanodrop or RiboGreen Assay

Purified quiescent yeast cells.

Proteinase K buffer: 10 mM Tris pH 8.0, 5 mM EDTA pH 8.0,
150 mM NaCl, 1% SDS, add Proteinase K to 0.4 mg,/ml before
use.

. Potassium acetate Buffer: 3 M potassium acetate, 11.5% glacial

acetic acid (v/v) in water.

. 65 °C water bath or heat block.

. Bead beater (e.g., Biospec Products MiniBeadBeater or

similar).

. 100% ethanol.
. RNeasy Clean-up Kit (Qiagen).
. Nanodrop or RiboGreen Assay.

3 Methods

3.1 Quiescent Cell
Purification (Based on
Ref. [1])

. Inoculate 3 ml of YPD with a single colony of yeast (se¢ Note

1). Allow the cells to grow overnight at 30 °C on a shaker at
180-200 rpm.

. On the second day, inoculate 25 ml of YPD in a 125 ml

Erlenmeyer flask at a density O.Dggo 0.02 (see Note 2), and
let the cells grow for 7 days at 30 °C on a shaker at
180-200 rpm (see Note 3).

. After 7 days, remove 7 pl of cells from each culture and place

them on a glass slide. Cover with a coverslip and examine the
cells under a standard light microscope with 20x or 40x
magnification. Q cells should appear small, round, shiny, and
unbudded. Confirm that there is no bacterial contamination in
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the culture. If bacteria are detected, discard the cultures and
repeat steps 1 and 2.

. Pipette 11.25 ml of Percoll™ Plus into a 30 ml glass round-

bottom centrifuge tube. Pipette 1.25 ml of 1.5 M NaCl on the
top of the Percoll.

. Place a strip of parafilm over the opening of the glass tube and

secure it. Mix by vortexing for 10 s (se¢ Note 4).

. Spin the gradients in a fixed angle rotor (Beckman JA17 or

equivalent) for 15 min at 10,000 x g at room temperature.

. While the gradients are being centrifuged, pour each 25 ml

yeast culture into a 50 ml falcon tube and spin at 2100 x gina
swing bucket rotor centrifuge (Beckman JS4.2A or equivalent),
in a Beckman J6B or equivalent centrifuge, for 5-10 min to
pellet the cells.

. Discard the medium and resuspend cells in 1 ml of sterile

deionized H,O by vortexing.

. Carefully pipette the cell slurry onto each gradient by placing

the pipette at the side of the glass tube just above the meniscus
of the gradient and slowly and gently overlaying the cells onto
the gradient.

Spin the cells through the gradients in a swinging bucket rotor
at 296 x gfor 1 h at room temperature.

Carefully remove the gradients from the centrifuge. The cells
should be separated into two distinct layers with NQ cells at the
top and Q cells at the bottom (Fig. 1).

WT spt3A

Fig. 1 Density gradient purification of WT and spt34 stationary phase cells. NQ
cells remain at the top of the gradient, while Q cells sediment at the bottom. No
cells sediment in spt3A, because this strain is incapable of forming Q cells
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NQ

Fig. 2 DIC images of wild-type non-quiescent (NQ, left) and quiescent (Q, right) cells. NQ cells are generally
larger and budded. Q cells are smaller and predominantly unbudded

12

13

14.

15.

16.
17.

18.

19.

3.2 Viability Assay 1.

for Quiescent Cells )
3
4
5

Carefully pipette the top layer of cells (NQ cells) into a clean
15 ml falcon tube.

Discard the Percoll in between the cell layers.

Carefully pipette the bottom cell layer (Q cells) into a clean
15 ml falcon tube.

Add sterile deionized H,O to fill the remaining space in each of
the 15 ml tubes with cells.

Spin at 2100 x g for 10 min to pellet the cells.

If the pellets are not tight, carefully remove as much of the
supernatant as possible and repeat steps 16 and 17. Repeat
step 18 until pellets are tight.

Remove the supernatant from the pellets. Place 10 pl of cells
into 10 ml sterile deionized H,O in a 15 ml falcon tube and
determine the O.Dggg of each sample using a spectrophotom-
cter (see Note 5).

Examine the NQ and Q cells under a light microscope at 20x or
40x magnification to confirm the efficiency of the purification.
Q cells should all be small, round and shiny, whereas the NQ
fraction will contain larger cells and many budded cells (Fig. 2).

Resuspend cells in 5 ml sterile water to O.D.gg0 = 0.1.

. Add cells to culture tubes, using a marker to mark the

meniscus.

. Incubate cells with rotation at 30 °C.

. Every few days, check that the volume of water has not fallen

below the initial mark. Replenish water as necessary.

. Attime 0, take 10 pl of cells and dilute in 10 ml sterile water (see

Note 6).
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3.4 Preparing RNA
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Refs. [10, 14])
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13.
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. Plate 100 pl of this dilution onto a YPD plate.
. Grow the plate at 30 °C for 2 days, or until colonies are fully

visible.

. Count the number of colonies.

. Each week, repeat steps 5-8 until the desired duration has

been reached (see Note 7).

Set the viability at time 0 to 100%. At each subsequent
time point, calculate the percentage of colonies as compared
to time 0.

. Resuspend 1 O.Dgq unit of purified Q cells (~3 x 107) in

500 pl sterile deionized H,O in a 1.5 ml microfuge tube.

. Fix cells by adding 100 pl of 10% paraformaldehyde to the tube

and letting sit on the bench at room temperature for 20 min
mixing two to three times by inversion over the course of the
incubation.

. Add 50 pl of 100% ethanol and centrifuge at 3500 x g4 for

1 min at room temperature using a microcentrifuge.

. Remove the supernatant and resuspend cells in 100 pl of 1x

PBS and 350 pl of 100% ethanol. Leave the cells at room
temperature on a rotator or rocking platform for 2 h or over-
night. Freeze cells at —20 °C or continue with the next step.

. Spin the cells at 3500 X g for 1 min at room temperature using

a microcentrifuge.

. Resuspend the pellet in 100 pl of 0.5 pg/ml DAPI in 1x PBS.
. Allow the cells to incubate for 10-30 min in the dark by placing

them in a drawer or cupboard.

. Spin the cells at 3500 x g for 1 min at room temperature using

a microcentrifuge.

. Resuspend cells in 40 pl of 1x PBS.
10.
11.
12.

Pre-warm the mounting medium in a 95 °C heat block.
Add 2 pl of cells and 2 pl of mounting medium to a glass slide.

Immediately place a glass coverslip over the cell/mounting
medium suspension by gently but firmly pressing on two
opposing corners of the glass coverslip.

View slides on a fluorescent microscope using the DAPI filter
(Fig. 3).

. Filla mortar partially with liquid nitrogen. Add acid-washed glass

beads to lightly coat the bottom. Grind 100 O.Dggq units of
purified Q cells, together with glass beads, with a chilled mortar
until the cells and beads have turned to a fine white powder.

. Resuspend the cells in 300 pl of TES buffer.
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Fig. 3 DAPI staining of an unpurified WT 7-day stationary phase culture. The nuclei of both the NQ and Q cells
are stained with DAPI, indicating that the cells have been sufficiently permeabilized

3
4
5
6

. Add 300 pl of acid phenol pre-warmed to 65 °C.
. Incubate at 65 °C for 30 min. Vortex for 10 s every 10 min.
. Centrifuge samples at 16,000 x g for 10 min at 4 °C.

. Carefully remove the aqueous layer and place it in a clean

1.5 ml microfuge tube.

7. Add 300 pl of pre-warmed acid phenol and vortex for 20 s.

oo

12.
13.
14.

15.
l6.
17.
18.

19.
20.
21.

. Repeat steps 5 and 6.

. Add 300 pl of chloroform and vortex for 20 s.
10.
11.

Repeat steps 5 and 6.

Add 0.1 volumes of 3 M sodium acetate, pH 5.2, and 1 pl of
glycogen (20 mg/ml) to the aqueous layer.

Add 2.5 volumes of 100% ethanol and vortex for 20 s.
Incubate at —20 °C for 1 h to overnight.

Spin the samples at maximum speed in a microcentrifuge for
20 min at 4 °C to pellet the RNA.

Remove ethanol without disturbing the pellet.
Add 1 ml of 80% ethanol.
Repeat steps 14 and 15.

Spin at maximum speed for 1 min and carefully remove remain-
ing ethanol with a pipette.

Dry the pellets to eliminate any residual ethanol.
Resuspend the pellets in 100 pl nuclease-free H,O.

Quantify the RNA concentration using a nanodrop or fluores-
cent assay such as RiboGreen (see Note 8).
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For downstream sequencing or other sensitive assays, utilize
the Qiagen RNeasy Clean Up Kit with on-column DNase
treatment per the manufacturer’s instructions.

. Pre-warm 300 pl of Proteinase K buffer to 65 °C in a nuclease-

free 1.5 ml microfuge tube for each sample of RNA to be
extracted.

. Add 50-100 pl of nuclease-free acid washed beads to each tube

and incubate for 5 min at 65 °C.

. Add 1 O.Dgqp unit of purified Q cells (~3 x 10”) to the pre-

warmed buffer and incubate at 65 °C for 10 min (se¢ Note 9).

. Bead beat the samples for 5 min.

. Incubate the samples at 65 °C for 10 min.

. Place cells on ice for 20 min.

. Add 175 pl of potassium acetate buffer and vortex for 20 s.

. Spin in a microcentrifuge at 1650 x g for 20 min at room

temperature.

. Transfer the supernatant to a clean nuclease-free 1.5 ml micro-

fuge tube.

Add 600 pl of 100% ethanol and mix thoroughly by pipetting
up and down.

Transter the mixture, 700 pl at a time, to a Qiagen RNeasy
Clean Up column, spinning in a microcentrifuge at maximum
speed each time until all RNA has been bound to the column.

Continue following the manufacturer’s instructions (see Note
10).

Quantify the RNA concentration by nanodrop or RiboGreen
assay.

4 Notes

. The protocols in this chapter are based on the growth of

prototrophic W303 yeast cells grown in rich medium (YPD).

. Q cell growth can be scaled up (e.g., 50 ml of YPD in a 250 ml

Erlenmeyer flask, 100 mlina 1 1or 200 mlin a 2 1). The ratio of
medium in the flask to total flask volume is important for
aeration and proper Q cell formation. When scaling up growth
conditions, for subsequent gradient purification, it is best to
split the cells into 25 ml aliquots and to use multiple 12.5 ml
gradients per sample (e.g., 2 gradients for 50 ml, 4 for 100 ml,
etc.).

. When inoculated at O.Dggg 0.02 in 25 ml of YPD in a 125 ml

Erlenmeyer flask, WT prototrophic W303 yeast reach the
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diauxic shift (DS), the time point at which all glucose has been
exhausted from the medium, in about 12 h from inoculation.
The time that it takes for cells to reach the DS can vary depend-
ing on the starting dilution, the volume of medium and size of
the flask, as well as the ratio of medium volume to flask size.
The level of glucose in the medium is most easily measured
using glucose test strips. Although Q cells can be distinguished
by around 10 h after the DS, the culture is not fully in station-
ary phase at this time. Q cells are commonly purified at 7 days
because the O.Dggo and cell number are stable, and the cells
that sediment are most likely to be viable Q cells.

If making multiple gradients, the Percoll and NaCl for all of the
gradients can be mixed first and aliquoted in 12.5 ml aliquots
to each tube (e.g., 5 ml 1.5 M NaCl +45 ml Percoll across four
centrifuge tubes).

. WT prototrophic W303 yeast should produce nearly equal

numbers of NQ and Q cells.

This dilution is designed to plate approximately 100 cells, and
may need to be adjusted based on variations between spectro-
photometers and strains. The number is less important than
maintaining consistency across time points, and ensuring that
cells are plated at a density that permits accurate colony
counting.

. The duration of the experiment will depend on the variable to

be studied. We have found that wild-type Q cells retain over
50% viability after 9 weeks, whereas mutants that severely affect
Q cell viability show significant reductions by Week 4.

. The 260,280 and 260,230 ratios on the nanodrop should be
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quality RNA, particularly when extracting RNA from smaller
numbers of cells. If the 260,/280 and 260/230 ratios are
lower, the RNA can be cleaned up using either the Qiagen
RNeasy Clean-up Kit or by additional chloroform extractions.

This protocol works with amounts as low as 50,000 cells and as
high as 1 x 10% cells.

If DNA contamination is an issue, follow the manufacturer’s
instructions for on-column DNase treatment while using the
RNeasy Clean Up kit.
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Chapter 10

Identifying Quiescent Stem Cells in Hair Follicles

Christine N. Rodriguez and Hoang Nguyen

Abstract

Hair follicle stem cells (HESCs) are noted for their relative quiescence and therefore can be distinguished
from other cells by their differential history of cell division. Replicating cells can be labeled by pulsing the
animals repeatedly with 5-bromo-2’-deoxyuridine (BrdU) or tritiated thymidine ([*H]TdR), thymidine
analogs that get incorporated into DNA during DNA synthesis. Because dividing cells dilute the label after
cach cell division, frequently dividing cells will lose the label over time while slow cycling cells will retain the
label and thus are termed label retaining cells (LRCs). [*’H]TdR can be visualized by autoradiography and
BrdU can be detected by immunofluorescence with anti-BrdU antibodies. Alternatively, a well-established
tet-regulatable transgenic mouse model can be used to express histone H2B-GFP in epithelial proliferative
cells and their dilution and retention of the GFP signal can be followed. In this chapter, we detail the steps
to perform BrdU pulse-chase and H2B-GFP pulse-chase experiments to identify quiescent cells in the hair
follicle.

Key words Skin, Hair follicle epithelial stem cells, Epidermis, Quiescence, Pulse-chase, Label retain-
ing cells, Hair cycle

1 Introduction

The skin is a self-renewing tissue made up of the stratified epidermis
and its appendages: the hair follicle (HF) and sebaceous gland [1].
Each compartment contains designated stem cell populations that
contribute to their homeostasis [2, 3]. Throughout life, HFs
undergo cyclical stages of regression (catagen), rest (telogen), and
growth (anagen) [4, 5] as illustrated in Fig. la. During catagen,
cells in the lower two-third portion of the HF degenerate, leaving
intact the upper region, the permanent structure of the HF. This
region contains a specialized structure called the bulge, where hair
follicle stem cells (HFSCs) are localized [6-11]. Through interac-
tion with adjacent cells including the dermal papilla, a cluster of
specialized mesenchymal cells at the base of the HF, HFSC:s in the
bulge transition from being quiescent in telogen to being activated
in anagen. In anagen, progeny of HESCs rapidly amplify before
differentiating into mature progeny that occupy distinct layers

H. Daniel Lacorazza (ed.), Cellular Quiescence: Methods and Protocols, Methods in Molecular Biology, vol. 1686,
DOI 10.1007/978-1-4939-7371-2_10, © Springer Science+Business Media LLC 2018
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a First Second

hair cycle hair cycle
Morphogenesis Catagen Telogen Anagen Catagen Telogen Anagen
E12-P16 P17 18 P19-20 P21 P35 P49 9

BrdU Pulse Chase
Day 3, 4, and 5 3 weeks post BrdU
BrdU Pulse Chase
Day 10 and 11 5 weeks post BrdU

BrdU Pulse Chase
Day 23, 24, and 25 5 weeks post BrdU
Dox
C i >

Dox repression H2B-GFP Chase
Day 28 28 days post Dox

Fig. 1 Mouse hair cycle in relation to pulse-chase schemes. (a) After completion of hair morphogenesis, hair
follicles enter the destructive phase (catagen) on postnatal day 16-19. During catagen cells in the lower
portion of the hair follicle degenerate, leaving intact the upper part, which contains the bulge region. HFSCs in
the bulge enter a quiescent state (telogen) on postnatal day 19 lasting 2—3 days. Hair follicles enter the growth
phase (anagen) of the first hair cycle when HFSCs in the bulge are activated and a new hair follicle
downgrowth begins. Subsequently the hair follicles enter catagen at day 35 and then telogen at day 49
before reentering anagen of the second hair cycle weeks later. (b) BrdU pulse-chase scheme. Multiple
injections of BrdU are delivered to mice from postnatal day 3-5, 10—11, or 23—-25. After a chase period for an
indicated amount of time post-BrdU injection, frequently dividing cells will dilute the amount of incorporated
BrdU while the infrequently dividing cells retain BrdU. (c) Pulse-chase scheme for using the tet-off system to
label and chase K5 positive cells with H2B-GFP. K5-tTA; TRE-HZ2B-GFP mice are placed on a diet containing
doxycycline at postnatal day 28 to turn off transcription of H2B-GFP. After 4 weeks, H2B-GFP expression is
diluted in frequently dividing cells and is retained in infrequently cycling cells

within the hair follicle [12]. Since murine HFs enter specific phases
of the hair cycle quite synchronously within an expected timeframe
in the first two hair cycles [5, 13], the HF is an excellent model
system to study the regulation of SCs, in particular the signals that
govern their quiescence and activation. The HESCs can be distin-
guished from other cells based on their high level of quiescence [6,
11, 14-17].

The BrdU pulse-chase method is most commonly used to label
dividing cells and to follow their cell division history based on their
differential dilution of label [17, 18]. Because BrdU, a pyrimidine
analog of thymidine, is incorporated into DNA during DNA syn-
thesis, multiple injections of BrdU into mice in the pulse period will
label all cells that replicate within the pulse period. Subsequently in
the “chase” period, proliferative cells will lose half of their
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incorporated BrdU after each division, while slow-cycling cells
retain BrdU label. BrdU can then be detected by immunostaining
skin sections with an antibody against BrdU. Depending on the end
point of interest (either the first or second hair cycle), BrdU can be
pulsed during morphogenesis from postnatal day 3-5 or day
10-11, or in early anagen from day 23-25 (Fig. 1b). When pulsed
at day 3-5, LRCs can be visualized in the bulge at the first hair cycle
when chased for a period of a minimum of 3 weeks. Pulsing in early
anagen of the first hair cycle requires a chase period of a minimum
of 5 weeks to localize the LRCs in the second hair cycle.

Alternatively, the well-established tet-regulatable transgenic
mice expressing GFP-tagged histone H2B can be used to label
and chase epithelial cells. This transgenic mouse model carries
two transgenes: one expressing a tetracycline repressor fused to a
transactivator VP16 under the control of a keratin 5 promoter (K5-
tTA) [19], and another expressing histone H2B fused to green
fluorescent protein under the control of tetracycline response ele-
ment (TRE-H2B-GFP) [11]. These double transgenic mice con-
stitutively express H2B-GFP in K5 positive cells throughout the
epithelium, but the transcription of H2B-GFP will cease when the
mice are placed on a diet containing a tetracycline analog, doxycy-
cline. As with the BrdU pulse chase procedure, proliferative cells
will dilute the H2B-GFP signal after each round of division, while
cells that divide less frequently will retain GFD signal. After a 4-
week period on doxycycline, H2B-GFP signal will be diluted in
frequently dividing cells but will still be substantial in quiescent
cells. One caveat of the BrdU pulse chase approach is that the
labeling of quiescent cells may be incomplete, since the quiescent
cells that are not proliferating during the 2-day period of BrdU
pulse will not incorporate BrdU and hence cannot be labeled and
chased. The advantage of the tet-regulatable histone H2B-GFP
transgenic mouse model is that it allows more complete labeling
of quiescent cells, due to the earlier initiation of induced expression
of H2B-GFP and a longer duration of pulse. Because of the GFP
signal retained in LRCs, this mouse model can also be used to
isolate LRCs from the hair follicle bulge through fluorescence
activated cell sorting.

2 Materials

2.1 BrdU Pulse-
Chase

1. Postnatal day 3, 10, or 22 mice (se¢ Note 1). Mice can be wild
type or a genetically engineered mouse model of interest.

2. BrdU (Sigma, B5002) at 10 mg/mL in phosphate buffered
saline (PBS).

3. 1 mL insulin syringe (or 1 mL syringe and 26G needle).



140 Christine N. Rodriguez and Hoang Nguyen

2.2 H2B-GFP
Labeling and Chase

2.3 Backskin
Harvesting and
Embedding in 0.C.T.

2.4 Tissue
Sectioning

2.5 Immunostaining

1.
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K5-tTA transgenic mice [19] expressing tetracycline repressor
fused to transactivator VP16 under the control of the Keratin 5
promoter.

TRE-H2B-GFP transgenic mice [11] expressing H2B-GFP
under the control of tetracycline response element-driven
(TRE), which are currently available from Jackson Laboratories
(stock number 005104).

Doxycycline containing mouse feed 1 mg/g (Bioserv).

Electric shavers or clippers.

4-in. fine point dissection scissors.
4-in. dissection forceps.

Razor blade.

PBS.

Brown paper towel.

Cryomold 25 x 20 mm.

O.C.T. compound.

Dry ice block.

Cryostat.
Microscope slides.
Hematoxylin 2.
Staining jar.

Light microscope.

Humidified chamber (se¢ Note 2).
Glass staining jar.

37 °C water bath.

PAP pen.

PBS.

1 N Hydrochloric acid.

4% Paraformaldehyde in PBS.

10% Triton X-100 solution.

20% Bovine serum albumin (BSA).

. Cold water fish skin gelatin (Sigma).

. Normal Donkey Serum (NDS).

. Normal Goat Serum (NGS).

. PBS-GT: 2% fish gelatin, 0.2% Triton X-100, in PBS.
. Blocking bufter: 10% NDS and 2% BSA in PBS-GT.

. Staining buffer: 1% BSA and 5% NDS in PBS-GT.



2.6 Primary and
Secondary Antibodies

16.

17.
18.

19.
20.
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BrdU gelatin blocking bufter: 2.5% NDS, 2.5% NGS, 1% BSA,
2% fish skin gelatin, 0.1% Triton X-100 in PBS.

Hoechst 33342 (Sigma).

ProLong Diamond antifade mounting solution (LifeTech,
P36961).

Microscope slide glass coverslips.

Fluorescent microscope.

. Chicken a mouse K5 (BiolLegend, Sig-3475-100, dilution

1:1000).

2. Rat @ mouse CD34 (eBioscience, dilution 1:50).

. Rat a BrdU clone BU1 /75 (Abcam, ab6326, dilution 1:200).
. Alexa Fluor 488-conjugated donkey a chicken (Jackson Lab,

dilution 1:100).

. RRX-conjugated donkey a rat (Jackson Lab, dilution 1:150).

3 Methods

3.1 BrdU Pulse-
Chase

3.2 H2B-GFP
Labeling and Chase in
Skin Epithelial Cells

We describe here two methods for in vivo labeling dividing cells and
identifying the quiescent cells in the hair follicles using pulse-chase
techniques. We detail the steps to harvest and embed skin sections
to best obtain intact hair follicles. We also include a co-immunos-
taining protocol to visualize BrdU or H2B-GFP with other epithe-
lial /hair follicle markers.

1.

2.

Administer injections of BrdU (50 mg/kg) every 12 h for a
total of six injections subcutaneously into 3-day-old mice, or
intraperitoneally into 23-day-old mice. Alternatively, adminis-
ter BrdU every 12 h for a total of four injections subcutane-
ously into 10-day-old mice (see Note 1).

Allow a chase period of a minimum of 21 days (pulse at day
3-5) or 5 weeks (pulse at day 10-13 or day 23-25) to detect
LRCs before continuing to Subheading 3.3.

. Mice are maintained as single transgenic parental lines K5-tTA

and TRE-H2B-GFP. Generate double transgenic mice by cross-
ing K5-tTA single transgenic and TRE-H2B-GFP single trans-
genic lines.

Keep double transgenic pups on a normal diet until 4 weeks of
age to allow H2B-GFP expression in all K5 positive cells. To
turn off transcription of H2B-GEFP, feed the double transgenic
mice doxycycline containing chow and maintain them on this
dox diet for a minimum of 4 weeks. Continue to Subheading
3.3 at the desired time point after chase.
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3.3 Harvesting and 1. Euthanize mice according to institution approved protocols
Embedding Back Skin and guidelines (se¢ Note 3).

2. Shave off dorsal hair closely with an electric shaver.

3. Mark the midline of the mouse by drawing a line from head to
tail with a marker.

4. As illustrated in Fig. 2a, use fine forceps to lift the skin at the
anterior end and generate an incision perpendicularly to the
midline (step 1). Generate two more incisions that run down
both lateral sides of the mouse (steps 2 and 3). Finally, gener-
ate an incision at the posterior end that runs perpendicular to
the midline to create a rectangle (step 4).

a N b
73R\
) _ & *)
2 3 |

Epidermis ««cs v« «
Dermib
" umm |\idline
Posterior ¢=— Anterior

Fig. 2 lllustration of back skin harvesting and embedding. (a) After removing hair from the back skin, draw a
midline from neck to tail. Create an incision at the anterior portion of the back skin (step 1) and two incisions
parallel to the midline (steps 2-3). Pull the skin from the anterior end then cut across at the posterior side to
remove the skin from the animal (step 4). (b) Place the skin on a PBS dampened paper towel with the dermis
face down. Use a razor blade to create 0.5 cm x 2.5 ¢m strips. (¢) Embed the skin in 0.C.T. filled Cryomold,
with the midline against the bottom of the Cryomold



3.4 Cryosectioning

3.5 Immunostaining

3.5.1 Co-
immunostaining for Skin
Epithelial Markers (or Other
Proteins of Interest) in
Chased Skin
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. Dampen a paper towel with PBS and flatten skin on paper

towel with the dermis facing down on the paper towel (see
Note 4) (Fig. 2b).

. With a new razor blade cut the skin along the midline. Then

generate two parallel cuts about 0.5 cm away from either side of
the midline. Lastly, create two cuts perpendicular to the mid-
line to generate two 0.5 cm x 2.5 cm strips (Fig. 2b).

. Fill the Cryomold with O.C.T.

. Use forceps to submerge 0.5 cm x 2.5 ¢m skin strips in O.C.T.

(see Note 5), keeping the skin straight and its midline flush with
the bottom of the Cryomold. Place the Cryomold on dry ice (see
Note 6) and allow the O.C.T. to completely freeze (Fig. 2¢).

. Move the O.C.T. tissue blocks to a prechilled cryostat for

sectioning or store at —80 °C.

. Set up the cryostat for skin sectioning according to manufac-

turer instructions (see Note 7). We typically section skin at 8 pm
thickness (6-12 pm) and include two sections per slide.

. Cut a few sections and air-dry them for a few minutes, then

counterstain with hematoxylin for 1-2 min before rinsing
briefly in tap water. View slide under light microscope to deter-
mine if multiple intact hair follicles can be seen in the skin
section (see Note 8). Adjust the angle of the block accordingly,
and recut sections until full hair follicles can be visualized.

. Collect sections and allow slides to dry for approximately

20 min (see Note 9). Slides can be used immediately for stain-
ing or can be kept at —80 °C for long-term storage.

. If slides were previously frozen, allow slides to thaw and dry for

10-15 min at room temperature.

. Use a PAP pen to draw a circle around the skin section on the

slide. The hydrophobic PAP pen mark surrounding the skin
will retain blocking/staining solution inside the marked area
and prevent drying out of the skin section.

. Fix slides in 4% PFA/PBS at room temperature for 10 min.

. Wash slides with PBS in a staining jar three times for 5 min for

each wash. Aspirate excess liquid from the slides after the final
wash, add 200 pL of blocking buffer directly on the skin section
encircled by the PAP pen mark, and incubate for 1 h at room
temperature.

. Prepare primary antibody solution by diluting primary anti-

body of interest in staining solution. Use primary antibody
anti-K5 (diluted 1:1000) to mark the basal layer of the stratified
epidermis and the outer root sheath of the hair follicle or anti-
CD34 to mark bulge cells (se¢ Note 10).
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6.

10.
11.

3.5.2 Visualizing H2B- 1.

GFP in Hair Follicle Cells

Aspirate the blocking buffer and add 150 pL of primary anti-
body solution. Incubate overnight in a humidified chamber at
4 °Cor 1 h at room temperature.

. Wash the slides in PBS three times, 5 min for each wash.

. Prepare secondary antibody solution by diluting the relevant

fluorophore-conjugated secondary antibody in staining buffer
at the dilution specified in material section.

. Aspirate excess liquid after the last wash, then apply 150 pL of

secondary antibody solution onto the washed skin sections.
Incubate for 1 h at room temperature. Slides should be pro-
tected from light in all subsequent steps to minimize
photobleaching.

Wash the slides in PBS three times, 5 min for each wash.

For H2B-GFP chased skin sections, proceed to Subheading
3.5.2. Continue to Subheading 3.5.3 for BrdU staining.

Dilute Hoechst 33342 in PBS (1:2000) and apply 150-200 pL.
to each tissue section. Incubate at room temperature for 2 min.

2. Wash the slides in PBS three times for a total of 10 min.

3.5.3 Detection of BraU 1.

in Hair Follicle Cells

. Aspirate to remove residual PBS, then mount a coverslip using

ProLong Diamond antifade. Allow the slides to cure, protected
from light, overnight to 24 h at room temperature.

. After the slides have cured, seal the edges with nail polish.

Allow the nail polish to air-dry for approximately 30 min
prior to imaging.

. Visualize and image with a fluorescent microscope with appro-

priate filters.

. Slides can be stored at —20 °C for several months.

Incubate the slides in a glass Coplin jar that contains pre-
warmed 1 N HCl in a 37 °C water bath for 40 min to denature
DNA and unmask BrdU.

. Wash in PBS once briefly, then four times for 5 min for each

wash.

. Aspirate any excess liquid after the last wash, then apply 200 pL

of BrdU gelatin blocking buffer. Incubate for 1 h at room
temperature.

. Aspirate the blocking buffer then apply 150 pL of anti-BrdU

antibody diluted (1:200) in gelatin blocking buffer. Incubate at
room temperature for 1 h.

. Wash the slides in PBS three times, 5 min for each wash.
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3 week chase

10 week chase

BrdU
K5

Fig. 3 BrdU label retaining cells in hair follicle. Immunofluorescence images of BrdU in skin of wild-type mice
pulsed at day 10—-11 and chased for 3 weeks (/eft panel) or 10 weeks (right panel) after BrdU labeling. BrdU
positive cells (red) are found throughout the skin 3 weeks after labeling and only in the bulge region of the hair
follicle after 10 weeks. K5 (green) marks outer root sheath. (Scale bar = 50 pm)

6.

10.

11.

12.

Prepare secondary antibody (diluted as specified in material
section) and Hoechst solution (1:2000) in gelatin blocking
buffer.

. Aspirate excess liquid after the last wash, then apply 150 pL of

secondary antibody/Hoechst solution to each tissue section.
Incubate at room temperature for 1 h (see Notes 11 and 12).

. Wash the slides in PBS three times, 5 min for each wash.

. Aspirate the residual PBS, then mount a coverslip using Pro-

Long Diamond antifade. Allow the slides to cure, protected
from light, overnight-24 h at room temperature.

After the slides have cured, seal the edges with nail polish.
Allow the nail polish to air-dry for approximately 30 min
prior to imaging.

Visualize and image with a fluorescent microscope with appro-
priate filters (Fig. 3).

Slides can be stored at —20 °C for several months.

4 Notes

. The choice of the timing of BrdU pulse depends on the end

point of interest. Pulsing at day 3-5 allows identification of
LRCs at an earlier time point.

. To create a humidified chamber, use an empty slide box where

slides can lay on top of the slide storage slots during staining.
Place dampened paper towels underneath to maintain moisture
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10.

11.

12.

in the chamber and reduce evaporation during the incubation
steps.

. American Veterinary Medical Association (AVMA) guidelines

require CO, delivery that does not exceed 10-30% of the
chamber volume per min to reduce distress. Deliver CO, for
3 min at the appropriate flow rate for your chamber. Turn off
CO, delivery allowing mice to remain in the chamber for
2 min.

. When embedding skins, we recommend working in batches of

five mice maximum. If working with multiple mice, be sure to
keep skins moist with PBS.

. Multiple skin strips can be embedded in one block, but should

be limited to no more than three strips per O.C.T. block. When
embedding more than one skin strips, cover each strip with a
thin layer of O.C.T then stack the pieces on top of one another.
All pieces should be oriented epidermis face up with all mid-
lines facing the same direction.

. The dry ice block should be flat and level to ensure even

freezing.

. For skin sectioning, the chamber temperature (CT) is set to

—24 °C while the object temperature (OT) is set to —27 °C.

. In addition to proper embedding technique, proper set up of

the tissue block on the cryostat is required to ensure that the
sectioned skin contain intact hair follicles throughout the sec-
tion. Hair follicles are considered intact when the entire hair
follicle is seen contiguous to the interfollicular epidermis and is
also in contact with the dermal papilla at its base.

Slides that are left to dry longer than 30 min will have increased
background staining.

Alternative structural markers such as integrin a-6 (CD49f) or
integrin f-4 (CD104) can be used to demark the boundary
between epithelial cells and the dermis. Note that antibodies
against CD34 and BrdU are both from rat and therefore
cannot be used for co-immunostaining.

For BrdU staining, we find that acid treatment of the tissue can
diminish the signal of some fluorophores. In our experience we
find that Alexa Fluor 488 gives superior results and withstands
the harsh acid treatment compared to FITC and RRX.
(Ranked: AF488 > FITC> > RRX)

Acid treatment for BrdU staining tends to reduce Hoechst
33342 signal. We find it is beneficial to integrate Hoechst
staining during the secondary antibody incubation.
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Chapter 11

Single EDL Myofiber Isolation for Analyses of Quiescent
and Activated Muscle Stem Cells

Caroline E. Brun, Yu Xin Wang, and Michael A. Rudnicki

Abstract

Adult satellite cells are quiescent, but are poised for activation in response to exercise, injury, or disease
allowing adult muscle growth or repair. Once activated, satellite cells proliferate extensively to produce
enough myogenic progenitors in order to regenerate the muscles. In order to self-renew, a subset of
activated satellite cells can resist the myogenic differentiation and return to quiescence to replenish the
satellite cell pool. These cellular processes that normally occur during skeletal muscle regeneration can be
recapitulated ex vivo using isolated and cultured myofibers. Here, we describe a protocol to isolate single
myofibers from the extensor digitorum longus muscle. Moreover, we detail experimental conditions for
analyzing satellite cells in quiescence and progression through the myogenic lineage.

Key words Skeletal muscle, Extensor digitorum longus, Satellite cells, Muscle stem cells, Myofiber
isolation, Quiescence, Proliferation, Differentiation, Cell culture, Immunostaining, Pax7, Myod

1 Introduction

Adult skeletal muscles have an outstanding capacity to regenerate
that relies on a population of muscle stem cells also called satellite
cells [1]. In a resting muscle, satellite cells are intimately associated
with the sarcolemma and beneath the basal lamina [2]. They
express Pax7 and remain quiescent; however, they are primed for
activation [ 3, 4]. Indeed, following a muscle injury, satellite cells re-
enter cell cycle and progress through the myogenic lineage in order
to repair or replace the damaged myofibers. Activated satellite cells
can quickly upregulate the myogenic transcription factor MyoD
and produce large numbers of myogenic progenitors through mul-
tiple rounds of cell division [4-6]. Subsequently, myogenic pro-
genitors upregulate the differentiation factor myogenin, exit the
cell cycle to become myocytes that either fuse to damaged myofi-
bers or fuse together to form new myofibers [7].

Satellite cell activation, proliferation, and differentiation occur-
ring during skeletal muscle regeneration can be recapitulated

H. Daniel Lacorazza (ed.), Cellular Quiescence: Methods and Protocols, Methods in Molecular Biology, vol. 1686,
DOI 10.1007/978-1-4939-7371-2_11, © Springer Science+Business Media LLC 2018
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ex vivo using isolated single myofibers cultured in floating condi-
tions [8, 9]. Myofiber isolation and culture allows for the visualiza-
tion and quantification of muscle stem cells in their physiological
niche [10, 11]. The protocol detailed below is a quick and efficient
method of capturing snapshots of muscle stem cells as they exit the
quiescent state, re-enter the cell cycle, and progress through the
myogenic program. Fixing the samples at various time points yields
insight into the deterministic steps of the adult muscle repair pro-
gram, which can be utilized for mechanistic and genetic studies
regarding the regulation of muscle stem cell behavior. The visuali-
zation of muscle stem cells on myofibers presents several advantages
over single cell isolation by fluorescence-activated cell sorting
(FACS) and on cryosectioned muscle tissues. Isolated single myo-
fibers allow for the visualization of the muscle stem cells within
immediate time points, 14 h, that are simply unobservable due to
the lengthy process required to isolate cells by FACS or in vivo
through muscle injuries models. Moreover, muscle fibers provide
cell-cell signals to muscle stem cells that are not easily reproduced in
a culture dish. Therefore, the culture of isolated single myofibers
provides a unique culture system that is currently unmatched for
the study of muscle stem cells at a single-cell level.

2 Materials

2.1 Dissection
Materials

2.2 Myofiber
Isolation and Culture
Materials

Prepare all solutions fresh prior to muscle dissection.

Iris scissors.

Cohan-Vannas spring scissors.
Half-curved Iris forceps.
Half-curved micro forceps.

25G® /g syringe needle.

AR

Stereo dissecting microscope.

37 °C water bath.

Humidified 37 °C, 5% CO, incubator.
Sterile 100 x 25 mm tissue culture dish.
Sterile 60 x 15 mm tissue culture dishes
Glass Pasteur pipets.

Sterile fetal bovine serum (FBS).

Sterile horse serum (HS).

® N g N

Collagenase solution: 2 mg/ml of Collagenase type I in
DMEM (Dulbecco’s modified Eagle’s medium; 1 g/1 glucose,
L-glutamine with 110 mg/] sodium pyruvate) supplemented
with 1% Penicillin/Streptomycin (P /S), filtered through a 0.22
pm filter (see Note 1).



2.3 Immunostaining
Materials

10.
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. Washing medium: DMEM supplemented with 1% P /S, filtered

through a 0.22 pm filter.

Myofiber culture medium: DMEM complemented with 20%
FBS, 1% P/S and 1% Chicken Embryo Extract (CEE), filtered
through a 0.22 pm filter (see Notes 2 and 3).

. Sterile phosphate-buffered saline (PBS), pH 7.4.

. Paraformaldehyde 4% in PBS, filtered, pH 7 4.

. Glass Pasteur pipets.

. Permeabilization solution: 0.1% Triton X-100, 0.1 M Glycine

in PBS.

. Blocking bufter: 5% horse serum or goat serum, 2% BSA, 0.1%

Triton X-100 in PBS (sec Note 4).

. Primary antibodies: anti-Pax7 (1:2, DSHB, culture superna-

tant), anti-MyoD (1:500, Santa Cruz), or anti-myogenin
(1:500, Santa Cruz).

. Secondary antibodies: goat anti-mouse IgG1 Alexa Fluor 488

conjugate and goat anti-rabbit IgG Alexa Fluor 546, both
at 1:1000.

. DAPI solution: DAPI diluted 1:50,000 in PBS.
. Permafluor fluorescence mounting medium (see Note 5).
10.

Optional: Transparent quick drying nail polish.

3 Methods

3.1 Before Starting
EDL Dissection

. For EDL myofiber isolation from one mouse, coat 1 sterile

100 mm tissue culture dish and 3 sterile 60 mm tissue culture
dishes with enough volume of sterile HS to cover the surface.
Incubate at room temperature for 5 min. Remove the serum
and let dishes dry for approximately 15 min. Finally, add 10 and
4 ml of washing medium in the 100 mm and 60 mm dishes
respectively and keep the dishes in a humidified 37 °C, 5% CO,
incubator (see Note 6).

For EDL muscle trituration, prepare one wide-bore Pasteur
pipette using a diamond pen to cut the glass to obtain an
opening size of 4-5 mm diameter. Flame polish to smooth
pipette edges. Coat the pipette with HS before use.

For EDL myofiber transfer and manipulation, flame polish the
opening of a normal Pasteur pipette and curve the tip. This will
help in handling the single myofibers. Coat the pipette with
FBS or HS before use (see Note 7).

Pre-warm the collagenase solution to 37 °C in a water bath.
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3.2 EDL Muscle
Dissection and
Digestion

10.

11.

12.

. Euthanize the mouse. For the purpose of this experiment, 8-

week old C57BL/6 mouse was used.

. Disinfect the hind limbs with 70% Ethanol and place the mouse

(face up) on a support board.

. Use the Iris scissors to cut the skin all-the-way around the ankle

and then, carefully cut the skin proximally along leg until the
knee in order to expose the underlying muscles (Fig. 1a). Using
a half-curved Iris forceps, lift and remove the skin.

. Using a half-curved micro forceps, remove the fascia surround-

ing the tibinlis anterior (TA), going along the tibia bone from
the ankle to the knee.

. Visually locate the distal tendons of the extensor digitorum

longus (EDL) and TA muscles. In order to remove the TA
muscle, insert a needle between the two distal tendons, under
the TA tendon, and glide it toward the ankle (Fig. 1b). Cut the
TA distal tendon attaching to the ankle with a Cohan-Vannas
spring scissors.

. Using a half-curved Iris forceps, grab the cut TA tendon and

slowly pull the TA muscle away and cut it at the knee, as close as
you can to the patella (Fig. 1b). Now, the EDL muscle is
entirely visible.

. In order to identify the proximal tendon of the EDL, cut the

biceps femoris posterior (BFP) close to the patella (Fig. 1¢) (see
Note 8).

. Insert a needle under the proximal EDL tendon and cut the

tendon using a Cohan-Vannas spring scissors, freeing the EDL
from the knee (Fig. 1d).

Optional: Insert a needle under the distal EDL tendon and
gently slide it from the ankle to the knee, freeing the EDL
muscle from the knee and the tissue around (see Note 9).

Grab the proximal EDL tendon with a half-curved Iris forceps,
pull out the EDL muscle and cut the distal EDL tendon with a
Cohan-Vannas spring scissors.

Repeat the steps 3—-10 to isolate the EDL muscle of the con-
tralateral hind limb.

Place both EDL muscles into a 15 ml Falcon tube containing
2 ml of Collagenase solution and incubate in a water bath at
37 °C for 45 min to 1 h, gently stir the Falcon tube every
15 min, until muscles appear to begin dissociated, hairy in
appearance with free fibers coming loose (see Note 10).
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Fig. 1 Schematic representing the different steps to isolate the EDL muscle. (a) Once the skin has been
removed, the underlying muscles are visible. The fascia surrounding the tibialis anterior (TA) muscle should be
removed. (b) In order to remove the TA muscle, a needle is inserted under the TA tendon (in yellow). Using a
Cohan-Vannas spring scissors, the TA distal tendon attaching to the ankle can be cut (1), grabbed it with a
half-curved Iris forceps, and slowly pull away the TA muscle. It can be now cut at the knee (2). (¢) In order to
identify the proximal tendon of the extensor digitorum longus (EDL) muscle, the biceps femoris posterior (BFP)
muscle and the connective tissue around the knee is cut close to the patella. (d) In order to free the EDL
muscle from the knee, a needle is inserted into the proximal EDL tendon (in red, 7). This tendon can now be cut
using Cohan-Vannas spring scissors and grabbed with a half-curved Iris forceps to pull out the EDL muscle.
Finally, the distal EDL tendon can be cut with Cohan-Vannas spring scissors (2). BFP, biceps femoris posterior;
EDL, extensor digitorum longus; LG, lateral gastrocnemius; RF, rectus femoris; TA, tibialis anterior; VL, vastus
lateralis; VM, vastus medialis

3.3 EDL Myofiber 1. Stop the digestion by transferring the digested muscles into the
Isolation and Culture HS-coated 100 mm tissue culture dish containing 10 ml of
in Floating Condition washing medium. At this point, the following steps are per-

formed under a stereo dissecting microscope using transmitted
bright field illumination.

2. Triturate the muscle using the wide-bore pipette in order to
loosen and release the myofibers by gently pipetting up and
down against the edge of the dish (see Note 11).

3. Once the desired number of myofibers has been released from
the muscle proper, use a small size bore pipette to transfer live
single myofibers into the pre-warmed, coated 60 mm tissue
culture dish containing 4 ml of washing medium. Live myofi-
bers look straight and translucent, without any shears or obvi-
ous bends.

4. Repeat step 3 two more times in order to remove all debris and
dead, short and hyper-contracted myofibers. Alternatively, if
analysis of truly quiescent satellite cells is warranted (Fig. 2a, b),
wash the myofibers in PBS and fix them in 2% PFA for 10 min
(see procedures detailed below).
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Fig. 2 Overview of the myofiber isolation protocol. Once dissected, the EDL muscles are put into the
collagenase solution for 1 h and triturated for 10 min in order to dissociate each myofiber individually.
Then, myofibers are washed and incubated for 1 h into the serum-free recovery medium. At this step, EDL
myofibers can be fixed in order to analyze satellite cells in quiescence. As shown on the immunostaining for
Pax7 (green) and MyoD (red) (a, b), Pax7-expressing satellite cells remain mostly MyoD-negative. Alterna-
tively, myofibers can be transferred into myofiber culture medium and cultured for 24, 48, or 72 h in order to
follow their activation, proliferation, or differentiation respectively. Immunostaining for Pax7 (green) and MyoD
(red) allows for identifying the activated (c) and proliferating (d, e) satellite cells. At 72 h, immunostaining for
Pax7 (green) and myogenin (red) (f) allows distinguishing the self-renewing satellite cells expressing Pax7 only
from the committed myogenic progenitors expressing myogenin. Scale bars; 25 ym
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. Incubate the single myofibers at 37 °C, 5% CO, in the last

60 mm tissue culture dish containing 4 ml of washing medium
for 30 min—1 h. It allows the myofibers to recover from the
muscle trituration and the myofiber isolation, prior to switch-
ing them to the myofiber culture medium.

. Transfer live myofibers into wells of a HS-coated 6-well plate

each containing 1 ml of a pre-warmed washing medium.

. Remove the washing medium and replace it with the myofiber

culture medium (sec Note 12).

. To observe satellite cell activation, upregulation of MyoD, and

cell cycle re-entry, culture myofibers in a 37 °C incubator for
4-24 h (Fig. 2¢). To observe the first divisions of satellite cells,
culture myofibers in a 37 °C incubator for 36—48 h (Fig. 2d, e).
To monitor the transition into myogenin-expressing differen-
tiating myocytes, culture myofibers in a 37 °C incubator for
72 h (Fig. 2f) (see Notes 13 and 14).

. With a small size bore pipette, remove the myofiber culture

medium leaving remaining a small amount of medium and
wash the myofibers with 2 ml of pre-warmed PBS (see
Note 12).

. Remove 1 ml of PBS and fix the myofibers in 2% PFA by adding

1 ml of pre-warmed 4% PFA for 10 min at room temperature

(RT).

. Remove the PFA solution and wash the myofibers three times

in PBS for 2 min.

. Incubate the myofibers in the permeabilization solution for

10 min at RT to permeabilize the myofibers and quench the
fixative.

. Incubate then the myofibers in blocking buffer for at least 1 h

at RT.

. Incubate with the appropriate primary antibodies diluted in

blocking buffer overnight at 4 °C. Optimized primary antibo-
dies could be incubated at RT for 2 h. For the purpose of this
experiment, we used the following primary antibodies: anti-
Pax7 (1:2), anti-MyoD (1:500), or anti-myogenin (1:500)
(Fig. 2).

. Wash three times in PBS for 2 min.
. Incubate with the appropriate secondary antibody diluted in

blocking solution for 1 h at RT (keep in the dark). For the
purpose of this experiment, we used the following secondary

antibodies: goat anti-mouse IgG1 Alexa Fluor 488 conjugate
and goat anti-rabbit IgG Alexa Fluor 546, both at 1:1000.
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9.
10.
11.
12.

13.

Wash two times in PBS for 2 min.
Stain nuclei with DAPI solution for 5 min (keep in the dark).
Wash two times in PBS for 2 min.

Transfer each myofiber onto a glass slide suitable for micros-
copy. Remove any excess of PBS. Apply mounting medium and
add coverslip. Let the slides dry overnight prior to visualizing.

Optional: seal the coverslip with clear nail polish.

4 Notes

. All the procedure should be performed with DMEM contain-

ing 110 mg/1 sodium pyruvate. The sodium pyruvate-free
medium would affect myofiber survival. The addition of peni-
cillin and streptomycin prevents contamination while working
under the dissection microscope, however, is optional if sterile
techniques are maintained.

. Various commercial sources have different methods in prepar-

ing CEE. CEE contains various growth factors that facilitate
the activation and proliferation of muscle stem cells. Make sure
that the CEE has not been ultrafiltrated because this results in
the removal of various growth factors, such as bFGF, and can
lead to reduced proliferation of muscle stem cells in culture. If
the CEE has been ultrafiltrated, bFGF should be supplemented
to the myofiber culture medium.

. Altered growth factor and serum concentrations will lead to

subtle changes in muscle stem cell behavior, cell cycle kinetics,
and expression of myogenic factors. FBS and CEE are unchar-
acterized culture supplements with complex components that
can affect cellular signaling; therefore, it is important to elimi-
nate the possibility of batch effects with proper experimental
design.

. The choice of horse or goat serum in your blocking buffer

should be optimized with specific combinations of primary
and secondary antibodies.

. Permaflour is a fluorescence mounting medium for general

applications; however, it may not be suitable for super resolu-
tion imaging using localization microscopy. Suitable alterna-
tives can be used for these specific techniques.

. The 100 mm HS-coated culture dish will be used for triturat-

ing myofibers from the collagenase digested EDL muscles. The
remaining 60 mm HS-coated dishes will be used to wash the
isolated fibers and remove debris and damaged myofibers. If
HS is kept in sterile conditions, it can be re-used several times.
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To serum coat plastic ware or glass pipettes, either FBS or HS
could be used depending on cost and availability.

. If necessary, cut off the connective tissue around the knee to

expose the proximal tendon of the EDL.

Using a needle here helps to remove the connective tissue
attaching the EDL to other muscle groups. However, if this is
not done carefully, the needle could tear the EDL muscle apart
and damage the myofibers. It is important to insert the needle
between the tendon and the bone and then gently slide it under
the EDL muscle.

Collagenase solutions can have varying activity. It is important
to qualitatively monitor the digestion process. Observe the
digestion process by stirring the tubes every 15 min. The
ideal point to proceed is when loosened myofibers begin com-
ing away from the muscle. Under-digestion will require addi-
tional force to triturate the muscle apart and result in few viable
myofibers or bundles of capillaries still being attached to the
myofibers. However, over-digesting the muscle could cause
damage to the basal lamina structures, create micro tears to
the sarcolemma and also result in few viable myofibers.

Too much force during the trituration step can cause damage
to the myofibers and result in hypercontraction. Hypercon-
tracted myofibers have fewer muscle stem cells, are not reliable
for staining, and could skew quantifications if included in the
analysis.

Washing the myofibers should be done gently. Vigorous forces
can cause myofibers to hypercontract or muscle stem cells to
detach. A proper count of muscle stem cells before and after
the wash steps should be performed as a quality control step
(Fig. 3a, b).

As previously described, quiescent muscle stem cells are poised
for activation and the simple process of isolation can initiate
this process. By monitoring the activation of the myogenic
determination factor MyoD as a marker of lineage progression
and cellular activation, we observe that muscle stem cells
quickly transition out of their quiescent state and accumulate
MyoD protein (Fig. 3c). Therefore, in order to obtain an
accurate representation of quiescence, we recommend that
fibers are fixed immediately after trituration.

The culture time should be determined according to the
biological process that is being studied. Phenotypes can be
casily missed by observing the wrong time point.
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Fig. 3 Rapid activation response of muscle stem cells after isolation. Muscle stem cell activation can be
carefully monitored by expression of molecular markers such as MyoD and by counting cell numbers. (a)
Quantification of satellite cells (Pax7+ and/or MyoD+ cells) per myofiber after fixation at various steps of the
isolation protocol. (b) Proportions of total cells expressing only Pax7 (green), Pax7 and MyoD (red), or only
MyoD (gray) after fixation at various steps of the isolation protocol. (c) Fluorescence intensity of MyoD
immunostaining in single satellite cells after fixation at various steps of the isolation protocol. >50 cells were
quantified per condition, dashed line represents a general threshold of MyoD signal that can be confirmed
visually. n = 4 biological replicates, error bars indicate standard error of the mean (S.E.M.)
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Chapter 12

Investigating Cellular Quiescence of T Lymphocytes and
Antigen-Induced Exit from Quiescence

Kai Yang and Hongbo Chi

Abstract

Naive T cells are in a quiescent state under homeostasis but respond to antigen stimulation by exiting from
quiescence and entering the cell cycle. Appropriate regulation of quiescence is crucial for maintaining T cell
homeostasis at steady state and initiating proper T cell responses to antigen stimulation. Emerging evidence
indicates that signaling by mechanistic target of rapamycin (mTOR) plays a central role in the control of T
cell quiescence and antigen-induced exit from quiescence through coordinating immune signals, cellular
metabolic programs, and cell cycle machinery. The mTOR-dependent regulation of quiescence has also
been implicated in the differentiation and function of memory T cells. In this chapter, we describe
techniques to assess quiescent state of naive T cells under steady state and exit from quiescence upon
TCR stimulation.

Key words T cell, Quiescence, Metabolism, mTOR, Seahorse, Glycolysis, Oxidative phosphorylation,
Fatty acid oxidation

1 Introduction

T lymphocytes are pivotal in adaptive immunity. Mature naive T
lymphocytes circulate through the blood and peripheral lymphoid
organs in a quiescent state characterized by small cell size, low
metabolic activity, and maintaining at GO phase of the cell cycle
[1]. Quiescent state is actively regulated, which is crucial for T cell
homeostasis and proper T cell immunity [2, 3]. T cells adopt
distinct metabolic programs associated with different requirements
tor regulating quiescence. To maintain quiescence under steady
state, naive T cells rely on the tricarboxylic acid (TCA) cycle and
oxidative phosphorylation (OXPHOS) to generate ATP for cell
survival through breakdown of glucose, fatty acids, and amino
acids. Upon engagement of antigen and costimulation, naive T
cells initiate metabolic reprogramming and activation of cell growth
and cell cycle machinery for quiescence exit. A hallmark of meta-
bolic rewiring during quiescence exit is substantial enhancement of
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aerobic glycolysis and OXPHOS that fulfill bioenergetic and bio-
synthetic needs for robust clonal expansion [4-6]. Accumulating
evidence indicates the connection between aberrant cellular metab-
olism and dysregulated quiescent state in T cells. For example, loss
of quiescence in T cells is associated with uncontrolled cell growth
and hyperactivation of glycolysis and OXPHOS [7, 8], while
impaired antigen-induced quiescence exit has been ascribed to
defective cell growth and metabolic reprogramming [9, 10]. There-
fore, proper metabolic programs are a fundamental mechanism in
the regulation of quiescent state.

mTOR is a conserved serine /threonine kinase that controls cell
growth and metabolism. It forms two distinct complexes
(mTORCI and mTORC2) through interaction with adaptor pro-
teins Raptor and Rictor, respectively. mTORCI directly phosphor-
ylates the ribosomal S6 kinase 1 (S6K1) and eukaryotic translation
initiation factor 4E-binding protein 1 (4E-BP1) to promote pro-
tein translation [9]. In contrast, mMTORC2 phosphorylates the
kinase AKT on the site of serine 473 and regulates cytoskeletal
organization. In T cells, mTOR signaling integrates diverse
immune signals and metabolic cues to orchestrate T cell homeosta-
sis and immunity [11]. mMTORC1 and mTORC2 have been impli-
cated in dictating the fate and function of diverse T cell subsets [9,
12-16]. In the context of regulating T cell quiescence, mTORCI1
functions as a pivotal regulator that coordinates cell growth, meta-
bolic reprogramming, and cell cycle machinery. Antigen-induced
activation of mMTORCI orchestrates multiple anabolic pathways to
promote the exit of naive T cells from the quiescence and entry into
active cycling [9]. However, aberrant activation of mTORCI, for
example, upon deletion of the upstream negative regulator TSCI1,
results in loss of quiescence of naive T cells and predisposes them to
apoptotic cell death, thereby disrupting T cell-mediated immune
responses [7, 8]. Therefore, understanding the regulation and
function of mTOR and metabolic pathways provides insights into
quiescent state of naive T cells at steady state and antigen-induced
quiescence exit upon immune stimulation.

Here, we describe methods used to examine quiescent state of
T cells ex vivo and in vitro. Flow cytometry-based methods are used
to assess cell growth, expression of nutrient receptors, activity of
mTOR signaling, and cell cycle machinery. Seahorse analyzer-based
methods are used to measure glycolysis and OXPHOS. Radiola-
beled palmitic acid is used to measure fatty acid oxidation (FAO) in
T cells.
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2 Materials

2.1 Preparation

of Naive T
Lymphocytes from the
Spleen

2.2 Flow Cytometry
of Cell Size and
Expression of Nutrient
Receptors

2.3 Analysis of mTOR
Activity by Phosflow
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. ACK lysing butffer.

. Nylon mesh.

. 3 ml syringes.

. 10 cm petri dish.

. MACS CD4 (L3T4) MicroBeads, mouse (Miltenyi Biotec).

. MS columns (Miltenyi Biotec).

. OctoMACS™ Separator (Miltenyi Biotec).

. Hank’s balance salt solution (HBSS) buftfer.

. Isolation buffer: HBSS supplemented with 2% FBS.

. Dulbecco’s phosphate-buftered saline (DPBS) buffer, pH 7.4.
. Sorting buffer: DPBS supplemented with 2 mM EDTA and

0.5% BSA.

. Antibody cocktails for sorting naive CD4 T cells: Pac-blue-

conjugated anti-CD4 (RM4-5), PE-cy7-conjugated anti-
CD62L (MEL-14), APC-conjugated anti-CD44 (1M7),
FITC-conjugated anti-CD25 (PC61.5).

. DPBS bufter, pH 7 4.
. Surface staining buffer (FACS bufter): DPBS supplemented

with 2% BSA and 0.2% sodium azide.

. Coat buffer: DPBS supplemented with anti-CD3 (10 pg/ml,

clone 2C11) and anti-CD28 (10 pg/ml, clone 37.51).

. Pac-blue-conjugated anti-CD4 (clone RM4-5).

. APC-cy7-conjugated anti-TCRp (clone H57-597).

. Brilliant Violet 605-conjugated anti-CD8 (clone 53-6.7).
. PE-cy7-conjugated anti-CD62L (clone MEL-14).

. Brilliant Violet 650-conjugated anti-CD44 (clone 1M?7).
. PE-conjugated anti-CD98 (clone RL388).

. FITC-conjugated anti-CD71 (clone R17217).

. 7-Aminoactinomycin D (7-AAD).

. DPBS bufter, pH 7 4.
. Surface staining buffer (FACS buffer): DPBS supplemented

with 2% BSA and 0.2% sodium azide.

. Phosflow™ Lyse /Fix buffer 5x (BD Biosciences): dilute with

deionized or distilled water (1:5), and pre-warm the solution to
37 °C.

. Phosflow™ Perm buffer III (BD Biosciences).
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2.4 5-Bromo-2-
Deoxyuridine (BrdU)
Incorporation In Vivo
and In Vitro

2.5 Analysis of
Glycolysis and
OXPHOS Using a
Seahorse Analyzer

2.6 Fatty Acid
p-0xidation Flux

5.

6.
7.
8.

Surface staining buffer: DPBS supplemented with 2% BSA and
0.2% sodium azide.

PE-conjugated anti-phospho-4E-BP1 (Thr37 /46).
APC-conjugated anti-phospho-AKT (5§473).
FITC-conjugated anti-phospho-S6 (Ser235,/236).

Reagents used for this procedure are from BD Biosciences.

1.
. BD Cytofix/Cytoperm™ bulffer.

. BD Cytoperm™ Permeabilization buffer plus.
. BD Perm/Wash™ buffer (10x).

. APC-conjugated anti-BrdU antibody.

w N

o NN O Ul B

S N S
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BrdU (10 mg/ml).

7-AAD.

. DNase.

. XF24 Extracellular Flux Analyzer (Agilent Technologies).
. Seahorse assay media (Agilent Technologies).

. XF24 FluxPak including cell plates, calibrant, and cartridges

(Agilent Technologies).

. Sodium pyruvate, glutamine, and glucose.

. Cell-Tak (BD Biosciences).

. Oligomycin.

. Carbonyl cyanide-p-trifluromethoxyphenylhydrazone (FCCP).

. Rotenone.

. 5 N HCL

. [9, 10-*H]-palmitic acid.

. Scintillation liquid: ScintiSafe™ 30% cocktail.
. Etomoxir.

. Liquid Scintillation Counter.

3 Methods

3.1 Preparation of
Naive T Lymphocytes
from the Spleen

. Under the hood, add 1 ml of cold isolation buffer to a 10 cm

petri dish and place organ within the medium. Lay nylon mesh
over the spleen and gently grind it using the flat end of a 3 ml
syringe (see Note 1).

. Wash the mesh with 10 ml of isolation buffer and collect cells

into a 15 ml tube, followed by centrifugation at 600 x g for
5 min.



3.2 Analysis of Cell
Size and Expression of
Nutrient Receptors

3.2.1 Freshly Isolated
Naive T Lymphocytes

3.2.2 Activation of CD4*
T Cells upon TCR
Stimulation
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. Remove the supernatant and resuspend the cell pellet with 1 ml

of ACK lysing buffer and incubate the cells for 1-2 min at room
temperature (RT) (see Note 2).

. Wash cells with 10 ml of isolation bufter, spin down (600 x 4

for 5 min), and thoroughly remove the supernatant.

. Resuspend the cells in 90 pl of sorting buffer per 107 total cells.

6. Add 10 pl of CD4 (L3T4) MicroBeads per 107 total cells. Mix

10.
11.

12.

13.

14.

1.

well and incubate for 15 min at 4 °C.

. Wash the cells with 10 ml of sorting buffer and spin down

(600 x g for 5 min).

. Equilibrate a MS MACS column with 500 pl of sorting bufter.
. Resuspend the cells in 500 pl of sorting buffer and load cell

suspension onto the column through 40 pm nylon container by
gravity flow.

Wash the column with 3 x 500 pl of sorting buffer.

Remove column from the separator and place it on a 15 ml
collection tube.

Flush out the fraction of magnetically labeled cells with 1 ml
sorting buffer using the plunger supplied with the column, and
spin down (600 x g for 5 min).

Resuspend the cells in 200 pl of sorting buffer supplemented
with specific antibodies: Pac-blue-CD4, PE-cy7-CD62L,
FITC-CD44, and APC-CD25, and incubate for 15 min at
4°C.

Sort naive CD4" T cells (CD4"CD25 CD621L."CD44 ).

Prepare single-cell suspension from the spleen (see steps 1-5 in
Subheading 3.1).

. Stain 5 x 10° splenocytes with antibodies against surface mole-

cules CD4, CD8a, TCRB, CD62L, CD44, CD25, CD98, and
CD71 in 20 pl of surface staining buffer (se¢ Note 3).

. Incubate the cells for 15 min at 4 °C.
. Wash the cells with 200 pl of surface staining buffer and spin

down (600 x g for 5 min).

. Resuspend the cells in 100 pl of surface staining buffer and run

samples on a flow cytometer. Forward scatter (FSC) is acquired
as a measurement of cell size.

. Add 100 pl of coat buffer to desired wells in a 96-well plate and

incubate for 2 h at 37 °C.

. Wash the wells with 200 pl of DPBS buffer twice and aspirate

completely.
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Cells

No stimulation
— a-CD3-CD28

FSC ———»

Ccb98 ——» CD71 ——»

Fig. 1 Cell size and expression of CD98 and CD71 on naive and activated CD4" T cells. Naive CD4* T cells
(2 x 10°) were stimulated with or without plate-bound anti-CD3 plus anti-CD28 (10 pg/ml) for 24 h, followed
by flow cytometry analysis of cell size and expression of CD98 and CD71 on naive and activated CD4™ T cells.
Histogram plots are gated on live (negative for 7-AAD) cells

3.

4.

3.3 Analysis of mTOR 1.

Activity by Phosflow

Plate 2 x 10° naive CD4" T cells purified by cell sorting (see
Subheading 3.1) per well and incubate for 24 h.

Harvest the cells and stain with 20 pl of surface staining buffer
supplemented with antibodies CD98 (amino acid transporter)
and CD71 (transferrin receptor); their expression is closely
associated with T cell metabolic activity. In addition, T cell
activation markers such as CD69 and CD25 can be stained as
positive controls for T cell activation.

. Incubate the cells for 15 min at 4 °C.
. Wash the cells with 200 pl of surface staining buffer and spin

down (600 x g for 5 min).

. Resuspend the cells in 100 pl of surface staining bufter and run

samples on a flow cytometer. ESC is acquired as a measurement
of cell size (Fig. 1).

Stimulate naive CD4* T cells (2 x 10° /well) with or without
plate-bound anti-CD3 plus anti-CD28 (96-well plate) for 24 h
or desired time points.

. Transfer the cells to FACS tubes (size 5 ml) and wash the cells

with 2 ml of FACS butffer and spin down (600 x g for 5 min).

. Resuspend the cells with 1 ml of pre-warmed 1x Phosflow™

Lyse /Fix buffer and incubate for 10 min at 37 °C.

. Add 2 ml of cold FACS bufter to the tube and spin down

(600 x g for 5 min).

. Resuspend the cells in 1 ml of ice-cold Phosflow™ Perm buffer

IIT and incubate the tube on ice for 30 min.

. Add 2 ml of cold FACS bufter to the tube, spin down (600 x g

for 5 min), and remove the supernatant (see Note 4).

. Wash the cells with 3 ml of cold FACS buffer and spin down

(600 x g for 5 min).

. Repeat step 6.
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CD4*Foxp3*

g

CDI*C“;;; °:oxp3-

CD4*CD44'"°Foxp3-
— CD4*Foxp3*

Foxp3 ——»

CD44 ————»

Cells——»

p-S6———— p-4E-BP1——>

Fig. 2 Phosphorylation of S6 and 4E-BP1 in CD4*Foxp3* (Treg cells) and CD4*CD44'°Foxp3~ (naive T cells)
from the spleen. Freshly isolated splenocytes were immediately fixed and stained with related surface and
phospho-antibodies. Flow cytometry of phospho-S6 and phospho-4E-BP1 in different subsets of CD4 T cells

are indicated

10.

11.

12.

13.

14.

3.4 BrdU 1.

Incorporation In Vivo
and In Vitro 2

. Resuspend the cells with 200 pl of FACS buffer and transfer the

cells to 1.5-ml Eppendorf tube. After spin down (600 x g4 for
5 min), thoroughly remove all supernatant.

Resuspend the cells in 20 pl of FACS buffer containing anti-
bodies: FITC-phospho-S6 (Ser235,/236) (1:200), PE-phos-
pho-4E-BP1  (Thr37/46) (1:200), APC-phospho-AKT
(Ser473) (1:200), and Pac-blue-CD4 (1:400).

Transfer cell suspension to a 96-well U-bottom plate and
incubate in the dark for 1 h at RT.

Wash the cells with 200 pl of FACS bufter per well and spin
down (600 x g for 5 min).

Resuspend the cells with 100 pl of FACS bufter, and run on a
flow cytometer.
This protocol can also be used to examine activity of mTOR

signaling in different subsets of freshly isolated lymphocytes
under steady state (Fig. 2; see Note 5).

Intraperitoneally inject 100 pl (1 mg) of BrdU solution per
mouse.

. After 20 h of BrdU injection, prepare single-cell suspension

from the thymus, spleen, and peripheral lymph nodes (PLNs).
Incubate 1 x 10° filtered cells in 20 pl of FACS buffer contain-
ing specific antibodies Pac-blue-CD4 (1:400), APC-cy7-TCRp
(1:200), Brilliant Violet 605-CD8 (1:400), PE-cy7-CD62L
(1:400), and FITC-CD44 (1:400), for 15 min on ice (see
Note 6).

. Wash the cells with 1 ml of FACS buffer and spin down

(600 x g for 5 min).

. Resuspend the cells in 100 pl of BD Cytofix/Cytoperm bufter

per sample.
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3.5 Analysis of
Glycolysis and
OXPHOS Using a
Seahorse Analyzer

5.

Incubate the cells for 30 min at RT.

6. Wash the cells with 1 ml of 1 x BD Perm /Wash bufter and spin

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

2.

down (600 x gfor 5 min).

. Resuspend the cells in 100 pl of BD Cytoperm Permeabiliza-

tion Buffer Plus per sample.

. Incubate the cells on ice for 10 min.
. Wash the cells with 1 ml of 1 x BD Perm/Wash buffer and spin

down (600 x g for 5 min).

Resuspend the cells in 100 pl of BD Cytofix/Cytoperm Bufter
per sample, and incubate the cells for 5 min at RT.

Wash the cells with 1 ml of 1x BD Perm/Wash bufter, spin
down (600 x g for 5 min), and thoroughly remove the
supernatant.

Resuspend the cells in 100 pl of DNase solution (300 pg,/ml in
DPBS), and incubate the cells for 1 h at 37 °C.

Wash the cells with 1 ml 1x BD Perm/Wash buffer and spin
down (600 x g4 for 5 min), and thoroughly remove the
supernatant.

Resuspend the cells in 20 pl of BD Perm /Wash buffer contain-

ing the APC-conjugated anti-BrdU antibody (1:50). Incubate
the cells for 20 min at RT.

Wash the cells with 1 ml of 1 x BD Perm/Wash bufter and spin
down (600 x g for 5 min).

Resuspend the cells in 20 pl of 7-AAD solution for cell cycle
analysis.

Wash the cells with 1 ml of 1 x BD Perm /Wash buffer and spin
down (600 x gfor 5 min).

Resuspend the cells in 200 pl of FACS bufter, and run on a flow
cytometer.

For the examination of in vitro BrdU incorporation, 2 x 10°
naive T cells are stimulated with or without plate-bound anti-
CD3 plus anti-CD28 (96-well plate) for 22 h. Add 10 pM
BrdU (final concentration) into the media for additional 2 h.

Harvest the cells and spin down (600 x g for 5 min). Follow
the steps from 4 to 18 to stain BrdU incorporation of T cells
(Fig. 3).

. Naive CD4" T cells (1 x 10° cells/well in a 48-well plate) are

stimulated with or without plate-bound anti-CD3 plus anti-
CD28 (10 pg/ml) for 24 h.

Add 1 ml of XP calibrant to Assay plate of cartridge and
incubate the plate overnight at 37 °C in a dry incubator.
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Fig. 3 BrdU incorporation in naive and activated T cells. Naive CD4™ T cells
(2 x 10°/well in a 96-well plate) were stimulated with or without plate-bound
anti-CD3 plus anti-CD28 (10 pg/ml) for 22 h. BrdU was added into the media
(final concentration 10 uM) for additional 2 h, followed by BrdU staining and flow
cytometry of BrdU incorporation and 7-AAD in naive and activated CD4* T cells

3.

Warm up 50 ml of unbuffered media (Seahorse media) supple-
mented with 10 mM glucose, 1 mM pyruvate, and 2 mM 1-
glutamine at 37 °C before use.

4. Adjust pH of Seahorse media to 7.4 (see Note 7).

10.

11.

12.
13.

. Precoat cell culture plate (Seahorse) with 50 pl of Cell-Tak

solution (22.6 mg,/ml) per well for 30 min at RT.

. Harvest the cultured cells and wash the cells with 5 ml of HBSS

supplemented with 2% FBS once. After thoroughly removing
the supernatant, resuspend the cells in 200 pl of Seahorse
media and count cell number. Adjust cell concentration to
0.5-1 million cells per 100 pl.

. Remove Cell-Tak solution and wash the wells with 500 pl of

DPBS twice.

. Add 100 pl of cell suspension at desired concentration to each

well.

. Spin the plate for 30 s at 600 x g and incubate for 20 min at

37 °C.
Add 500 pl of Seahorse media to each well and incubate for
additional 30 min at 37 °C.

Prepare drugs to test OXPHOS in the mitochondria. Final
concentration of drugs: 1 pM of Oligomycin, 2 pM of FCCP,
and 0.5 pM of Rotenone (see Note 8).

Add diluted compounds to wells in the cartridge.

Set up program and run the plate for glycolysis and OXPHOS
in XF24 Extracellular Flux Analyzer 3 according to the manu-
facturer’s manual (Fig. 4).
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Fig. 4 OCR in naive and activated CD4" T cells. Naive CD4™ T cells were stimulated with or without plate-
bound anti-CD3 plus anti-CD28 (10 ug/ml) for 24 h. 5 x 10° naive or activated CD4* T cells were used for the
Seahorse assay. OCR in naive or activated CD4™ T cells under basal condition or in response to the indicated
mitochondrial inhibitors (Oligo, Oligomycin; FCCP, carbonyl cyanide p-trifluoromethoxyphenylhydrazone; and

Rot, Rotenone)

3.6 Fatly Acid
p-Oxidation Flux

. Naive CD4" T cells (1 x 10° cells /well in a 48-well plate) are

stimulated with or without plate-bound anti-CD3 plus anti-
CD28 (10 pg/ml) for 24 h.

. Harvest the cells and spin down (600 x g for 5 min). Resus-

pend 1 x 10° resting and activated cells in 0.5 ml of T cell
media supplemented with IL-7 (5 ng/ml) and IL-2 (100 U/
ml). In parallel, 1 x 10° resting and activated cells are treated
with 100 pM Etomoxir, an inhibitor of carnitine palmitoyl-
transferase 1 (CPT1), for 1 h.

. Add 3 uCi [9,10-*H]-palmitic acid complexed to 5% BSA

(lipids free) into the media for 2 h.

. Transfer each sample including cells and media to a 1.5 ml

Eppendorf tube containing 50 pl of 5 N HCI.

. Place each Eppendorf tube to a scintillation vial (20 ml) contain-

ing 0.5 ml water and cap the vials for 24 h at RT (se¢ Note 9).

. Remove the Eppendorf tubes from the vials and add 10 ml of

scintillation liquid to dissolve *H,O for quantification by beta-
scintillation counting (se¢ Note 10).

4 Notes

. Grinding tissues gently can reduce mechanical damage to lym-

phocytes and maintain their viability. It is important to keep
tissues and cells on ice during the sample preparation process.

. The solution will turn slightly pink when lysis of red blood cells

is complete. Over-incubation of ACK lysing buffer can damage
lymphocytes.

. The 96-well U-bottom plate is used for cell staining. It will

promote staining quality by thoroughly removing the
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supernatant from cell pellets before the addition of the anti-
body cocktail.

. Direct addition of FACS buffer into Phosflow™ Perm buffer

IIT can improve recovery of permeabilized cells from the spin
down in the next step.

. Itis important to immediately fix freshly isolated cells to reduce

alterations of mTOR signaling during sample preparation. We
usually stain fixed cells with the antibody cocktail including
antibodies against cell surface markers and phosphorylated
proteins.

. Thymocytes are used as control for BrdU incorporation in vivo.

Among distinct thymocyte subsets, immature single positive
cells (ISP cells; CD4~CD8*TCRp™) exhibit robust BrdU incor-
poration compared with double positive cells (DP cells;
CD4"CD8") that show low BrdU incorporation.

. In the Seahorse assay, glycolysis is determined by the measure-

ment of extracellular acidification rate in the media. Non-
buffered Seahorse media is sensitive to changes in pH. Thus,
it is important to check and adjust pH value of Seahorse media
to 7.4 before each assay.

. Optimization of drug doses is required for different types of

lymphocytes.

. Since *H,O separates from non-metabolized [9, 10-*H]-pal-

mitic acid by evaporation diffusion, it is important to seal the
vials properly.

Transfer of *H,O water to smaller size of vials with less require-
ment of scintillation liquid can enhance the quantification by
liquid scintillation counter.
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Chapter 13

Retroviral Transduction of Quiescent Murine Hematopoietic
Stem Cells

Chun Shik Park and H. Daniel Lacorazza

Abstract

Hematopoietic stem cells (HSCs) represent an important target cell population in bone marrow transplan-
tation, cell and gene therapy applications, and the development of leukemia models for research. Because
the hematopoietic progeny carries the genetic information of HSCs and replenishes the blood and immune
system, corrective gene transfer into HSCs provides an ideal therapeutic approach for many monogenic
hematological diseases and a useful tool for studies of HSC function and blood formation in normal and
malignant hematopoiesis. However, the efficiency of gene transfer into HSCs has been limited by several
features of viral vectors, viral titer, methods of viral transduction, and the property of stem cell quiescence.
In this chapter, we describe the production of retrovirus using murine stem cell virus (MSCV)-based
retroviral vectors and purification and transduction of murine HSCs.

Key words HSC, Retrovirus, Transduction, MSCV vector, RetroNectin

1 Introduction

Hematopoicetic stem cells (HSCs) have the unique capacity to
restore the entire hematopoietic system because of their property
of self-renewal and pluripotency; therefore, HSCs represent an
important target for the treatment of various blood and immune
disorders [1, 2]. The first challenge faced toward transducing stem
cells was the selection of viral vectors. Moloney murine leukemia
virus (MoMLV)-derived retroviral vectors were used initially as
vehicles for gene transfer into hematopoietic cells [3]. However,
gene inactivation by transcriptional silencing, frequent downregu-
lation of target genes during HSC differentiation, and the low
transduction efficiency of HSCs with the MoMLYV retrovirus has
been a major obstacle [4-6]. To improve gene transfer into HSCs,
the MSCV-based retroviral vector was developed and optimized for
the expression of a gene-of-interest driven by the long-terminal
repeat (LTR) in both murine and human hematopoietic and
embryonic stem cells [7-11]. Co-expression of reporter genes

H. Daniel Lacorazza (ed.), Cellular Quiescence: Methods and Protocols, Methods in Molecular Biology, vol. 1686,
DOI 10.1007/978-1-4939-7371-2_13, © Springer Science+Business Media LLC 2018

173



174 Chun Shik Park and H. Daniel Lacorazza

A- Isolation of HSCs:

Flushing Depletion of Cell sorting of
S of bones Lin* cells LSK CD150*
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Mouse Bone marrow cells Lin—cells LSK CD150" cells
B- Retroviral production:
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" /\
YEco vector 48-72h

 ———
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C- Retroviral transduction (spinoculation):

LSK CD150* cells LSK CD150* GFP* cells
Retronectin-coated plate

Fig. 1 Diagram depicting the procedure of retroviral transduction of murine HSCs. (a) Bone marrow cells
isolated from femur and tibias and lineage-negative (Lin~) cells were prepared by depletion of mature blood
lineages using a hematopoietic progenitor (stem) cell kit. Lin™ cells are stained with antibodies against HSC
markers (Sca-1, c-Kit, and CD150) for the purification of HSCs by cell sorting. (b) Retroviruses are produced by
co-transfection of 293 T cells with a retroviral vector and ecotropic viral envelope. (¢) HSCs are transduced
with retrovirus on RetroNectin-coated plates in the presence of polybrene

(e.g., fluorescent markers) along with the gene-of-interest greatly
facilitated monitoring of donor-derived cells after transplantation
of transduced HSCs [12, 13]. Therefore, the enhanced green
fluorescent protein (EGFP) was cloned downstream of an
internal-ribosomal entry site (IRES) in bicistronic MSCV-vectors
to allow co-expression of the gene-of-interest and EGEP.

A basic protocol of lentiviral and retroviral transduction of
HSCs involves the isolation of bone marrow enriched in HSCs,
packaging of retroviral particles, and viral transduction by centrifu-
gation, also known as spinoculation (Fig. 1). In this chapter, we
describe the use of purified quiescent HSCs for retroviral transduc-
tion as an alternative to a widely used approach of a heterogeneous
mixture of bone marrow cells collected after the treatment of donor
mice with 5-fluorouracil. Although 5-fluorouracil administration
induces activation of HSCs to augment retroviral transduction, the
isolation of HSCs from this mixture is prevented by changes
induced in cell surface markers [ 14, 15], and this treatment induces
myeloid-biased HSCs [16]. Retroviral transduction is achieved by
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centrifuging HSCs, viral particles, and polybrene on RetroNectin-
coated plates (Fig. 1). RetroNectin (CH-296) is a recombinant
fibronectin fragment containing domains for binding target cells
(VLA ligands in the CS-1 sequence and C-domain) and viral parti-
cles (heparin domain) that was developed to increase transduction
efficiency by enabling the colocalization of target cells and virus
[17-19]. Viral particles can be preloaded on RetroNectin-coated
plates by low-speed centrifugation to achieve active a