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Preface

It is fair to say that embryonic stem (ES) cells have taken their place beside the
human genome project as one of the most discussed biomedical issues of the day. It
also seems certain that as this millennium unfolds we will see an increase in scientific
and ethical debate about their potential utility in society.

On the scientific front, it is clear that work on ES cells has already generated new
possibilities and stimulated development of new strategies for increasing our under-
standing of cell lineages and differentiation. It is not naive to think that, within a
decade or so, our overall understanding of stem cell biology will be as revolutionized
as it was when the pioneering hemopoietic stem cell studies of Till and McCulloch in
Toronto captured our imaginations in 1961. With it will come better methods for ES
and lineage-specific stem cell identification, maintenance, and controlled fate
selection. Clearly, ES cell models are already providing opportunities for the estab-
lishment of limitless sources of specific cell populations. In recognition of the grow-
ing excitement and potential of ES cells as models for both the advancement of basic
science and future clinical applications, I felt it timely to edit this collection of proto-
cols (Embryonic Stem Cells) in which forefront investigators would provide detailed
methods for use of ES cells to study various lineages and tissue types.

We are pleased to provide Embryonic Stem Cells: Methods and Protocols, a broad-
scaled work of 35 chapters containing step-by-step protocols suitable for use by both
experienced investigators and novices in various ES cell technologies. In the first
section of the volume, there are chapters with detailed protocols for ES cell isolation,
maintenance, modulation of gene expression, and studies of ES cell cycle and apoptosis.
Embryonic Stem Cells also includes chapters with protocols for the use of ES cells to
generate diverse cell and tissue types, including blood, endothelium, adipocytes, skel-
etal muscle, cardiac muscle, neurons, osteoclasts, melanocytes, keratinocytes, and hair
follicle cells. The second part of the volume contains a series of cutting edge tech-
niques that have already been shown to have, or will soon have, tremendous utility
with ES cells and their differentiated progeny. These chapters include the use of cDNA
arrays in gene expression analysis, phage display antibody libraries to generate anti-
bodies against very rare antigens, and phage display libraries to identify and charac-
terize protein and protein interactions, to name a few. Collectively, these protocols
should prove a useful resource not only to those who are using or wish to use ES cells
to study fate choices and specific lineages, but also to those interested in cell and
developmental biology more generally. We hope that this book will also serve as a
catalyst spurring others to use ES cells for lineages not yet being widely studied with
this model and to develop new methodologies that would contribute to both the funda-
mental understanding of stem cells and their potential utility.



Vi Preface

Embryonic Stem Cells would not have materialized at all had the contributors not
recognized the special value of disseminating their protocols and hard-won expertise.
I am extremely grateful to them for their commitment, dedication, and promptness
with submissions! I am also grateful to Dr. John Walker for having faith in and sup-
porting me throughout this project. I wish also to acknowledge the great support pro-
vided by many at Humana Press, specifically Elyse O'Grady, Craig Adams, Diana
Mezzina, and Tom Lanigan. A special thank you goes to my dedicated coworker,
Tammy-Claire Troy, who, with her infectious optimism and tireless commitment,
became a crucial factor in the editing and completion of the volume.

I am grateful to N. Urfe, P. Kael, and M. Chambers for their unintentional “awe-
some” contributions.

Finally, I hope that the volume will achieve the intent that I had originally imag-
ined: that it will prove a volume with something for both experts and novices alike,
that it will serve as a launching point for further developments in stem cells, and that
we will all-too-soon wish to expand and update it with other emerging concepts,
insights and methods!

Kursad Turksen
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Methods for the Isolation and Maintenance
of Murine Embryonic Stem Cells

Marsha L. Roach and John D. McNeish

1. Introduction

Embryonic stem (ES) cells were first isolated in the 1980s by several independent
groups. (I-4). These investigators recognized the pluripotential nature of ES cells
to differentiate into cell types of all three primary germ lineages. Gossler et al. (5)
described the ability and advantages of using ES cells to produce transgenic animals
(5). The next year, Thomas and Capecchi reported the ability to alter the genome of the
ES cells by homologous recombination (6). Smithies and colleagues later demonstrated
that ES cells, modified by gene targeting when reintroduced into blastocysts, could
transmit the genetic modifications through the germline (7). Today, genetic modification
of the murine genome by ES cell technology is a seminal approach to understanding the
function of mammalian genes in vivo. ES cells have been reported for other mammalian
species (i.e., hamster, rat, mink, pig, and cow), however, only murine ES cells have
successfully transmitted the ES cell genome through the germline. Recently, interest
in stem cell technology has intensified with the reporting of the isolation of primate
and human ES cells (8-11).

ES cells are isolated from the inner cell mass (ICM) of the blastocyst stage embryo
and, if maintained in optimal conditions, will continue to grow indefinitely in an
undifferentiated diploid state. ES cells are sensitive to pH changes, overcrowding, and
temperature changes, making it imperative to care for these cells daily. ES cells that are
not cared for properly will spontaneously differentiate, even in the presence of feeder
layers and leukemia inhibitory factor (LIF). In addition, healthy cells growing in log
phase are critical for optimal transformation efficiency in gene targeting experiments.

Targeted murine ES cells have little value if they lose the ability to transmit the
introduced mutations through the germline of the resulting chimeras. Therefore, it is
critical that murine ES cells have a normal 40 XY karyotype. It is standard practice in
our laboratory to have complete karyotypic analysis of all targeted ES cells prior to the
production of chimeras. The criteria used in our laboratory to qualify an ES cell clone
for making chimeras is that at least 50% of the chromosome spreads analyzed must be
40 XY. In our experience, our DBA/1LacJ ES cells (12) meet or exceed that criterion
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at least 86% of the time, whereas our 129 strain of ES cells meet or exceed the criteria
45% of the time.

The many opportunities that exist in stem cell biology today, combined with the
need to further explore and develop new technologies, makes it necessary to clearly
define the process of developing stem cell lines. Therefore, this chapter will present
the methods used in our laboratory to develop murine ES cell lines and maintain them
in an undifferentiated state.

2. Materials

2.1. Mice for Blastocyst Stage Embryos
and Primary Embryonic Fibroblasts

1. DBAI1/LacJ, 129/Sv], and C57BL/6 inbred mice were obtained from Jackson Laboratories.
2. MTK-neo CDI transgenic mice were obtained from Dr. Colin Stewart for the production
of primary embryonic fibroblasts (PEF) for feeder cells.

2.2. Tissue Culture Plastic and Glassware

35-mm Petri dish (Falcon cat. no. 1008).

4-Well multiwell tissue culture dish (Nunc cat. no. 176740).
24-Well multiwell tissue culture dish (Nunc cat. no. 143982).
12-Well multiwell tissue culture dish (Nunc cat. no. 150628).
6-Well multiwell tissue culture dish (Nunc cat. no. 152795).
T-25 Flask (Nunc Cat. no. 163371).

100-mm Tissue culture dishes (Falcon cat. no. 3003).

60-mm Tissue culture dishes (Falcon cat. no. 3002).

50-mL SteriFlip filter unit (Millipore cat. no. SCGP00525).
150-mL Stericup filter unit (Millipore cat. no. SCGPUOIRE).
. 250-mL Stericup filter unit (Millipore cat. no. SCGPUO2RE).
. 500-mL Stericup filter unit (Millipore cat. no. SCGPUOSRE).
. Nalgene controlled-rate freezer (VWR cat. no. 55710-200).

. Bright-Line hemacytometer (improved Neubauer counting chamber) (VWR cat. no.
15170-172).

NN B LD =
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. Media and Reagents

ES cell qualified light mineral oil (Specialty Media cat. no. ES-005-C).

M2 Medium (Specialty Media cat. no. MR-015D).

KSOM (Specialty Media cat. no. MR-023-D).

Knockout™ Dulbecco’s Modified Eagle medium (KO-DMEM) (Invitrogen Life Technolo-
gies, [-LTT cat. no. 10829-018).

5. ES cell qualified fetal bovine serum (FBS) (I-LTI cat. no. 10439-024).

6. 0.2 mM L-Glutamine (100x) (I-LTI cat. no. 25030-081).
7
8

el e

. 0.1 mM MEM nonessential amino acids (NEAA) (100X) (I-LTI cat. no. 11140-122).
. 50 U/ml penicillin/50 ug/mL streptomycin (100X) (I-LTI no. 15140-122).
9. 1000 w/mL ESGRO or LIF (Chemicon cat. no. ESG-1107).

10. 0.1 mM 2-Mercaptoethanol (BME) (Sigma cat. no. M-7522).

11. Dulbecco’s phosphate-buffered saline (PBS) (I-LTI cat. no. 14190-144).

12. 0.05% Trypsin EDTA (I-LTI cat. no. 25300-054).

13. 10 ug/mL Mitomycin C (Sigma cat. no. M-0503).

14. 10% Dimethyl sulfoxide (DMSO) (Sigma cat. no. D-2650).
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Table 1

Media Protocols for ES Cells and Feeder Cells

Reagents sDMEM SCML  G418/Ganc/SCML G418/SCML HAT/SCML
KO-DMEM 500 mL 500 mL 500 mL 500 mL 500 mL
FBS 50 mL 90 mL 90 mL 90 mL 90 mL
L-Glutamine 5mL 6 mL 6 mL 6 mL 6 mL
MEM/NEAA — 6 mL 6 mL 6 mL 6 mL
BME 4 uL 4 uL. 4 uL 4 uL. 4 uL.
LIF — 60 uL 60 uL 60 uL 60 uL
Pen/Strept 2.5mL 3mL 3 mL 3mL 3mL
G418 — — 2.1-3.6 mL 2.1-3.6 mL —
Gancyclovir — — 2 uM — —
HAT — — — — 6 mL

Store at 4°C until used and discard after 14 d.

15.
16.
17.

18.
19.
20.
21.

175-300 ug/mL G418 (Geneticin™ 50 mg/mL) (I-LTI cat. no. 10131-035).

2 uM/L Gancyclovir (Ganc) (Hoffman-LaRoch—no cat. no.).

HAT supplement (100X) 10 mM sodium hypoxanthine, 40 uM aminopterin, and 1.6 mM
thymidine (I-LTI cat. no. 31062-011).

0.1% Gelatin in sterile water (Specialty Media cat. no. ES-006-B).

Mouse Y-ES system (I-LTI cat. no. 10357-010).

Mycoplasma Plus™ PCR detection primer set (Stratagene cat. no. 302008).

Mycoplasma stain kit (Sigma cat. no. MYC-1).

3. Methods

3.1.

1.

3.2.

Preparation of Media Used for Feeders and ES Cells

The list of reagents for the different culture media’s used for ES cells and PEFs can be
found in Table 1. All reagents are combined and filtered through 0.2-um filter units. ES
cells are sensitive to pH change, therefore, when a bottle is about half full, the remaining
medium is filtered into a smaller bottle. This practice minimizes the air space in the bottle
that causes the pH to raise as air gases and medium reach equilibrium. (See Notes 1-5).

Preparation of Feeder Layers from PEF

PEFs were isolated from 12-14-d-old transgenic MTK-neo CD1 embryos and frozen as
described (13). Frozen vials of PEF cells are thawed by agitation in a 37°C water bath until
cell suspension becomes a slurry. Transfer the cell suspension into 49 mL DMEM with
serum, L-glutamine, and BME (sDMEM) in the 50-mL tube. Pipet up and down gently and
transfer 10 mL cell suspension into each of 5 labeled 100-mm dishes (approx 1.5-2.0 x 10°
cells/dish). Rotate plates back and forth to distribute cells evenly over entire dish.
Incubate 2-3 d and examine for confluence. When approx 80% confluent, remove media
and replace with 6 mL mitomycin C (10 ng/mL in sDMEM) and incubate 2-5 h. After
treatment, remove mitomycin C solution, wash with 10 mL PBS, then add 10 mL sDMEM.
Incubate in sDMEM until ready to use.

The day before harvesting blastocysts to develop new ES cell lines, remove media from
one 100-mm PEF feeder layer, and rinse with 10 mL PBS. Incubate 2-3 min in 2 mL



3.3.

1.

3.4.

. Blastocysts can be obtained from super-ovulated or naturally mated females. However, we
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trypsin EDTA. Dislodge the PEF cells by tapping the dish against the palm of your hand.
When cells release from the dish, add 24 mL. sDMEM to neutralize the trypsin and pipet
up and down to produce a single-cell suspension (approx 2.5-3.5 x 10° cells/mL). Transfer
1 mL/well of six 4-well dishes. Incubate overnight. The next day, remove media, wash
with 1 mL PBS/well, then add 1 mL (SCML). These 4-well dishes are ready to receive
embryos.

Preparation of Gelatin-Coated Dishes

Warm the 0.1% gelatin solution in a 37°C water bath. Transfer enough gelatin solution to
cover the bottom of the dish (i.e. 0.5 mL/well for 4 or 24 wells, 1 mL/well for 12 wells,
2 mL/well for 6 wells, 3 mL for 60-mm dishes and 6 mL for 100-mm dishes). Let gelatin
solution sit at room temperature for 30 min in a tissue culture hood.

Remove the excess gelatin solution and use dishes immediately. Do not allow the gelatin
to air-dry.

Obtaining Blastocyst Stage Embryos

believe blastocysts are generally more fit from natural matings.

For natural matings, place two females per male on Thursday mornings. Check for
copulation plugs daily. This is typically done before 10 AM to ensure the identification of
all mated females. Separate plugged females and label for blastocysts embryos 3 d later.
Set up 10-15 males and 20-30 females this way.

. On d 3.5 post coitus (p.c.), sacrifice plugged females, and flush blastocyst stage embryos

from both uterine horns as described (14). Transfer the embryos through several M2 drops
to wash away uterine fluids and debris. Finally, transfer one washed embryo into a 4-well
dish with fresh PEF feeder layer in SCML. PEF feeders may be eliminated if you have
1000 U/mL LIF (ESGRO) in the medium.

3.5. Culture of the Blastocyst and Picking of the ICM

1.

Observe the embryos daily to monitor fitness, hatching, and attachment to the feeder
layer or gelatin-coated plastic. When the embryos have attached, the ICM will become
apparent (see Fig. 1).

. Using a drawn mouth pipet, tease the ICM away from the rest of the embryo and gently

aspirate it into the pipet. Transfer the ICM into one well of a 24-well dish previously
prepared with fresh PEF feeders and SCML. If you prefer not to use feeder layers, gelatin
coat the wells (see Subheading 3.3., step 1) and proceed in the same manner as with
PEF feeders.

3.6. Isolation of Putative ES Cells from the ICM

1.

The ICM should attach to the feeder layer or gelatin-coated dish overnight. The next day,
remove the media and wash the cell layer with 0.5 mL PBS/well. Remove the PBS and add
four drops of 0.05% trypsin EDTA. Incubate for 1-2 min. Vigorously tap the dish against
the palm of your hand to dislodge the cells into suspension. When fully detached, add 2 mL
SCML/well and pipet up and down to dissociate cells into a single-cell suspension. Record
this as S1:1 p1 (split one to one, passage one) and return the cells to the incubator.

Twenty-four hours after splitting, remove the media from each well and replace with
2 mL SCML/well. Examine the cells in each well and record the morphology. Following
examination, feed the cells daily by removing the old medium and replacing with 2 mL
fresh SCML. Every second or third day, the colonies must be dissociated and the passage
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Fig. 1. From blastocyst stage embryos to ES cells. (A) Blastocyst stage. (B) Blastocyst
embryo hatching from the zona pellucida. (C) Blastocyst embryo attached to a PEF feeder
layer 2 d after hatching—ICM is apparent inside the blastocyst. (D) Blastocyst embryo attached
to tissue culture plastic without a PEF feeder 2 d after hatching—ICM is apparent inside the
blastocyst. (E) ICM is distinctive and extends above the the flat trophoblasts and PEF feeders.
(F) ICM is distinctive and extends above the flat trophoblasts without PEF feeders. (G) ES cell
colonies on PEF feeders. (H) ES cell colony on tissue culture plastic without PEF feeders.

number recorded. Never allow colonies to become larger than 400 um in diameter. If
the colonies are less than 100 wm in diameter, wait another day before dissociating. We
believe that keeping the colonies small aids in maintaining pluripotency. Large colonies
tend to flatten and differentiate.
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. The new ES cells generally remain in the 24-well dish for 2—-3 passages. When the colonies
appear to be evenly dispersed over the dish, it is time to move the cell population to a
larger 12-well dish. Individual colonies should never be allowed to overgrow, forming a
monolayer. Follow the same procedure as in Subheading 3.6., step 1 above, to trypsinize
the cells.

. When the trypsinized cells are in suspension and no longer attached to the dish, they are
ready to be moved to the next size dish. Using a 5-mL pipet, aspirate 3 mL. SCML into
the pipet. Tilt the 24-well dish and express 2 mL SCML into the well, then immediately
aspirate the entire contents of the well into the pipet. Quickly transfer 2 mL of the volume
into one well of a previously prepared 12-well dish (PEF feeders or gelatin-coated). With
the remaining 1 mL SCML in the pipet, go back and wash the well in the 24-well dish
to ensure that all cells have been removed. Then add the remaining 1 mL to the 2 mL
cell suspension already in the well of the 12-well dish. Pipet up and down to completely
dissociate the cells into a single-cell suspension. Repeat this procedure for each well and
make sure to record passage number. Note that, at this stage, only a few embryos will
move into the 12-well dish, because many will die at this stage.

. The next day, examine each well, record morphology, and change the media with 2.5 mL
fresh SCML/well. Follow the same media change and dissociating procedures as described
in this section, with the exception that the 12-well dish will use 0.5 mL trypsin. Generally,
there will be only one S1:1 in the 12-well dish.

. When there are enough colonies to move to the next sized vessel, transfer to one 100-mm
dish. At this point, the cells are typically at passage 5. Prepare a 100-mm dish with 10 mL
fresh SCML on a PEF feeder layer or gelatin. Remove the media from the 12-well dish
and wash with 1 mL PBS. Remove the PBS and add 0.5 mL trypsin. Incubate for 1-2 min,
then dislodge the cells from the dish by tapping the dish against the palm of your hand.
Once these cells are dislodged, aspirate 5 mL SCML into a 10-mL pipet. Tilt the 12-well
dish and express 2 mL SCML into the well, then quickly aspirate the contents of the
well into the pipet. Immediately express 3 mL into the previously prepared 100-mm dish.
Return to the 12-well dish and express the remaining 2 mL SCML in the pipet into the
well, then quickly aspirate the contents of the well back into the pipet. This is to ensure
that you have removed all the cells from the well. Add the last 2 mL to the 100-mm dish
and pipet up and down to dissociate the cells into a single-cell suspension. There should be
approx 0.5—1.0 x 107 total cells in the suspension. Incubate overnight.

. The following day, record morphology and change the media with 15 mL fresh SCML.
On the second day after the move into the 100-mm dish, either change the media again or,
if the cells are ready, split them 1:2 based on colony size (if colonies are less than 100 wm
in diameter, feed that day and wait another day to split).

. From this point on, the new ES cell population is being expanded and cryopreserved.
Therefore, every time the cells are split, part of the cell suspension must be passed for
expansion (approx 2 x 10° cells/100-mm dish) and part will be cryopreserved. Pass the
cells in a 100-mm dish by removing SCML and washing with 10 mL PBS. Remove the
PBS and incubate in 2 mL trypsin for 1-2 min. After incubation, vigorously tap the dish
against the palm of your hand to dislodge the ES cells from the dish.

. Once the cells are completely in suspension, tilt the dish and add 8 mL SCML to wash
the cells into a pool at the bottom of the tilted dish. Aspirate the cell suspension into the
pipet and transfer into a 15-mL conical tube. In the 15-mL tube, gently aspirate the cells
up and down 3—4 times to dissociate into a single-cell suspension. Leave 5 mL of the
cell suspension in this tube and transfer the remaining 5 mL cell suspension into another
15-mL tube (one tube is for freezing and one is to maintain cells). Pellet the cells by
centrifugation at 110g for 5 min.
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10. While the cells are in the centrifuge, prepare two 100-mm dishes of fresh PEF feeders
by washing the monolayer with PBS and adding 5 mL SCML. (If using a gelatin-coated
dish, just add 5 mL SCML to the dish.) After centrifugation, aspirate the supernatant from
both tubes, taking care not to disturb the cell pellet. Resuspend the cell pellet from one
tube in 10 mL SCML. Count the cells using a Neubauer counting chamber, then transfer
2 x 106 cells/dish into the previously prepared 100-mm dishes with PEF feeders or gelatin
and record the passage number (should be around p6). At this stage, there should be
enough cells to plate one or two 100-mm dishes. Resuspend the cell pellet in the other
15-mL tube with enough freezing medium to freeze 4—6 x 10° cells/mL for each cryovial.
Transfer 1 mL of cells in freezing media into 1.5-mL cryovials labeled with the name
of the cell line, with or without feeders, the passage number, freeze number (F1 in this
case), and your initials. Place cryovials of cells into a controlled-rate freezer at —80°C
overnight.

11. The next day, transfer the cryovial of cells into long-term freezer storage, in either liquid
nitrogen or a —150°C freezer. Record location in freezing log. Next, examine the cells
that were passed and record morphology. Change the media by removing the old media
and replacing with 15 mL SCML.

12. Once the cells are into the 100-mm dish, the new ES cell line is usually established.
Continue to carry the cells for expansion of the line to ensure many vials in cryopreserva-
tion. The next split should be S1:6 or S1:8. Freeze 3 or 4 vials, respectively. Aim to
freeze 4—6 x 10° cells/vial in 1 mL freezing medium. We typically accumulate approx
50 vials.

3.7. Characterization of Putative ES Cells

It is necessary to characterize the ES cell lines to determine sex, karyotype,
pluripotency, and absence of pathogens. It is preferred to have a male cell line, because
XY ES cells can sex convert an XX blastocyst in a chimeric embryo development,
and these resulting chimeric males can produce more offspring than females (15).
In addition, it is necessary to determine the karyotype of the ES cell lines, because
transmission of the ES cell genome through the germline of the chimeras is dependent
upon the ES cells having a normal chromosome number (16). Finally, the ability to
differentiate into many cell types and the ability to make healthy chimeras is dependent
upon the cells being free of pathogens, such as mycoplasma and murine viruses.
Therefore, it is necessary to test for mycoplasma contamination and murine antibody
production (MAP) testing for antibodies against murine viruses (17).

3.7.1. Sex Determination to Identify XY ES Cell Lines

1. The first step in determining the sex of the novel ES cells is a PCR screen. Pick 6 colonies
into individual microfuge tubes that contain 10 uL sterile water. Put the tubes in a —20°C
freezer for 10 min. Next, remove the tubes from the freezer, vortex mix for several seconds,
and then pulse-spin to collect lysate in the bottom of the tube. Follow the instructions for
the Y-ES system to PCR screen for the Y chromosome (18).

2. The next step is to do a full karyotype of all cell lines determined to be male by PCR.
Karyotyping can be done according to published protocols (19,20) or contracted. We
typically contract our ES cell karyotyping. At the time of splitting, 1-1.5 x 10° cells are
transferred into a T25 Flask in 10 mL SCML and cultured overnight. The next day, the
medium is removed, and the flask’s lid, if filled to the brim with SCML, is closed tightly,
and the lid and neck are wrapped in parafilm to prevent leakage. The flasks are packed
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and shipped to Coriell Cell Repository (Cytogenetics Laboratory, 401 Haddon Avenue,
Camden, New Jersey 08103; phone 1-800-752-3805) for full karyotyping.

3.7.2. Mycoplasma and Murine Viral Contamination Testing

1. To test for mycoplasma contamination, you may do a simple Hoechst stain using the

Sigma kit (follow insert instructions) or do a PCR of the supernatant (follow Stratagene
insert instructions).

To test for murine viral contamination, we send a vial of frozen cells to Charles River
Laboratories (252 Ballardvale Street, Wilmington, MA 01887; phone 1-508-658-6000)
for MAP testing.

3.7.3. In Vitro Differentiation (IVD)

1.

To remove the ES cells from the PEF feeders, aspirate the media from the dish and wash
the cell layer with 10 mL PBS. Remove the PBS and add 2 mL trypsin. Immediately take
the dish to the microscope and place on the stage. While observing the cells through the
eyepieces of the microscope, tap the dish to dislodge the rounded ES cell colonies. As soon
as many of the colonies are floating and the feeder layer is still attached, return the dish to
the hood and aspirate the colony suspension and transfer into a 15-mL conical tube. Add
8 mL SCML, pipet up and down to dissociate the colonies, then pellet by centrifugation
at 110g for 5 min. Resuspend the pelleted cells in 15 mL SCML, plate in a 100-mm tissue
culture dish without PEF feeder layer, and incubate overnight. The next day, change the
media on the feeder-free ES cells by removing the old media and adding 15 mL SCML.
To begin the IVD experiment, change the media and add 15 mL SCML, approx 1-2 h
before dissociating the cells. Next, remove the media and wash the cell layer with 10 mL
PBS. Remove the PBS, add 2 mL fresh trypsin, and incubate 1-3 min. Check the cells
every 30 s for dissociation by tapping the dish against the palm of your hand. When the
colonies are completely free-floating, return the dish to the hood, add 8 mL SCML, and
pipet up and down until the cells are in a single-cell suspension. Count the cells using a
hemocytometer, then pellet the cells by centrifugation at 110g for 5 min.

After centrifugation, aspirate the supernatant, taking care not to disturb the cell pellet,
then resuspend the cells in 10 mL stem cell medium (without LIF) (SCM). Plate the cells
at a concentration of 1-2 x 103 cells/mL in a vol 10 mL SCM in a 100-mm bacterial
dish. This suspension culture will allow the cells to form cell aggregates called embryoid
bodies (EBs).

Change the media every 2-3 d by transferring the EBs into a 15-mL conical tube and letting
them settle out of suspension into the bottom of the tube. Aspirate the supernatant, add
10 mL fresh SCM, then transfer the EB suspension back into the bacterial dish.

. After 7-9 d of culture, transfer the EB suspension into a 15-mL conical tube and again

allow to them to settle out. Remove the supernatant, add 10 mL PBS, and allow the EBs
to settle out. After the EBs have settled to the bottom, again remove the supernatant, add
3 mL of trypsin, and incubate for 3 min at 37°C. Following incubation, add 7 mL SCM to
the trypsin solution and pipet up and down vigorously to dissociate the EBs. Pellet the cell
suspension by centrifugation at 110g for 5 min. Remove the supernatant and resuspend
the cells in 10 mL SCM. Transfer into two 100-mm tissue culture dishes and increase the
vol to 12 mL SCM in each dish.

. Examine for differentiated morphology daily and feed SCM every second day. Many

different cell populations should become apparent, including blood islands and contracting
myocytes. Additional details of IVD methods can be found in other chapters of this text.
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3.7.4. Gene Targeting Ability and Germline Transmission

1.

To test for the ability of your ES cells to undergo homologous recombination, a vector of
known targeting frequency should be used. Electroporations are carried out as described
in Subheading 3.9. below.

Ultimately, the novel ES cells must be capable of colonizing the germline of chimeric
mice. The ES cells can be microinjected into blastocysts or aggregated with morula,
according to standard protocols. Producing chimeras with host blastocysts or morula from
strains different from the ES cells allows one to use coat color genetics to identify germline
transmission of the ES cell genome (21).

3.8. Maintenance of ES Cells
3.8.1. Thawing ES Cells

1.

To prepare a fresh 100-mm PEF feeder plate, remove the old media, wash with 10 mL
PBS, then add 15 mL SCML. Check the date on the feeder dish and examine to determine
that feeder cells are healthy. Primary embryonic fibroblast feeders usually last 7-10 d.
Put prepared feeders back into the incubator to equilibrate cells with higher serum
concentration. (If you are thawing clones from an electroporation to expand, prepare a well
in a 6-well dish.) These clones are 1/2 well of a 24-well dish when frozen.

. Remove a vial of cells from the —150°C freezer and plunge into 37°C water bath, agitating

the vial until the frozen suspension becomes a slurry. Sterilize the vial with 70% ethanol
and transfer to a tissue culture hood.

. Transfer the contents from the vial into the previously prepared PEF feeder plate. Most

vials have enough cells to evenly plate a 100-mm dish with colonies (approx 4—6 x 10°).
Gently swirl the plate to distribute cells over the entire PEF feeder surface. Label the dish
with the cell line, passage number, date, and then return the plate to the incubator.
Change the media the next morning, by removing the old media and replace with fresh
SCML. Return the dish to the incubator and culture another day. If the cells recovered
easily from the freeze—thaw, they should be ready to split approx 48 h after thawing.

3.8.2. Daily Feeding of ES Cells

1.

Examine the dish for the condition of ES cell colonies and record observations. It is
critical to monitor colony morphology, since this is the only gauge of culture conditions.
Healthy ES cell colonies have smooth borders, the cells are tightly packed together so
the individual cells are not detectable, and the entire colony has depth, giving a refractile
ring around it (see Fig. 1G).

Remove the media from the healthy cells and replace with SCML. Slowly aspirate the
media down the side of the dish so that the cell layer is not disturbed. The media volumes
for each dish are in Table 2.

3.8.3. Subculture of ES Cells

1.

2.

Change the media by replacing with 15 mL fresh SCML approx 1-2 h prior to passage
and return the dish to the incubator.

Examine the dish for colony morphology, density, and size, and prepare feeder plates
based on the determined split ratio. Decide the ratio to split the cultures based on the size
and distribution of ES cell colonies. An even distribution of colonies averaging in size
200—400 um in diameter and spaced around 400 um apart in a 100-mm dish will have
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Table 2
Media Volumes and Cell Counts for ES Cells in Various
Different Tissue Culture and Multiwell Dishes

Dish Size Media Volume Cell Count
4-well dish 0.5 mL Embyros
24-well dish 1.0 mL 2.0x 10*
12-well dish 2.0 mL 3.0x 10°
6-well dish 5.0 mL 4.0 x 10°
35-mm dish 3.0mL 4.0 x 10°
60-mm dish 5.0 mL 6.0 x 10°
100-mm dish 15.0 mL 2.0 x 100
4-chamber slide 1.0mL 1.4 x 105
8-chamber slide 0.5mL 6.0 x 10*

1.0-1.5 x107 total cells. We typically split cultures at ratios from 1:6 to 1:8 resulting in
approx 1.5-2.0 x 10 cells to be plated in each new 100-mm tissue culture dish. Splitting
ES cells will ensure healthy passage and no overcrowded or undercrowding.

Remove the media and wash with 10 mL PBS. Remove the PBS, add 2 mL trypsin (for
a 100-mm dish; 0.5 mL/well of a 6- or 12-well dish; 4 drops/well of a 24-well dish), and
incubate for 1-2 min, checking the dish every 30 s by tapping the dish against the palm
of your hand to dislodge the colonies.

. Once the cells are no longer attached, add 8 mL SCML to the trypsin cell suspension.

Pipet up and down vigorously to dissociate cells. Then plate 2 x 10° cells to each prepared
100-mm dish and cryopreserve the remaining cell suspension.

3.8.4. Freezing ES Cells

1.

2.

Transfer the remaining cell suspension (see Subheading 3.8.3., step 4) into a 15-mL tube
and pellet the cells by low-speed centrifugation at 110g for 5 min.

Remove the supernatant taking care not to disturb pellet. A 100-mm dish will yield enough
cells to freeze 4—5 vials (approx 3—6 x 10° cells/vial).

Add 1 mL freezing medium (50% FBS, 40% SCML, and 10% DMSO) for each vial frozen
based on cell number. Pipet up and down to dissociate the ES cells and transfer 1 mL
cell suspension per cryovial.

Put cryovials into a Nalgene controlled-rate freezer box and then put the box into a —80°C
freezer. The next day, transfer the vials of frozen ES cells into the —150°C freezer for
long-term storage.

3.9. Electroporation of ES Cells for Gene Targeting
3.9.1. ES Cell Preparation

1.

2.

Thaw ES cells 4-5 d prior to electroporation. Follow the maintenance protocol in
Subheading 3.8.1.

Approximately 48 h after thawing, the cells should be ready to be split. Prepare two
100-mm feeder dishes with fresh SCML, then follow Subheading 3.8.3, steps 1-4. Freeze
the cell suspension that is left by following Subheading 3.8.3., steps 1-4 or pellet for
DNA as a control for wild-type. (See Note 6).

. Change the media on the ES cells with fresh SCML 1-2 h before electroporation. At the

same time, dissociate the PEF cells from two 100-mm dishes and make 5 new dishes. This
is done to minimize feeders rescuing ES cells during the selection process.
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4.

Prepare the ES cells from one of the two dishes made 2 d previously for subculture (see
Subheading 3.8.3.). While the cells are in trypsin, remove the old media from one PEF
feeder dish made in Subheading 3.9.1., step 3, wash with PBS, and add 15 mL fresh
SCML. Dissociate the cells as described in Subheading 3.8.3. Transfer 1.0 mL trypsinized
cell suspension (approx 2 x 109 cells) into the newly prepared feeder dish, which will be
used as a control for selection, and transfer the remaining 8.5 mL ES cell suspension to a
15-mL centrifuge tube (approx 1-1.5 x 107 cells) for electroporation.

To the remaining dish, add 7 mL. SCML and pipet up and down. Transfer the cell suspen-
sion to another 15-mL centrifuge tube for freezing. Pellet the contents of both tubes by
centrifugation at 110g for 5 min. For freezing see Subheading 3.8.4.

Aspirate the supernatant and resuspend the cells to be electroporated in 10 mL SCML.
Pellet again as in step 5. This is to ensure that all the trypsin has been removed.

3.9.2. Electroporation of ES Cells

1.

Ideal electroporation settings must be determined for each different type of instrument
used. We use the BTX ECM-600 electroporator with the following conditions: set volts
at 280 V, capacitance at 50 uf, and resistance timing at R8 (360 ohms). Turn BTX unit on
and push reset button to clear. Place a 0.4-mm disposable cuvette into the hood taking care
not to touch the rim of the lid or the metal sides of the cuvette.

. Transfer 25 ug DNA into a microfuge tube. Care must be taken when removing the

microfuge tube from the container so that sterility is maintained, therefore handle the tubes
by the sides and avoid touching the inside of the cap or rim of the tube.

. Remove the supernatant from the cell pellet in the 15-mL tube, then with a 1-mL pipet

add 375 uLL SCML to the DNA, and then pipet up and down to thoroughly mix the DNA
and SCML. Transfer the SCML/DNA solution to the cell pellet and pipet up and down to
ensure a single-cell suspension. Finally, transfer the cell suspension into a 0.4-mm cuvette.
Replace the lid on the cuvette to maintain sterility.

Place the cuvette into the holding apparatus of the electroporator and make sure there is good
contact to the electrodes. Push reset button to clear. To electroporate, press the “automatic
charge and pulse” button. When electroporation is complete, record actual voltage and pulse
length (time is in milliseconds.) Remove the cuvette from the holder and return to hood.

. Following electroporation, set the cuvette off to the side to allow the ES cells to recover for

approximately 10—15 min. Prepare the feeder dishes. Remove the media from the 4 feeder
dishes that were previously prepared in Subheading 3.9.1., step 3 and add 15 mL fresh
SCML to each dish. Also, transfer 12 mL SCML to a 15-mL tube and set aside.

Using the transfer pipet that came with the cuvette, aspirate a small volume of SCML
from the 15-mL tube to wet the inside of the pipet so that the cells will not stick to the
pipet. Now aspirate the electroporated cell suspension into the pipet slowly. Transfer
the suspension to the 15-mL tube and repeat to ensure that most of the cells have been
transferred to the tube. Using a 10-mL pipet, gently pipet up and down to disperse the cells,
then transfer 3 mL cell suspension into each of the 4 new feeder dishes previously prepared
(Subheading 3.9.2., step 5). It is very important to pipet the newly electroporated ES cells
gently to ensure minimal cell damage. Incubate overnight in SCML.

. The next morning, examine the dishes for colony morphology and cell survival. Record

your observations. Remove the old media from the 4 dishes that contain the electroporated
ES cells and the one selection control dish, and then replace with selection media. The
selection medium used depends on the type of ES cell line and targeting vector used.
HAT/SCML is used when the targeting vector restores the hyposanthine phosphoribosyl
transferase (HPRT) function in HPRT-deficient ES cells, whereas 6-thioguanine/SCML
is used when the targeting vector deletes the HPRT function in an ES cell line. G418-
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Gancyclovir/SCML is used for positive—negative selection when the targeting vector
contains the neomycin resistance gene and the thymidine kinase (TK) gene. Positive
selection selects for cells that are neomycin resistant, whereas negative selection selects
for cells that have lost the TK gene during homologous recombination. Since prolonged
use of gancyclovir is harmful, we only use it in our medium for the first 4 d of selection.
Then, on d 5, we switch to G418/SCML and use this medium throughout the remainder of
selection (see Media Protocol, Subheading 3.1.1., and Table 1).

. Examine all 5 dishes and record observations daily. Then remove the old media and replace

with fresh selection media. Selection generally takes 7-9 d (see Note 7).

3.9.3. Picking ES Cell Colonies

1.

Approximately 7-13 d following electroporation, the ES cell colonies are ready to be
picked. Prepare 24-well feeder plates using one 100-mm PEF feeder dishes for each
24-well dish. Wash with 10 mL PBS, then add 2 mL 0.05% trypsin EDTA to each 100-mm
dish. Incubate 1-2 min, then check for dissociation. Tap the dish against the palm of your
hand to dislodge cells from the dish. If cells are not completely free-floating, incubate
for another 30—60 s. When completely dissociated, add 22 mL sDMEM and pipet up
and down, then transfer 1 mL to each of the 24 wells. Return the dishes to the incubator
until ready to use.

. When ready to pick colonies, remove the old media from each well of the 24-well feeder

dish and replace with fresh selection medium. Prepare a 100-mm bacteriology dish with
microdrops of PBS or SCML. These will be used to wash the pipet between picks. Make
sure you have sterile drawn pipets to use for picking and a filter on your mouth pipet
tubing. This will help ensure the cultures remain free of contamination.

. Place a dish with selected colonies on the microscope stage and examine it for colonies

with the best morphology. Pick colonies that are approx 300 um in diameter using a drawn
mouth pipet. (see Fig. 1G and H and Note 8).

Transfer the colony to one well in a 24-well dish and blow until bubbles appear in the
well. Draw media from the well up and down in the pipet to transfer all ES cells into the
well. Wash the pipet in a microdrop of PBS or SCML and pick next colony. We generally
pick 48 colonies into two 24-well dishes over a 2- to 3-d period with DBA/1LacJ ES cells.
However, with 129 ES cells, it is often better to pick all colonies the same day.

3.9.4. Expanding Picked Colonies into Clonal ES Cell Lines

1.

The days after you pick colonies, examine each well for the presence of ES cells. Observe
each well to determine the average size of the surviving colonies. When the colonies are
nearly 300 um in diameter, dissociate them. If they are smaller and look fragile, change
the media and leave the cells alone until the next day.

. When the colonies are ready to dissociate (1-2 days after picking), remove the old media

from each well. Wash by adding 0.5 mL PBS to each well, remove the PBS, then add
4 drops of trypsin solution per well, and incubate 1-2 min.

. After incubation, vigorously tap the dish against the palm of your hand to dislodge the

cells. Once the cells are completely dissociated, add 2 mL selection medium to each well.
The next day, examine each well and record observation. Change the media in each well
with 1.5 mL of fresh selection medium.

To keep ES cells undifferentiated, they must be dissociated every other day and the media
changed daily. Dissociation and media changes may need to be done several times in the
24-well dish before there are enough ES cells to split 1:2 (half for freezing and half for
DNA analysis). Not all clones grow at the same rate, therefore each clone must be handled
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10.

11.

as a separate cell line. When there are enough colonies (200—400 um in diameter) to cover
the dish, spaced 200—400 um apart, they are ready to split.

Examine each well and mark the colonies that will be dissociated and left in the 24-well
dish and the colonies that are ready to split 1:2 (half will be cryopreserved and half
transferred into 12-well dishes). Record the clone numbers in the data book. To prepare
the 12-well dishes, follow the same protocol as for the 24-well dish (Subheading 3.9.3.,
step 2). One 100-mm dish of PEFs (6—8 x 10° cells) will make two 12-well dishes. After
trypsinizing the cells in the 100-mm dish, add 47 mL of sSDMEM to the 2.0 mL of trypsin
cell suspension. Pipet up and down and transfer 2 mL cell suspension/well into the two
12-well dishes. Let incubate about 1-2 h prior to use.

Before splitting the ES cells, change the media in each well of the previously prepared
12-well dishes and replace with 0.5 mL selection medium. Remove the media from the
clones in the 24-well dish and wash with PBS. Add 4 drops of trypsin solution to each well
and incubate 1-2 min at 37°C. After incubation, vigorously tap the dish against the palm of
your hand to dissociate all the cells in the wells. For the wells that are just being dissociated
and not split 1:2, add 2 mL selection media to each well. For each well to be split 1:2,
aspirate 3 mL of selection medium into a 5-mL pipet. Transfer 1 mL of this medium into
one well of the trypsinized 24-well dish and aspirate the entire contents of that well, then
transfer to the 12-well dish. Pipet the entire volume up and down several times in the
12-well dish to ensure that all the ES cells are completely dissociated. Then transfer 1.5 mL
of the cell suspension into the appropriate prelabeled cryovial, leaving the remaining cell
suspension in the 12-well dish to continue growing for DNA analysis. When all the clones
are transferred into the 12-well dish, fill each well with selection media to total 3 mL.

. Pellet the cells in the cryovials by centrifugation at 110g for 5 min. Pour off the supernatant

and add 0.5 mL freezing medium to each vial. Vigorously shake all the vials and place in
a controlled-rate freezer at —80°C. The next day, transfer the vials into a liquid nitrogen
freezer or —150°C freezer until the targeted clones are identified.

. Prepare the ES cells for DNA analysis. Change the media on the ES cells for DNA analysis

daily until they are overly confluent. At that point, remove the media from the cells and
prepare for the extraction of genomic DNA for analysis by preferred method.

Once the targeted clones are identified, thaw those clones as described in Subheading
3.8.1., except transfer the thawed cells into a prepared well of a 12-well dish (remember
the frozen clone was half of a 24-well). When the cells are ready to be split, move half of
the well into a 100-mm dish on a new feeder in SCML. The remaining half in the 12-well
dish can be grown for DNA as described in Subheading 3.9.4. We do this routinely to
confirm that the ES cells thawed are the targeted line. Once targeting is confirmed, all
nontargeted ES cell isolates can be discarded

The targeted cells in the 100-mm dish will most likely need to be split 1:1 the first time.
With the next split, begin freezing vials. We typically freeze 8—10 vials of targeted ES
cells from the first two splits.

Once targeting is confirmed, choose 2-3 targeted ES cell lines for karyotyping. Follow
Subheading 3.7., step 2.

3.10. Preparation of ES Cells for Aggregations or Microinjection
into Blastocyst Stage Embryos

3.10.1. Whole Plate Shake-off Method

1.

When ready to prepare ES cells for microinjection or aggregation, remove the media and
wash with 10 mL PBS by tilting the dish and letting the PBS run down the dish to a pool
in the bottom. Remove the PBS wash and add 2 mL trypsin solution. Immediately place
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the dish on the microscope stage and tap the dish gently while observing that some of
the ES cell colonies will dislodge from the feeders. This process takes approximately
30 s if the trypsin is fresh.

2. When enough ES cell colonies are free from feeders, return the dish to the hood. Tilt the
dish so the loose colony suspension pools at the lower edge. Using a 1-mL pipet, aspirate
0.5 mL of the colony suspension in trypsin and transfer to a 1.5-mL microfuge tube. If
the cells are to be used for blastocyst microinjection, let the tube set for about 30—60 s to
allow the cells to further dissociate from the colonies. Then add 1 mL M2 medium to the
microfuge tube to inactivate the trypsin and pipet up and down to completely dissociate
the ES cells into a single-cell suspension.

If the cells are to be used for aggregations, after 15-30 s in trypsin, add 1 mL M2 medium
to the microfuge tube to inactivate the trypsin. Pipet up and down several times so the
cells are still in small clumps.

3. Allow the cells remaining in the original dish to finish dissociating in the trypsin solution
(1-2 min total). When these cells are completely free-floating, aspirate 4 mL SCML into a
5-mL pipet, tilt the dish, and wash the cell population into a pool at the bottom of the tilted
dish. Pipet up and down several times to completely dissociate the cells, then transfer
1.5 mL of the cell suspension into a 1.5-mL microfuge tube to freeze for DNA (see
Note 9). Transfer 1 mL cell suspension into the new PEF feeder (1:10 split) prepared
in Subheading 3.10.1., step 1. This dish will be used to carry the cells for additional
microinjection or aggregation. Transfer the remaining 3 mL of cell suspension into a
15-mL conical tube for freezing if this is the first split (follow maintenance protocol in
Subheading 3.8.4., steps 1-4). Only freeze the first split, then discard the surplus cell
suspension thereafter.

4. Place the two microfuge tubes (ES cells to inject and cells to pellet for DNA) into the
microfuge and spin for 5 min at 110g. To make sure trypsin is removed, aspirate the
supernatant and add 1 mL M2 to the cells for injection and add 1 mL PBS to the cells for
DNA. Repeat microfuge to pellet again. Aspirate the supernatant from the cells used for
microinjection or aggregation and resuspend the cell pellet in 50 uL. M2 by gently pipetting
up and down to dissociate the cells. The cells are ready to be injected into blastocysts
or aggregated with morula.

4. Notes

1. It is important to emphasize aseptic technique. Always scrub hands before handling dishes
with 70% ethanol. Always douse bottles and vials with 70% ethanol before putting into
hood. Always flame bottles before opening them. Never reenter a bottle with the same
pipet more than once. A good motto for all tissue culture practices is “when in doubt
throw it out”. It takes several months to generate targeted clones, so aseptic technique
cannot be overemphasized.

2. ES cells are very sensitive to pH and temperature changes, as well as overcrowding and
undercrowding. Once the cells are thawed, you must be committed to caring for them
every day and even over the weekends and holidays. There are no good short cuts for
this routine care.

3. ES cells maintain their pH best if the CO, concentration is between 5-10%. Therefore,
to reduce the risk of fluctuations above or below that range, we keep our incubators set at
6%. If an incubator is not very stable, consider replacing it.

4. The quality of the reagents used in tissue culture of ES cells is also critical. Where possible,
purchase products that are qualified for ES cell culture. We found that improving reagent
quality has increased our clone survival and targeting frequency.
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5.

ES cells from different mouse strains react differently to the FBS used in the medium.
When working with ES cell lines from different mouse strains, make sure to include all
cell lines in your tests of different serum lots. We found this to be necessary even for
ES cell qualified serum.

Keep in mind that ES cells grow more slowly following freeze—thaw and need time to
recover. It is not unusual to dissociate the cells within the same dish or split 1:2. When this
happens, an extra 2 d should be estimated into the time to thaw prior to electroporation,
and use 2 p gancyclovir for + selection and only G418 for + selection.

Specific selection conditions need to be established for ES cell lines developed from
different mouse strains. We use 300 ug G418/mL SCML ES cells from 129 mouse strains,
and the 129 ES cell colonies are picked on d 9 and 10. For DBA1/Lac] ES cells, we use
175 ug G418/mL SCML, and ES cell colonies surviving selection are picked as early as
d 7 and as late as d 13 following electroporation.

. Typically, after electroporation and selection, you will notice differentiated cells and dead

floating cells. Therefore, you must carefully choose the colonies to pick. Also, after you
pick a colony, it sometimes dies. These we call “tried but died” and are probably being
rescued from selective pressure by feeder cells in the 100-mm dish. Finally, we avoid large
(>450 um in diameter) “perfect” looking colonies, because of the observation that these
colonies may have developed trisomy 8 (22).

We store a pellet of ES cells, which were used to produce chimeras from each day of
injections or aggregations, just in case there is a problem later and the resultant mice do
not demonstrate the introduced genetic modification. This is an excellent control to have
available, if the targeted mutation or germline transmission is not successful.
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The Use of a Chemically Defined Media for the Analyses
of Early Development in ES Cells and Mouse Embryos

Gabriele Proetzel and Michael V. Wiles

1. Introduction

During embryonic development, primitive ectoderm forms three primary germ
layers, the mesoderm, the ectoderm, and the endoderm. These germ layers interact
forming all the tissues and organs of the developing embryo. The influences controlling
the transition of ectoderm to visceral and parietal endoderm in the blastocyst, followed
by the formation of mesoderm at gastrulation, are only beginning to be defined. In the
mouse, this process occurs between d 3 and 7 post-fertilization, and as such, it is both
difficult to monitor and to experimentally influence. With this in mind, many groups
have used mouse embryonic stem (ES) cells, and more recently human ES cells, to
study the control of germ layer formation and their subsequent differentiation.

The history of ES cell in vitro differentiation began with Tom Doetschman and
Anna Wobus (1,2) who independently observed that ES cells grown in suspension form
clusters of cells referred to as embryoid bodies (EBs). Under these conditions, ES cells
rapidly differentiate to many recognizable cell types, including spontaneously beating
heart muscle and islands of primitive erythrocytes (blood islands) (1,2). This approach
was refined by Michael Wiles and Gordon Keller, who succeeded in both improving
the percentage of EBs, which formed mesoderm and hematopoietic cells, and its
reproducibility (3). However, the approach was still totally dependent upon the presence
of fetal calf serum (FCS) in the media and, more importantly, the “batch” of serum
used (i.e., the main influence of differentiation was the presence of unknown factors in
fetal bovine serum [FBS]; see also 4). These observations spurred the development of
a completely chemically defined media (CDM) for use in such experiments. The use
of fully defined reagents aimed to make these experiments independent of variations
due to serum and/or poorly defined “proteolytic digests” of meat, sheep brains, or
other bizarre FCS substitutes. Further, a defined media would facilitate characterizing
exactly those influences that control ES cell differentiation and, thus, early mammalian
development.

The use of a totally CDM as a media for studying early mammalian development
was further inspired by the observations of research groups working with Xenopus
laevis embryos. The use of the extremely robust X. laevis embryo as a research tool
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in the study of early vertebrate development made significant inroads into understand-
ing the mechanisms controlling early germ layer formation. Although the X. laevis
embryos as an experimental system is conceptually similar to many experiments with
mammalian cells, there is one a major difference. Experiments using cells derived
from the Xenopus blastula are routinely conducted in a defined simple salt solution. In
contrast, mammalian cell models (e.g., ES cell invitro differentiation), use a defined
media, which was then supplemented with 5-30% serum (FCS). In essence, the
Xenopus experimenter has total control over the initial environment used to conduct
their experiments, while those using serum are embroiled in the complexities of ill-
defined FCS batches and their variable constituents. This difference also explains the
results obtained with the two systems. For example, when Xenopus blastula cells are
exposed to the transforming growth factor beta (TGFf) family member, activin A,
mesodermal and neural differentiation is induced (5-7). If however, mouse ES cells
are differentiated as EBs in 10% FCS containing media (without leukemia inhibiting
factor [LIF]) in the presence of activin A, no striking change in the “spontaneous”
pattern is observed.

In 1995, Johansson and Wiles described how ES cell differentiation could be
achieved in a completely CDM and that specific growth factors added to this media
could directly influence the course of differentiation (§). At this time, the media
contained bovine serum albumin (BSA), which although of a very high purity could
still be regarded as only one step above supplements containing serum substitutes.
The work of M. T. Kane had previously demonstrated that the BSA component of
media could be replaced with polyvinylalcohol (PVA) for the culture of rabbit eggs
and blastocysts (9). Using this idea, Johansson and Wiles demonstrated that PVA
could be used to replace BSA in the original formulation of CDM and that the media
could both support ES cell growth and differentiation (10). As such, the ES cell invitro
differentiation model could be used to test the effects of exogenously added growth
factors in a fully definable environment. The replacement of FCS with CDM or
similar completely defined media removes one of the principal undefined influences
in the study of ES cell differentiation. In CDM, ES cells are now responsive to many
exogenous growth factors and are capable of differentiating to many lineages, including
neuronal cells, mesoderm derivatives, including hematopoietic cells, myocytes, and
endoderm precursors. Further, recent data have suggested that this media can also
support the early development of mouse egg cylinders from premesodermal (E6.0) to a
fully expanded egg cylinder expressing markers for mesoderm and hematopoiesis.

The simplicity of the CDM is its strength, however it can also be a major drawback.
Many cell lineages can develop in vitro from ES cells during differentiation, however
if novel cell types arise in an environment that is not supportive of their specific
requirements, the cells may die or at least be severely selected against. As concisely put
by Martin Raff, “. . . most mammalian cells constitutively express all of the proteins
required to undergo programmed cell death and undergo programmed cell death unless
continuously signaled by other cells not to . . .” (11). The basal CDM described here
contains only three growth factors, insulin, transferrin, and a very low concentration
of LIF. As such, cells grown, or those which arise in this media, have access to a
very limited environment in regard to growth factors and signaling molecules. This
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means that as ES cells differentiate to new cell types, only those cells that continue to
receive the appropriate survival signals will flourish, and those that are not sufficiently
supported either by CDM, exogenously added factors, or by factors made by the
cells themselves, will die. For example, in basal CDM, this effect is evident upon the
development of neuroectoderm cells and derivatives from ES cells. After 6—8 days, EB
grown in CDM alone do not continue to grow well, and cell death is evident. However,
these cultures can be rescued if they are fed, for example, with FCS containing media
(M.V.W. unpublished observations) or with CDM containing neuronal survival factors
(e.g., nerve growth factor [NGF]). From this, it is also evident that the system lends
itself to testing specific growth factors and combinations, acting as an assay system to
monitor growth factor regimes supportive of specific cell survival and expansion.

Recently, these ideas have gained a new dimension with the advent of human ES
cells. These cells can be used as tools, allowing us to examine and understand the
earliest events of human development (12-14). Further, as human ES cells share some
of the IVD capabilities of mouse ES cells, they may provide an abundant source
of many different (stem) cell types with possible applications to tissue repair, etc.
Schuldiner et al. and others have differentiated human ES cells in a serum-free media
and defined growth factors allowing the generation of several cell lineages (15-17).
Thus, in the near future, it may be possible to tailor cell culture environments leading to
the induction and then the selective expansion of medically useful cells.

2. Materials
2.1. Reagents

1. 100X Chemically defined lipid concentrate (Gibco-BRL, Life Technologies, cat. no.
11905-031).

2. 200 mmol/L GlutaMAX -I (Gibco-BRL, Life Technologies, cat. no. 35050-061).

3. Ham’s F12 nutrient mixture with GlutaMAX-I (Gibco-BRL, Life Technologies, cat. no.
31765).

4. Insulin (Sigma, cat. no. 12767 powder; alternatively, Gibco-BRL, Life Technologies,
cat. no. 13007).

5. Iscoves modified Dulbeccos medium (IMDM) with GlutaMAX-I (Gibco-BRL, Life

Technologies, cat. no. 31980).

LIF (Chemicon International, cat. no. ESG1107).

Monothioglycerol (MTG) (Sigma, cat. no. M6145).

PVA (Sigma, cat. no. P8136).

Transferrin (Roche Biochemicals, cat. no. 1073982).

Trypsin inhibitor (Sigma, cat. no. T6522), made up at 1 mg/mL in serum-free medium.

Phosphate-buffered saline (PBS), pH 7.2 (Gibco-BRL, Life Technologies, cat. no.

20012043).

e S

—

2.2. Schema for the Preparation of Basal CDM from Stock Solutions

Reagent Concentration of work stock solution Final concentration
49 mL. IMDM 2X 1X

49 mL Ham’s F12 2X 1X

1 mL PVA 10% w/v autoclaved in water 0.1% w/v

300 uL MTG 27 uL MTG in 2 mL IMDM/F12 450 uM
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The media must be filter-sterilized before adding lipids and proteins (including
growth factors).

Reagent Concentration of work stock solution  Final concentration
1 mL Synthetic lipids 100X 1X
10 uL LIF 10 U/uL 1-2 U/mL
0.5 mL Transferrin 30 mg/mL 0.1% w/v
70 uL Insulin 10 mg/mL 7.0 ug/mL
3. Methods

3.1. Differentiation Protocols:

To fully understand the following protocols, it is essential that the Notes given below
are read and understood (see Note 1).

3.1.1. Preparation of ES Cells for Differentiation Protocols (see Note 2).

1. Wash standard ES cell cultures with basal CDM twice, then culture the ES cells for a
further 30 min in basal CDM.

2. Trypsinize ES cells and make a single-cell suspension in CDM, centrifuge to pellet the
cells.

3. Resuspend approx 3 mL basal CDM containing 1 mg/mL trypsin inhibitor, then centrifuge
to pellet the cells.

4. Resuspend the cells in basal CDM and count the cells.

The ES cells are now clear of undefined substances and are now ready for the
differentiation studies.

3.1.2. ES Cell Differentiation in Suspension Culture (see Note 3)

1. Seed a single-cell suspension of approx 6000 ES cells onto a 35-mm bacterial grade
non-tissue-culture grade dish in 1 mL of CDM.

2. Place the plates within a larger dish and add a few open plates containing water to avoid
the drying out of the CDM cultures.

3. Culture for 1 to 8 d and then assess differentiation status.

3.1.3. ES Cell Differentiation in Hanging Drop Culture (see Fig. 1 and Note 4)

1. Dilute ES cells to approx 5-50 cells/20 uL (i.e., 250-2500 cells/mL) in 20 uL CDM
+ test factors.

2. Place individual drops of 20 uL. CDM plus cells carefully onto the surface of a 35-mm
non-tissue-culture grade plate (each drop must remain separate).

3. Place lid on the plate and invert the whole assembly rapidly and keep leveled. The
individual drops are now hanging from the top of the plate (see Fig. 1).

4. Place the plates within a larger dish and add a few open plates containing water to avoid
drying out of the cultures.

5. Incubate for 24—48 h and then inspect the EBs.

6. Re-invert the plate and flood it with 1 mL CDM into 20 uL CDM = test factors. The
individual EBs are now floating in the media.

7. Culture in this condition for a further 0—7 d and assess differentiation—(note the EBs will
generally remain in suspension during this culture period).
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"non-tissue-culture
grade" plastic dish

droplets of media
containing ES cells

Dish is inverted
for 24- 48hrs

Dish is flooded
with media

Fig. 1. Outline of hanging drop culture. The hanging drop approach is an efficient and highly
controllable method to make a defined number of regular sized EBs. ES cells are placed in
drops of 20 uL of media in a non-tissue-culture grade plate. When the plate is inverted, the
drops hang, and the ES cells coalesce to form an EB. After 48 h, the plate is re-inverted and
flooded with growth media.

3.1.4. ES Cell Differentiation in Hanging Drop Culture Followed
by Attachment Culture (see Note 5)

1.
2.

i

Differentiate cells using either suspension culture or hanging drop culture.
Transfer EBs in CDM into a sterile 1.5-mL Eppendorf tube and allow the EBs to settle
out.

. Carefully remove the majority of CDM and transfer the EBs with a wide bore pipet tip

to a standard tissue culture plate.

Add tissue culture media containing 5—-10% FCS.
The EBs will attach and spread in the next 24—-48 h.
Development assessment.

3.1.5. Culture of Egg Cylinder Embryos in CDM (see Fig. 2 and Note 6)

Hwh e

b

6.

Dissect mouse egg cylinder embryos at E6.0 to E7.5.

Transfer egg cylinder into PBS to remove all maternal tissue.

Transfer embryos into 20 uL CDM + test factors.

Follow from step 3 of the ES cell differentiation in hanging drop culture (Subheading
3.1.3.).

Incubate for 24—48 h.

Assess development.

3.2. Assessment of ES Cell Differentiation

The assessment of differentiation by visual inspection of EBs in culture is not
very informative, being mainly limited to counting EBs, which are visibly red due
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Fig. 2. Egg cylinder e6 and after 30 h in basal CDM. Mouse egg cylinders were dissected
out of the decidua at d 6.0 post coitus (p.c.) and grown in hanging drop cultures for 30 h in
basal CDM. After 30 h, it is evident that further differentiation has occurred. Additionally,
RT-PCR (not shown) detected markers for mesoderm (Brachyury) and hematopoiesis (3-H1
globin).

to hematopoiesis, beating after the formation of cardiac muscle, or judging cell
morphology for muscle or neuronal cells after EB attachment and cell outgrowth. A
more quantitative approach is to use reverse transcription polymerase chain reaction
(RT-PCR) and assess the expression of specific lineage marker genes. For this, we
isolated total RNA from the EBs after various time points and treatments. cDNA
synthesis used random hexamers as primers. For RT-PCR the approximate amounts
of cDNA used was previously assessed using hyposanthine phosporibosyl transferase
(HPRT) as a concentration standard (4). For the experiments described here, we used a
Biometra TRIO thermal cycler. PCR regimes were: 96°C for 6 s, 50° or 55°C for 15 s,
72°C for 60 s, for 30 cycles, and finally 72°C for 10 min. PCR products were assessed
by gel electrophoreses, Southern blotting, and hybridization (see Fig. 2).

When ES cells are grown in suspension or in hanging drops in CDM, EBs develop
within 48 h. These clusters of cells form by both cell division and cell—cell collision.
During the first 24—48 h, there is a rapid decline, as measured by RT-PCR, of Rex-1
and activin BB RNAs, indicative of the loss of the undifferentiated ES cell phenotype.
In many experiments, low variable levels of Pax6 mRNA were also detectable in
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Fig. 3. ES cell differentiation RT-PCR time course for Pax6. Southern blots of RT-PCR
analysis of ES cells grown in (A) basal CDM and (B) CDM plus 2ng/mL BMP-4. Cultures were
harvested for RNA from 0-8 d, cDNA was synthesized, and RT-PCR was conducted. HPRT was
used as a cDNA loading control (lower panel of each set) and compared with Pax6 (upper panel
of each set). In basal CDM, Pax6 expression increases over time, indicative of neuroectoderm
formation. When BMP-4 is present, Pax6 expression is not detectable after 24 h of culture.
The figure was derived from the linear output of a Phosphor Imager (Molecular Dynamics,
Sunnyvale, CA).

undifferentiated cells, however, within 24—-48 h of EB formation, Pax6 became
undetectable.

Where cultures were maintained in basal CDM, the EBs continue to grow for 6-8 d,
although at a slower rate compared with FCS-containing cultures. To monitor the
progress of differentiation, a number of genes can be examined. For example, a marker
of neuroectoderm formation is Pax6. Fig. 3 shows that after 5 d of culture, Pax6
mRNA abundance rises rapidly. In contrast, markers for mesoderm are not readily
detectable (8).

However, after 7 to 9 d, the physical state of EBs in basal CDM begins to deteriorate
with an increase in cell debris, suggesting that the ES-derived differentiated cells are
beginning to die. These cultures can be rescued if the EBs are transferred into tissue
grade plastic dishes in the presence of FCS. Under these conditions, the EBs will
attach, spread, and in general (depending upon the batch of FCS used), produce large
lattice works of neuronal cells in 4-10 d. It is conceivable to use specific growth factors
or growth factor cocktails instead of FCS.

ES cells in CDM plus BMP-2, 4, or 7 rapidly develop into EBs. Under this regime,
the EBs grow more rapidly than in CDM alone. Further, they do not show cell death
as observed in 7-9 d basal CDM cultures. Expression of genes related to mesoderm
(BMP-2, 4 or 7) and hematopoietic formation (BMP-2 or 4) are readily detectable
within 3—-4 d (10).



24 Proetzel and Wiles

Whole-mount in situ hybridization can also be used to derive exact localization
information, which can be correlated to defined morphological changes observed
during ES cell differentiation (§).

4. Notes

1. When beginning to work with serum-free tissue culture, it is important to appreciate that
cells are far less buffered to any toxic substances that may inadvertently be introduced into
the culture system. It is, therefore, essential that all reagents used for the media are of
the very highest quality and that media preparation is conducted in a perfectly clean
manner. With this in mind, we suggest that disposable plasticware be used wherever
possible. Further, although significant batch variations in the various chemicals used in
the formulation of CDM was not observed, it is recommended that reagent batch tracking
records be maintained as part of good laboratory practice.

The optimal concentration of any new exogenous factors should be assessed empiri-
cally, as many novel factors may have variable specific activities depending upon their
source and the purification method used to obtain them. Further, it should be noted that
many factors, for example members of the TGFf} family, could show dramatically different
effects depending upon concentration used.

In the work described here, cultures were maintained for varying periods of time. In
some cases, we returned the EBs to tissue culture plates allowing them to attach and spread.
The effects of a number of growth factors have been assessed during ES cell differentiation
using CDM. We give an example of data obtained when EB were differentiated in basal
CDM and activin A. Interestingly, many other growth factors tested failed to have any
striking effect on the parameters monitored, e.g., mesoderm formation (§).

2. For the experiments reported here, we used the 129/Sv-derived ES line CCE (19), similar
data were obtained with other 129-derived ES lines, including D3 and E14.1 (20).
For routine culture of ES cells, we used Dulbecco’s modified Eagle medium (DMEM)
supplemented with 15% FCS, 1.5 x 10~ mL MTG and 1000 u/mL LIF. For all ES cell
experiments, cells were adapted to grow off feeders, as the presence of variable numbers
of feeders in the differentiation culture would complicate interpretation. As ES cells were
maintained in FCS for routine culture, residual growth factors derived from the FCS have
to be removed before the initiation of CDM differentiation experiments. To do this, we
washed the attached ES cells with CDM twice. The cells were then cultured for a further
30 min. in basal CDM before proceeding. Cells were trypsinized to obtain a single-cell
suspension and resuspended in CDM containing a trypsin inhibitor to inactivate any residual
trypsin. Residual trypsin will considerably reduce cell viability in subsequent culture.
Following trypsin inactivation, cells were pelleted by centrifugation and resuspended in
basal CDM without trypsin inhibitor and counted. Cells were now ready for experimental
tests.

3. Nontissue-culture grade plastic is used for these experiments, this is to reduce the number
of cells adhering to the plate’s surface. When using the ES line CCE, approx 10-20
EBs/mL formed after 5 d. Other ES cells lines have different plating efficiencies and, hence,
required different cell densities to give a reasonable number of EBs. The approximate
density of EBs in the media is crucial, because the density of EBs increases so will any
effects of growth factors synthesized by the developing EBs themselves.

4. This is an alternative strategy and is strongly recommended as the approach lends itself
to more uniform EB development and exact control of the final EB density (see Fig. 1).
The hanging drop procedure was first described for ES cell differentiation by Anna
Wobus (21).
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Individual drops of cells in CDM are placed onto the surface of a 35-mm non-tissue-
culture grade plate; for example, by using a repeating pipet, approx 20 drops can be easily
placed per 35-mm plate. Because of the hydrophobic nature of the non-tissue-culture grade
plastic, the drops will not spread, but remain as individual separate drops. The lid is then
placed on the plate, and the whole assembly is rapidly inverted and then kept level. The
individual drops are now hanging from the top of the plate (see Fig. 1). This maneuver
is simple after a few practice runs.

Following 48 h of culture in a humidified incubator, the majority of the hanging
drops will have developed a single uniform EB. We tend to allow 24-48 h to develop
the EBs before flooding the dish with 1 mL of media. If the hanging drop cultures are
left longer, the rapidly growing cells will exhaust the 20 mL of media in the drop and
begin to deteriorate.

. Cultures were maintained for varying periods of time. In some cases, we returned the EBs

to tissue culture plates, allowing them to attach and spread. Although, it must be noted
that in basal CDM, EBs attach and spread to a lesser extent when compared to the use of
conventional FCS-containing media as the secondary culture media. This suggests that
basal CDM is lacking factors necessary for efficient attachment and proliferation, however,
these could be added specifically, e.g., collagen.

. We tested if CDM can support early mouse development in hanging drops. For this, egg

cylinder stage embryos (E6.0-E7.0) were grown in basal CDM without added factors. As
can be seen in Fig. 2, basal CDM cultures are capable of supporting early embryos for
at least 48—72 h. Although the developing embryos lose coherent organization, they do
continue to develop recognizable structures. Further, the embryos develop mesoderm and
hemoglobin-producing cells containing embryonic globin (M.V.W. own observations; see
also ref. 22). A few final closing words concerning the use of CDM or similar media
and the interpretation of the data obtained. The developing embryo is a highly dynamic
environment, in which the fate of cells is directed by the continually changing environment
of growth factors and other influences. Cells interpret these signals using multiple
interacting networks of genes, which together, provide a high degree of developmental
homeostasis (18). The end result of these dynamic interactions is a fully functional
organism. Although the use of CDM represents a gross simplification of any in vivo
environment, it is fully defined, and its use in combination with growth factors and ES cell
IVD offers a method to dissect and direct the differentiation processes.
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Analysis of the Cell Cycle in Mouse
Embryonic Stem Cells

Pierre Savatier, Héléne Lapillonne, Ludmila Jirmanova, Luigi Vitelli,
and Jacques Samarut

1. Introduction

The molecular mechanisms underlying self-renewal of pluripotent embryonic stem
(ES) cells is still poorly understood. Deciphering these mechanisms is of prime
importance for at least two reasons: (1) ES cells derive from, and are closely related
to, the pluripotent stem cells of the blastocyst, the founder cells of the whole embryo
proper. Hence, they constitute a unique model for studying embryonic development at
the time of implantation, when embryos are inacessible to experimental manipulation;
and (2) Isolating and manipulating ES cells in species of economic or therapeutic
interests is more difficult than in the mouse. It is likely that better defining their growth
requirements will lead to major improvements in their culture conditions.

During the past 6 yr, intrinsic features of mouse ES cells regarding the regulation
of their growth cycle have been pinpointed. These features may serve not only to
understand how the cell cycle machinery of ES cells works, but also to better character-
ize ES cells isolated from embryos of other species. Hence, a striking feature of mouse
ES cells is their unusual cell cycle distribution. The three phases of the cell cycle, G1,
S, and G2/M, represent 15, 75, and 10%, respectively, of the total cell cycle, with a G1
phase of approx 1 h. Hence, ES cells reenter the S-phase very shortly after exit from
mitosis (1,2). These preliminary observations have paved the way to the analysis of cell
cycle control in ES cells, focusing on the regulation of G1— S transition.

1.1. Retinoblastoma Pathway

The proliferation of mammalian cells is controlled largely during the G1 phase of
their growth cycles. The decision to initiate a new round of DNA synthesis is largely
dependant upon the phosphorylation and functional inactivation of the retinoblastoma
(RB) protein. This phosphorylation is driven by components of the cell cycle apparatus,
specifically cyclins and cyclin-dependent kinases (CDKs). Of prime importance
are complexes of D-type cyclins (cyclin D1, D2, and D3) and CDK4 or CDK6 (3).
Moreover, the cellular machinery that is organized to collect extracellular signals
and transduce them via tyrosine kinase receptors and the SOS-RAS-MEKK-MAPK
pathway seems to be dedicated largely to driving RB phosphorylation (4). This control

From: Methods in Molecular Biology, vol. 185: Embryonic Stem Cells: Methods and Protocols
Edited by: K. Turksen © Humana Press Inc., Totowa, NJ

27



28 Savatier et al.

circuitry appears to be operative in virtually all cell types. In contrast, the control of
the ES cell mitotic cycle is likely to be markedly different. First, ES cells seem to lack
the CDK4-associated kinase activity that characterizes all RB-dependent cells. They
express very low levels of D-type cyclins, as a result of the very poor activity of
the respective promoters. This is somewhat surprising as hypophosphorylated RB
remains undetectable during the M—G1—S transition, indicating that RB is rapidly
rephosphorylated in G1 (2). Secondly, ES cells appear to be resistant to the growth
inhibitory effect of the cyclin D:CDK4-specific inhibitor p16™42, further suggesting
that RB phosphorylation may not rely on proper CDK4-associated kinase activity in
ES cells. Not surprisingly, induction of differentiation restores the expression of all
three D-type cyclins, strong CDK4-associated kinase activity, and the sensitivity to the
growth-inhibitory activity of p16"42 (1,2, and unpublished results), suggesting that
differentiating ES cells resume a normal cell cycle control.

Another important aspect of G1 control lies in the regulation of cyclin D1 expres-
sion by the Ras—MAPK pathway. Phosphorylated ERKs activate cyclin D1 expres-
sion through fos and ets transcription factors (5). In ES cells, inhibition of ERK
phosphorylation by wortmannin (an inhibitor of Ras activation) or by PD98059 (an
inhibitor of MEK) neither inhibits background expression of cyclin D1 nor induces
growth retardation. Induction of differentiation up-regulates the steady-state level
of cyclin D1, whose expression then becomes sensitive to the inhibitors of the
Ras—MEK—ERK cascade (Jirmanova et al., unpublished results). Hence, cyclin D1
expression seems not to be regulated by Ras in ES cells. This regulation is likely to
be restored upon differentiation.

Recently, it has been shown that Rb-E2F forms a transcriptional repression complex
by recruiting histone deacetylase and SWI/SNF subunits (6). These large complexes
are capable of blocking the transcription of cell cycle genes and remodeling chromatin
(7). However, it is unclear if these large complexes have a specific role in chromatin
organization of ES cells. Thus far, our preliminary immunoprecipitation experiments
suggest that HDAC1 binds to the low amount of RB in ES cells. This could be a key
aspect in the ES renewing cell cycle that should be investigated.

1.2. p53 Pathway

In somatic cells, cell cycle checkpoints limit DNA damage by preventing DNA
replication under conditions that may produce chromosomal abberations. The tumor
suppressor p53 is involved in such control as part of a signal transduction pathway that
converts signals emanating from DNA damage, ribonucleotide depletion, and other
stresses into responses ranging from cell cycle arrest to apopotsis (8). Stress-induced
stabilization of nuclear p53 results in the transactivation of downstream target genes
encoding, for example, the cyclin-dependent kinase inhibitor p21¢iPl/wafl/sdil or Mdm?2.
p21¢ipl/wafl/sdil jnhibits RB phosphorylation, thereby preventing transition from G1 to
S (8). ES cells do not undergo cell cycle arrest in response to DNA damage (caused
by y-radiations, UV light, genotoxic agents) or nucleotide depletion (9,10). ES cells
express abundant quantities of p53, but the p53-mediated response is inactive because
of cytoplasmic sequestration of p53. Morevover, enforced expression of nuclear pS3
still fails to induce cell cycle arrest, suggesting that, in addition to its cytoplasmic
sequestration, p53 cannot activate the downstream targets required for growth arrest
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(9). One of these targets is p21cipl/vafl/sdil "EQ cells do not express p21¢ipl/watl/sdil
(2), suggesting that the p21¢iPl/wafl/sdil hromoter is not responsive to p53 in ES cells.
Therefore, it appears that ES cells have a very effective mechanism for rendering
them refractory to p53-mediated growth arrest. Induction of differentiation restores the
pS3-mediated cell cycle arrest response (9).

Taken together, these results suggest fundamental differences in the regulation of
cell proliferation in ES cells as compared to somatic cells. Firstly, they suggest that the
complex apparatus that operates in most cells with extracellular mitogens, transducing
signals through the SOS-RAS-RAF-MEKK-MAPK pathway and that ultimately leads
to pRB phosphorylation is not engaged in ES cells. Induction of differentiation would
reactivate this mechanism. Secondly, ES cells do not seem to have a p53-mediated
checkpoint control. This control would also become operative when differentiation
occurs.

In the second part of this chapter, we describe experimental procedures used to
synchronize ES cells and to analyze their cell cycle distribution. These procedures have
been developed to characterize the growth cycle of mouse ES cells.

2. Materials

1. Feeder-independent ES cell line: CGRS8 (11).

2. Complete medium: Glasgow’s Modified Eagle’s Medium (GMEM) (BioMedia, cat. no.

GMEMSPE2052) supplemented with 10% fetal calf serum (FCS) (PAA, cat. no. A15-043),

2 mM L-glutamine (BioMedia, cat. no. GLUN2002012), 1% nonessential amino acid

solution (BioMedia, cat. no. AANE0002012), 1 mM sodium pyruvate (BioMedia, cat.

no. PYRU0002012), 0.1 mM 2-mercaptoethanol (Sigma, cat. no. M7522), 100 U/mL

penicillin, 100 mg/mL streptomycin, and 1000 U/mL human leukemia inhibitory factor

(LIF). For LIF preparation and testing (see ref. 12).

0.25% (w/v) Trypsin in Phosphate-Buffered Saline (PBS).

20 ng/mL Demecolcine (Sigma, cat. no. D6165).

0.1% and 0.2% Gelatin (Sigma, cat. no. G9391) dissolved in H,O.

5 mM BrdU (Sigma, cat. no. B9285) (100x stock solution).

1 mg/mL RNAse dissolved in PBS + 0.13 mM EGTA.

PBT: PBS + 0.5% Bovine Serum Albumin (BSA) (Sigma, cat. no. A2153) + 0.5%

Tween-20 (Sigma, cat. no. P7949).

9. Anti-BrdU (Becton Dickinson, cat. no. 347583).

10. 100 pg/mL Propidium iodide (Sigma, cat. no. P4170) (100X stock solution).

11. Sterile flasks and Petri dishes: sterile 5- and 10-mL pipets.

12. FACScan (fluorescence-activated cell sorter) (Becton-Dickinson), equipped with a 15-mW
488-nm air-cooled argon-ion laser. Filters used: 530 nm fluorescein isothiocyanate (FITC),
585 nm (propidium iodide). Data aquisition and analysis are performed using CellQuest
(Becton-Dickinson) software.

NN Ww

3. Methods
3.1. Synchronization of ES Cells by Mitotic Shake-Off

This protocol is intended to generate large numbers of synchronized ES cells exiting
from mitosis, entering into G1, and then into S phase, synchronously.

1. Atd 1, trypsinize ES cells and seed at a density of 20—30 million cells in 25 mL complete
medium in T160 flasks coated with 0.2% gelatin (gelatin is added to flasks at least 2 h
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before seeding the cells. Gelatin is thoroughly removed by aspiration just before seeding
the cells). Incubate at 37°C in 7.5% CO, (see Note 1).

At d 2, add 50 mL complete medium (removing the exhausted medium is not necessary)
and incubate overnight.

. Atd 3, ES cells should form a confluent layer. Check that each flask is confluent. Discard

those in which empty spaces are visible, as isolated clumps of cells are likely to detach

from the flasks during the shake-off procedure. Then:

a. Remove the loosely attached cells by preshaking the flasks 5 times by hitting the flasks
against the palm of the hand.

b. Quickly aspirate the medium and replace it with 25 mL complete medium containing
20 ng/mL demecolcine (see Note 2). Incubate for 3—4 h at 37°C in 7.5% CO,.

c. Shake the flasks 5 times by hitting them against the palm of the hand. Collect the medium
in 50-mL disposal plastic tubes. From this step on, sterile manipulation is not required.

d. Spin mitotic cells at 500g for 5 min. Aspirate the medium. Invert the tubes on absorbing
paper for 5 min.

e. Gently resuspend each pellet with 1 mL of prewarmed demecolcine-free medium using
a P1000 Gilson pipet. Do not pipet the cells up and down more than required to get a
single-cell suspension. Fill the tubes with complete medium.

f. Spin at 500g for 5 min. Discard the medium. Invert the tubes onto absorbing paper
to dry.

g. Gently resuspend each pellet with 1 mL of prewarmed medium and pool into a single
tube. Count the cells. This procedure yields approx 2 x 10° mitotic cells/T160 flask
(i.e., approx 1% of the total number of cells).

h. Prepare a cell suspension containing approx 10° mitotic cells/mL. Seed 6-cm dishes
(coated with 0.1% gelatin as described in step 1) with 5 mL cell suspension. Incubate
at 37°C in 7.5% CO.,.

i. Collect the cells at various time points and analyze them for cell cycle distribution as
described in Subheading 3.2. Since mitotic cells usually take 4-5 h to attach to the
dish, do not aspirate the medium. Any supplements should be added dropwise using
10X stock solutions (see Note 3).

3.2. Analysis of DNA Content in Synchronized ES Cells

As mitotic ES cells usually take 4-5 h to attach strongly to the Petri dish, the
following protocol must be used to prepare a single-cell suspension suitable for flow
cytometry:

1.

Collect the cells by pipetting up and down approx 10 times with a P1000 Gilson to
dissociate the loosely adherent cells. Trypsinization is not required (see Note 4). Transfer
the suspension (>1 million cells) into a conical 15-mL tube.

Spin for 5 min at 500g. Discard the medium and wash in PBS. Repeat once.

After the last spin, resuspend cells in 100 uL of PBS. Pipet up and down with a P200
Gilson until clumps are no longer visible. Dropwise, add 1 mL of 70% ethanol at —20°C
(1 drop/s to avoid formation of clumps of cells). Store the fixed cells at 4°C.

To analyze the DNA content, add 10 mL PBS directly to cells in ethanol. Incubate for
5 min at room temperature to allow cells to rehydrate.

. Spin for 5 min at 500g. Resuspend the pellet in 100 uL. of PBS. Add 10 mL PBS. Incubate

for 5 min at room temperature.

. Resuspend the pellet in 100 uL of 1 mg/mL RNase. Incubate for 20 min at room

temperature. Store at 4°C if required (<24 h).
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FL2-area
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Fig. 1. Analysis of DNA content of ES cells synchronized by mitotic shake-off, determined
according to the protocol described in Subheading 3.2. FL2-width indicates the size of the
cells. FL2-area quantitates fluorescence associated to propidium iodide. Oh, 1h, 2h, 4h, and 6h
indicate the time after release from the mitotic block.

. Add propidium iodide to a final concentration of 1 ug/mL. Incubate for 5 min at room

temperature.
Analyze fluorescence using conventional setups. The result of a representative synchroniza-
tion experiment is given in Fig. 1.

3.3. Analysis of Cell Cycle Distribution in Exponentially

Growing ES Cells

1. Refeed exponentially growing ES cells with complete medium. Incubate for 1 h at 37°C.

2. Add BrdU at a final concentration of 50 uM and incubate for 30 min.

3. Trypsinize the cells and take 5 million cells for analysis of BrdU incorporation.

4. Spin for 5 min at 500g. Discard the medium and wash in PBS. Repeat once.

5. After the last spin, resuspend the pellet of cells in 100 uL of PBS. Dropwise, add 1 mL
of 70% ethanol at —20°C (1 drop/s to avoid formation of clumps of cells). Store the fixed
cells at 4°C for up to several weeks.

6. Add 10 mL PBS to ethanol-fixed cells. Incubate for 5 min at room temperature to allow
cells to rehydrate.

7. Spin for 5 min at 500g. Resuspend the pellet in 200 uL of 2 N HCI and incubate for
20 min at room temperature.

8. Wash 3—4 times in 10 mL PBT.

9. Resuspend the pellet in 100 uL. FITC-conjugated antibody raised to BrdU (Becton
Dickinson), diluted 1:10 in PBT, and incubate for 30 min at room temperature.

10. Wash 3—4 times in 10 mL PBT.

11. Resuspend the pellet in 100 uL of 1 mg/mL RNase. Incubate 20 min at room temperature.
Store at 4°C if required (<24 h).

12. Add propidium iodide to a final concentration of 1 mg/mL. Incubate for 5 min.

13. Analyze fluorescence associated to FITC and to propidium iodide using conventional
setups. The result of a representative experiment is given in Fig. 2.

4. Notes
1. Check carefully that T-flasks are horizontal in the incubator, as uniformity is essential for

recovery of pure populations of mitotic cells.
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G1=20% G1=70%

ES cells embryonic fibroblasts

Fig. 2. Cell cycle distribution of ES cells and mouse embryonic fibroblasts, determined

according to the protocol described in Subheading 3.3.

2.

3.

Do not leave the cells free of medium for more than 1 min, as this will lead to clumps of
cells detaching during the shake-off procedure.

Following this protocol, one can obtain a population of ES cells containing >95% mitotic
cells. Ninety percent of those cells will resume cell cycle progression within 1 h following
incubation in demecolcine-free medium. ES cells will start entering the S-phase within
2 h, and the vast majority of them will be replicating their DNA at 4 h post-release from the
mitotic block. Note that increasing the incubation time with demecolcine will result in a
larger proportion of mitotic cells not being released from the mitotic block.

Collecting post-mitotic cells by pipetting up and down may lead to cell damage. Pipetting
must be done very gently to avoid this, but for a long enough time to obtain a single-cell
suspension suitable for cell cycle analysis. In any case, cell debris will be discarded
during FACS analysis.
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Murine Embryonic Stem Cells as a Model for Stress
Proteins and Apoptosis During Differentiation

André-Patrick Arrigo and Patrick Mehlen

1. Introduction

The early phase of murine embryonic stem (ES) cell differentiation is accompanied
with the expression of proteins that are key players in this phenomenon. The function
of some these proteins can be analyzed by using the classical “knock-out gene technol-
ogy”, that consists of the inactivation of the endogenous gene that encodes the studied
protein. This approach can be considered if the analyzed protein does not play a vital
role; in other words, if the cells can still undergo differentiation without expressing
the protein in question. To analyze proteins whose expression is essential during early
differentiation, an antisense strategy can be used that interferes with the expression
of the studied protein. One interesting protein we studied with this technique is the
small stress protein Hsp27 (1).

Hsp27 is a member of the so-called heat shock or stress proteins whose synthesis is
stimulated when cells are exposed to heat shock or other type of aggression (1). Hsp27
and the other small stress proteins (sHsp) are molecular chaperones that share the
property to be transiently expressed during early cell differentiation. This phenomenon
has been observed in all the organisms analyzed so far and does not appear to be
cell specific (I). This ubiquitous phenomenon usually occurs concomitantly with
the differentiation-mediated decrease of cellular proliferation. In contrast, during
development, the different sHsp show a tissue-specific pattern of expression (1). For
example, Hsp27 is transiently expressed through d 13 to 20 of mouse development,
where it accumulates in neurons, brain, and muscles. In young mice, this protein is no
more detectable in the brain, but is still present in different muscles.

In undifferentiated mouse ES cells, a small level of constitutively expressed Hsp27
can be observed. In cells committed to differentiation, the Hsp27 level increases and
is maximal after 24 h when DNA synthesis is decreased by about 80%. After 72 h
of differentiation, the Hsp27 level is drastically decreased, and this protein is almost
undetectable. We have analyzed the role of the transient expression of Hsp27 during
early differentiation by transfecting ES cells with an expression vector containing
the murine or human Hsp27 gene placed either in sense or antisense orientation. ES
clones either overexpressing murine or human Hsp27 or expressing reduced levels of
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endogenous Hsp27 were obtained. Maintained undifferentiated, these clones showed
similar growth rates. However, when these cells were committed to differentiate,
we observed that Hsp27 constitutive overexpression enhanced the differentiation-
mediated decreased rate of ES cell proliferation, but had no effect at the level of the
morphological changes that characterize ES cell differentiation. In contrast, Hsp27
underexpression, which attenuated cell growth arrest, aborted the differentiation process
of ES cells because of their overall death by apoptosis. Hsp27 transient expression
appears, therefore, essential for preventing differentiating ES cells from undergoing
apoptosis (2). Our results also suggest that the expression of Hsp27 during early
differentiation of ES cells is not related to a specific type of cell differentiation.
Similar aborting or aberrant differentiation processes were observed when Hsp27
expression was impaired in rat olfactory precursor neurons (3) or human leukemic
HL-60 cells (4).

In this chapter, we describe the procedure for the generation of murine ES cells that
are genetically modified to underexpress or overexpress Hsp27. This procedure has
been developed in our laboratory and could be used in any well-established cellular
laboratory. In addition, the procedure could be extended to test proteins other than
Hsp27, which are expressed during early differentiation of ES cells.

2. Materials

All reagents and materials used in the culture, differentiation, and transfection of
ES cells are sterile.

1. Phosphate-buffered saline (PBS) medium: 137 mM NaCl, 2.7 mM KCI, 8§ mM Na,HPO,,
and 1.5 mM KH,PO,, pH 7.4.

2. Murine ES cells CGR8 (early passages 18—-30) were obtained from A. Smith (Center of
Genome Research, University of Edinburgh, U.K.) (5).

3. CGRS cell culture medium: BHK21 medium (Gibco BRL, cat. no. 22100-028) containing
0.05 mM B-mercaptoethanol, 2 mM L-glutamine, 1 mM sodium pyruvate, 100 U/mL
penicillin, 0.1 mg/mL streptomycin, 1x minimum essential medium (MEM) (Gibco BRL,
cat. no. 31095-060), leukemia inhibitor factor (LIF), and 10% fetal calf serum (FCS)
(Gibco BRL, cat. no. 10084-168). Conditioned medium from p10-6R DIA-LIF transfected
COS cell line was used as a source of LIF (dilution 1/1000) (see ref. 5). The cell culture
medium was stored at 4°C without serum and used within 5 wk of supplementation. Store
FCS at —70°C. The medium containing the serum is made fresh and used within 1 wk of
supplementation (storage at 4°C). Geneticin G418 (Gibco BRL, cat. no. 11811-049) must
be added to the medium to select transfected clones.

4. Trypsination buffer: 0.4g EDTA, 7.0g NaCl, 0.3g Na,HPO, (12 H,0), 0.24g KH,PO,,
0.37g KCl, 1.0g D-glucose, and 3.0g Tris-HCI1 were dissolved in water. Adjust the pH to
7.6 with diluted HCI/NaOH, warm at 37°C, and add 2.5¢ of trypsin (Gibco BRL, cat. no.
35400-027). The final volume is 1 L. The solution is filtered on 0.22-um filters before
adding 1% chicken serum (Gibco BRL, cat. no. 16110-033). Aliquot the solution and store
at —20°C. Thaw just before use and discard the buffer that was not used.

5. Gelatinized flasks are used to allow CGR8 cells adhesion and growth. One h before plating
the cells, 10 mL of 0.1% autoclaved gelatin is added to Falcon 100-mm dishes. After
gelatin removal, the cells are plated in BHK21 medium.

6. Bacterial grade Petri dishes (Bibby Sterilin, Ltd.) are used when differentiation is
induced.
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Mammalian expression vector psvK3 (Pharmacia), plain or bearing human (pSVHsp27;
see ref. 6) or murine (psvWT; see ref. 7) HSp27 cDNAs, under the control of the early
promoter of simian virus 40 (SV40) virus. HSp27 antisense expression vectors (see ref. 2)
were constructed by subcloning EcoRI-EcoRI or Sacl-Sacl DNA fragments containing the
entire human or murine Hsp27 coding sequences, respectively, in reverse orientation in the
corresponding site of psvK3 plasmid polylinker. These expression vectors were denoted
psvant-hhsp27 (human Hsp27) and psvant-mhsp27 (murine Hsp27).

. pCl-neo plasmid (Promega) encoding the G418 resistance was used for cotransfection

and subsequent selection of positive clones.
Purified proteins: recombinant human Hsp27 (Stressgen, cat. no. SPP-715) and recombinant
murine Hsp27 (also denoted Hsp25) (Stressgen, cat. no. SPP-710). Antibodies: anti-human
Hsp27 (Stressgen, cat. no. SPA-800), anti-murine Hsp27 (Stressgen, cat. no. SPA-801),
anti-Hsp70 (Stressgen, cat. no. SPA-820), and anti-Hsp90 (Stressgen, cat. no. SPA-830).
Optimem medium (Gibco BRL, cat. no. 31985-047).
Cell electroporation apparatus (i.e., gene pulser from Bio-rad).
[*H]-thymidine (Amersham International).
Hemocytometer chamber.
Inverted photomicroscope equipped with a phase-contrast equipment (i.e., TMS Nikon).
RNase A (Sigma, cat. no. R 4875).
Propidium iodide solution: 50 mg/mL of propidium iodide (Sigma, cat. no. P 4170)
in PBS.
Flow cytometry apparatus (Facscalibur, Becton Dickinson).
Trizol reagent (Gibco, cat. no. 15596-026).
Dithiothreitol (DTT) (Gibco, BRL, cat. no. 15508-013).
Reverse-transcription (RT) medium: 50 mM Tris-HCI, pH 8.3, 10 mM DTT; 1 U/mL Rnasin
(Promega, cat. no. N2511), 0.5 mM random hexamers (Pharmacia, cat. no. 27-2166-01),
0.5 mM of each dNTP (Pharmacia, cat. no. 27-2035-01), 75 mM KCI, 5 mM MgCl,,
and 20 U Moloney murine leukemia virus (MMLV) reverse transcriptase (Gibco-BRL,
cat. no. 28025-013).
Polymerase chain reaction (PCR) medium: 20mM Tris-HCI, pH 8.3, 50 mM KCl, 1.5 mM
MgCl,, 0.2 mM of each dNTP, 0.2 mM of each primer, and 1 U of Tag DNA polymerase
(Gibco-BRL, cat. no. 18038-042).
Hypoxanthine phosphoribosyl transferase (HPRT)-, collagen IV-, or f-major globin-
specific primers are as follows:
HPRT: 5’ CAC AGG ACT AGA ACA CCT GC 3" and 5" GCT GGT GAA AAG
GACCTCT 3.
collagen IV: 5" CAA GCA TAG TGG TCC GAG TC 3’ and 5'AGG CAG GTC AAG
TTC TAG CG 3'.
B-major globin: 5" CTG ACA GAT GCT CTC TTG GG 3’ and 5'CAC AAC CCC AGA
AAC AGA CA 3.
Thermal cycler (Perkin Elmer Cetus).
Agarose (Pharmacia, cat. no. 17-0554-01).
Tris-borate-EDTA buffer for nucleic acids gel electrophoresis: 89 mM Tris-base, 89 mM
boric acid, pH 8.0, 2 mM EDTA, pH 80.
Nucleic acids precipitation reagents: phenol-chloroform, sodium acetate, ethanol.
Formaldehyde (Sigma, cat. no. F 1635).
Triton X-100 (Sigma, cat. no. T 9284).
Hybond C extra membrane (Amersham, cat. no. RPN 303E).
X-Omat AR films (Eastman Kodak Co, cat. no. 1651454).
Bioprofil scanning system (Vilber Lourmat).
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32. Trypan blue (Sigma, cat. no. T 0776).

33. Ethidium bromide (Sigma, cat. no. E 8751).

35. Phosphorothioate oligodeoxynucleotides for antisense inhibition of endogenous murine
Hsp27 expression: the sequence of the antisense oligonucleotide was 5'-TCGGTCAT
GTTCTTGGCTGGT-3' (the underlined bold letters indicate the position of the correspond-
ing AUG initiation codon). Control oligonucleotide is the reverse antisense sequence to
the mentioned antisense oligodeoxyribonucleotide (synthesized in the opposite 5’ to 3’
orientation compared to antisense oligophosphothioates, so that it contains the same
bases in the reverse order as the antisense oligonucleotide). As an additional negative
control, an antisense oligonucleotide of vesicular somatistis virus (VSV): 5'-TTGGGATA-
ACACTTA-3' should also be used.

36. Permeabilization buffer (100 mM piperazine-N-N'-bis [2-ethanesulfonic acid], 1,4 piper-
azine diethanesulfonic acid [PIPES], pH 7.4, 137 mM NaCl, 5.6 mM glucose, 2.7 mM
KCl, 2.7 mM EGTA, 1 mM ATP, 0.1% bovine serum albumin [BSA]) containing 0.2 U/mL
streptolysin-O (Sigma, cat. no. S 5265).

37. Scintillation counter (LS6000 SC; Beckman).

38. Glass microfibre filters (GFC filters; Whatman, cat. no. 1822-025).

39. Detection of immune reaction in western immunoblot using the electrochemiluminescence
(ECL) kit from Amersham (cat. no. RPN 2106).

3. Methods
3.1. ES Cell Cultures and Induction of Their Differentiation

The stem cell cultures are handled as follow:

Undifferentiated CGRS cells are grown on gelatinized (see Subheading 2., item 5).
flasks in BHK?21 cell culture medium containing LIF. Culture medium is changed every
2 d adding fresh LIF. Observe under the microscope for the outgrowth of cells. As
the cultures proliferate, aliquots of the cells are cryopreserved at early passage
(<30) (i.e., in the log phase of growth). CGRS8 cultures should be examined in an
inverted tissue culture microscope every other day to monitor the growth of the
cells, their morphology, and any signs of poor growth, unwanted differentiation, or
contamination.

When cells are 80—100% confluent proceed as follows to subculture the cells:

1. Aspirate by pipet the medium from the cell cultures.

2. Wash with PBS.

3. Add 1 mL of trypsin-EDTA solution (see Subheading 2.) to the culture flasks. Let the
flasks stand for 2—3 min at 37°C and monitor under the microscope for the detachment
of cells.

4. Remove the trypsin-EDTA solution containing the detached cells from the flask and place
it in a conical centrifuge tube. Rinse the flasks with the complete culture medium and add
it to the centrifuge tube. Serum is required to inhibit the action of trypsin.

5. Centrifuge the cell suspension at 1500g for 3 min and resuspend the cell pellet in 10 mL.
of complete culture medium. Count cells and record for their viability using trypan blue
staining exclusion assay.

6. Cell cultures are splitted by 1 x 10° cells/100-mm dish.

7. Add the LIF (see Subheading 2.).

3.2. In Vitro Differentiation of ES Cells

To induce differentiation, CGRS cells are dissociated by trypsinization and seeded at
3 x 10° cells/mL on bacterial grade Petri dishes in LIF devoid growth medium.
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1. Induction of differentiation is performed as follows:

a. Trypsinize the cells as described previously.

b. Cells are resuspended in complete BHK-21 medium devoid of LIF and numerated.

c. Cells are then plated in bacterial grade petri dishes at a concentration of 3 x 10° cells/
100-mm dish.

d. CGRS cell cultures are examined in an inverted tissue culture microscope every other
day to monitor cell differentiation. After 48 h, CGRS8 cells begin to form cluster of
unadherent cells called “cystic embryoid bodies”. After 4 to 8 d, the clusters dissociate
and the cells begin to attach to the plate. Channel boundary precursors of the cystic
automatic myocardiac cells can then be observed (8).

3.3. Detection of Differentiation Markers and Analysis
of Hsp27 Transient Accumulation

ES cell differentiation can be monitored by the detection of specific mRNA markers.
In our hands, collagen IV and f-major globin mRNAs are the best candidates that can
be detected by RT-PCR analysis respectively 96 and 120 h after LIF removal. RT-PCR
analysis of HPRT mRNA was used as a control.

3.3.1. RT-PCR Detection of Differentiation Markers

1. Total RNA from 4 dishes per condition (1.2 x 107 cells from undifferentiated CGRS cells
or CGRS cells derived from differentiating embryoid bodies) is prepared with TRIzol
reagent according to manufacturer instructions.

2. RT-PCR analyses were performed as follows: 1 ug (representing about 7500 cells) of total
RNA is denatured for 10 min at 65°C. RT is then performed for 1 h at 37°C in a specific
medium (see Subheading 2.) containing MMLV reverse transcriptase. Reactions were
stopped by incubating the mixtures for 5 min at 95°C. For PCRs, 5 uL of the RT reactions
were transferred in a PCR medium. HPRT-, collagen IV-, or B-major globin-specific
primers are used (see Subheading 2.). PCRs were carried out with a thermal cycler
for 30 cycles with the following regimen: 94°C for 1.5 min, 50°C (for HPRT), or 55°C
(for collagen IV and globin $-major) for 1.5 min, and 72°C for 2 min, followed by 72°C
for 10 min. Aliquots (10 uL) of each of the PCRs were analyzed by electrophoresis in
agarose (2%) in Tris-borate-EDTA buffer.

3.3.2. Monitoring Hsp27 Expression During ES Cell by Northern
and Western Blot Analysis

1. Northern blot: RNA (10 eg nug) was analyzed in 1% agarose/formaldehyde gel, transferred
to Hybond C extra membrane, and hybridization is performed at 65°C according to the
classical method described in Yang et al. (9). The murine Hsp27 probe was a 0.6-kb Sacl
cDNA fragment of the psvWT plasmid.

2. Western blot: gel electrophoresis and immunoblots using Hsp27 or Hsp70 antisera are
performed as already described (6,10) and revealed with the ECL kit from Amersham.

3. Autoradiographs from the northern and western blot experiments are recorded onto X-rays
films (see Note 2). A Bioprofil system (see Subheading 2.) is used for quantification.

3.4. Transfection of CGR8 Cells and Clones Selection

To establish stable transfectants of ES cells that under-express Hsp27, we have used
an antisense strategy. Undifferentiated LIF-maintained CGRS cells in the log phase of
growth are transfected using an electroporation technique with vectors encoding the
Hsp27 gene, cloned either in sense or antisense orientation, and a gene for selection,
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such as neomycine phosphotransferase. Stable transfectants are then selected for

resistance to neomycine by culture in the presence of G418, a neomycin analog that is

active in eukaryotic cells. Hsp27 expression is then analyzed in G418-resistant clones.
Transfection and selection procedures were performed as follows:

3.4.1. Transfection Procedure

1. DNA mixtures made of 10 ug of pCl-neo plasmid and 50 ug of either psvK3, psvant-
hhsp27, psvant-mhsp27, psvhsp27, or psvWT vector (see Subheading 2.) are used to
transfect the cells.

2. Linearized DNA (50 ng) from the different DNA mixtures are resuspended in 30 uL of
H,O before being added to a Bio-Rad gene pulser cuvette containing 800 uL. of Optimem
medium and 5 x 10° cells.

3. The mixture is incubated for 10 min at room temperature. Thereafter, the cuvette is
placed in the gene pulser apparatus and exposed to an electric shock of 250 V, 500 mF,
for 6 ms.

4. Cells are then allowed to recover for 30 min before being plated on gelatinized dishes in
BHK-21 medium containing LIF.

3.4.2. Selection of G418-Resistant Clones

1. Forty-eight hours after the electroporation procedure, 250 ug/mL of G418 are added to
the culture, and resistant clones are isolated 10 d later.

2. Hsp27 level is analyzed in G418-resistant clones by Western blot analysis.

3. Several independent clones are frozen down.

3.5. DNA Oligonucleotide-Based Antisense Inhibition
of Hsp27 Expression

Another possibility to interfere with Hsp27 expression is to take advantage of
antisense phosphorothioate-modified oligodeoxynucleotides. This technique is based
on the fact that oligonucleotides that have a complementary and reverse sequence to
a specific mRNA can hybridize with this messenger and interfere with its translation.
This phenomenon may then lead to a decreased level of the polypeptide encoded
by the targeted messenger. The antisense oligonucleotide corresponding to the first
nucleotides of the coding region of murine Hsp27 gene is used (see Subheading 2.).
The sense oligonucleotide and an antisense oligonucleotide of vesicular somatistis virus
(VSV) are also used as negative controls. The oligonucleotides, purified by sodium
acetate—ethanol precipitation, were resuspended in sterile double-distilled water.

3.5.1. Introduction of DNA Oligonucleotides into Living Cells

1. Undifferentiated LIF-maintained CGRS cells (10°) in the log phase of growth are washed
in PBS medium, trypsinized, and resuspended in 1 mL of permeabilization buffer (see
Subheading 2.) containing 0.2 U/mL streptolysin-O and 50 uM (final concentration)
of oligonucleotides.

2. Cells are incubated for 5 min at room temperature in permeabilization buffer before
adding 5 mL of complete growth medium (containing LIF) to the mixture to stop the
permeabilization process.

3. Cells are then spun and resuspended in 3-d-old conditioned growth medium containing
10 uM oligonucleotide (11). After 2 d of incubation, cells are replated in fresh medium
and processed for Hsp27 expression analysis.
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Fig. 1. Reduced Hsp27 level induced by Hsp27 antisense oligonucleotide. Cells are treated
with streptolysin-O in the presence (b) or not (a) of Hsp27 antisense oligonucleotide. Cells
are then grown for 2 d in the presence or not of 10 wmol/L of the oligonucleotide before being
analyzed. Thereafter, equal amounts of total cellular proteins are analyzed in immunoblots
probed with antisera specific for Hsp27 or Hsp90. Note the reduced level of Hsp27 in cells
containing Hsp27 antisense oligonucleotide. Hsp27 level is unaltered when control sense or
VSV oligonucleotides are analyzed. No alteration of Hsp90 level is induced by Hsp27 antisense
oligonucleotide.

4. Cells showing a reduced level of Hsp27 expression are then incubated in LIF-deprived
medium to study their behavior during differentiation. An illustration of a decreased
expression of Hsp27 is shown in Fig. 1.

3.6. Cellular Proliferation and Cell Cycle Analysis

Cellular proliferation is an important parameter to analyze in undifferentiated CGR8
cells expressing different levels of endogenous Hsp27. Moreover, the early phase of the
differentiation process is characterized by a rapid decrease in cell proliferation. Cellular
proliferation and cycle analysis are then monitored as follows:

1. Undifferentiated cells or cells undergoing differentiation are trypsinized (see Subheading
3.2.), resuspended in PBS, and counted using an hemocytometer chamber and an inverted
photomicroscope equipped with a phase-contrast equipment.

2. Cells can also be labeled for 1 h with 1 uCi [*H]-thymidine to study their ability to synthe-
size DNA. Cells are labeled for 15 min with 10 uCi/mL [*H] thymidine (88 Ci/mmol)
before being washed with PBS and lyzed in 0.5% sodium dodecyl sulfate (SDS). Trichlo-
roacetic acid precipitation is performed and collected on glass microfibre filters. Dried
filters are counted on scintillation counter.

3. Cell cycle analysis can be performed essentially as follows: undifferentiated cells are
trypsinized and washed twice with PBS. Resuspend 103 cells in 100 uL of PBS and add
slowly (drop by drop) 2 mL of 70% ethanol kept at —20°C. After this fixation step, the
cells can be stored for 1 wk at 4°C. Add 8 mL of PBS and spin down the fixed cells. Wash
the cell pellet twice with PBS and resuspend the fixed cells with 1 mL of PBS. Add RNase
A (0.1 mg/mL final concentration) and incubate for 30 min at room temperature. Then
add 2 uL of a 50 mg/mL solution of propidium iodide (10 wg/mL final concentration).
Analyze the cells immediately by flow cytometry (the recording of fluorescence should
be positioned on the FL2-A setting). This last technique is difficult to perform with
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differentiating ES cells because of their strong tendency to aggregate (formation of
embryonic bodies).

3.7. Cell Death Analysis

Cell death can be monitored using different techniques. One technique, which does
not discriminate between necrosis and apoptosis, is the staining of dead cells by the
vital dye trypan blue Cells (3 x 10° (either undifferentiated or differentiating) are used.
At different time points, before or after (e.g., 12, 24, 48, 72, and 120 h) removing
the LIF containing medium, cells were trypsinized (see Subheading 3.2.), washed in
PBS, and analyzed for their viability using trypan blue staining exclusion or absence
of DNA fragmentation.

1. Trypan blue cell staining demonstrating membrane permeabilization is used to estimate
the level of cell death. Add 0.5 mL of trypan blue solution (0.4% in PBS) in a test tube.
Add 0.2 mL of cells (10* to 5 x 10*) resuspended in PBS to the test tube. Incubate at room
temperature for 10—15 min. Avoid incubating longer because, with time, viable cells may
also be stained by the dye. Transfer a small quantity of the solution to a hemacytometer
and count the stained (nonviable cells) and nonstained (viable) cells using an inverted
microscope (see Fig. 2A).

2. To specify apoptosis induction, DNA fragmentation analysis can be performed essentially
as follows: cells (3 x 10°) are harvested, washed in PBS, and lyzed for 20 min at 4°C in
a medium containing 5 mM Tris buffer, pH 7.4, 0.5% Triton X-100, and 20 mM EDTA.
After centrifugation at 20,000g for 15 min, the supernatants are extracted with phenol-
chloroform, and nucleic acids are precipitated in ethanol before being analyzed by gel
electrophoresis (1.5% agarose) in Tris-borate buffer. After completion of the electrophoresis
run, the agarose gel is incubated for at least 3 h at 37°C in water containing 20 ug/mL
of RNase A. This treatment eliminates most of the contaminating RNA from the gel.
DNA ladders can then be observed following ethidium bromide staining of the gel (12).
An illustration of the anti-apoptotic effect of Hsp27 is presented in Fig. 2B (see also
Note 1).

4. Notes

1. There are several new methods that can be used for apoptosis detection. However, the use
of caspases cleavage (or cleavage of substrates of caspases) can be tricky if the experiment
is performed using the Western immunoblot technique. Indeed, most of the commercially

Fig. 2. (opposite page) Enhanced apoptosis in cells that contain down-regulated Hsp27 level.
(A) Analysis of cell viability. Control (control-1) or Hsp27 under-expressing (ant-hsp27-2)
cells growing in the presence of LIF are trypsinized and replated (3 x 10° cells/100-mm dish)
in a medium devoid of LIF. Cell viability is determined daily by trypan blue exclusion. The
percentage of survival cells (% trypan blue negative cells) is calculated by dividing the number
of trypan blue negative cells to the total number of cells. Standard deviations are indicated
(n=3). (B) DNA fragmentation analysis. Control and Hsp27 under-expressing cells are treated
as above, and DNA fragmentation is determined prior to O h and after 12, 24, or 48 h of LIF
withdrawal. M: molecular marker. Note that the down-regulation of Hsp27 induces an early and
intense DNA fragmentation in cells grown in the absence of LIF. Reproduced from ref. 2 by
copyright permission of the American Society for Biochemistry and Molecular Biology.
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available antibodies specific for caspases (i.e., caspase 3) or caspase substrates will poorly
recognize murine proteins. Most of these antibodies work well with human proteins but
not with murine proteins. In contrast, the methods that detect caspase cleavage through the
use of colorimetric or fluorogenic polypeptides could be used.

2. The level of Hsp27 polypeptide expressed in the different CGRS cell lines is estimated
in immunoblots by comparing the different signals to that of serial dilutions of the
purified recombinant protein. Autoradiography must be performed within the range of
proportionality of the film.
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Effects of Altered Gene Expression
on ES Cell Differentiation

Yong Fan and J. Richard Chaillet

1. Introduction

Little is known about the molecular mechanisms controlling the earliest cellular
differentiation events of the mammalian embryo. Pluripotent embryonic stem (ES)
cell lines, derived from cells of the inner cell mass of the blastocyst, are an important
experimental system that can be used to study the differentiation of the mammalian
embryo into its earliest recognizable tissue lineages. For instance, experiments
performed in ES cells demonstrate the essential role of the homeobox-containing
gene Oct3/4 in the totipotent cells of the preimplantation embryo (1). When two
alleles of Oct3/4 are mutated in ES cells, Oct3/4-null cells lose their pluripotency and
differentiate into only trophoblast cells. In contrast, when Oct3/4 is overexpressed
in ES cells, spontaneous differentiation occurs and a variety of mesoderm-specific
and extraembryonic endoderm-specific genes are expressed. Similar results have
been obtained from in vivo experiments using Oct3/4 knock-out mice (2). Mouse
preimplantation embryos, with two null alleles of Oct3/4, develop into blastocysts
containing primary trophoblast giant cells but lacking inner cell mass cells. Taken
together, the in vitro and in vivo studies of Oct3/4 function indicate that Oct3/4 is one
of the key factors regulating the differentiation of totipotent cells of the preimplantation
embryo.

Like Oct3/4, the X-linked homeobox-containing gene Pem is present in the mouse
preimplantation embryo. Following implantation, Pem’s expression is largely restricted
to extraembryonic tissues (trophoblast and extraembryonic endoderm), with limited
expression in the embryonic portion of the mouse embryo (3). Interestingly, Pem and
Oct3/4 are also both expressed in undifferentiated primordial germ cells (PGCs) in
the mouse embryo. When PGCs begin to differentiate into either male or female germ
cells at approx 15 d of gestation, both Pem and Oct3/4 expression are rapidly down-
regulated. Because of the pattern of Pem expression in the mouse, and its abundant
expression in ES and embryonal carcinoma (EC) cell lines (4), Pem could very likely
regulate the differentiation of totipotent cells of the mouse embryo. However, in the
absence of an abnormal phenotype in Pem-null mice, the exact function of Pem would
be difficult to determine by further in vivo experiments (5).
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Alterations of genes expressed in ES cells can be a powerful method to evaluate
the function of specific genes. Therefore, to determine the role of Pem in early mouse
development, we altered Pem’s expression in ES cells and studied their differentia-
tion during their growth as embryoid bodies (6). In many ways, embryoid bodies
mimic normal mouse embryonic development, differentiating over the course of a
few days into both embryonic and extraembryonic cell types (7). To overexpress Pem in
D3 ES cells, we generated Pgk-Pem ES lines that contain a transgene expressing Pem
from the mouse phosphoglycerate kinase (Pgk/) promoter (6). To reduce Pem expres-
sion, we used standard targeted mutagenesis techniques to knock out the single
Pem allele in male D3 ES cells, thereby generating Pem-~'" ES lines. We measured
the levels of expression of a number of tissue-specific genes to assess the differen-
tiation of Pgk-Pem and Pem™ cell lines (in a comparison to normal D3 ES
cells). Interestingly, the forced overexpression of Pem in Pgk-Pem cells blocked
ES cell differentiation, whereas ablation of Pem gene expression in Pem™Y cells
caused defects and/or delays in primitive endoderm differentiation (6). The absence
of differentiated cell types in experimentally derived teratomas from Pgk-Pem
cells substantiated the in vitro results. Moreover, Pgk-Pem cells did not differen-
tiate either in vitro or in vivo when mixed with normal ES cells, indicating a cell
autonomous role of Pem in mouse development. Here, we describe the protocols used
to measure the effects of altered Pem gene expression on ES cell differentiation.
Standard techniques were used for establishing Pem-null ES cells, and these are not
described here.

2. Materials

All tissue culture reagents are from Gibco-BRL unless noted.

1. Fetal bovine serum (FBS) (cat. no. 26140-079) was heat inactivated at 56°C for 30 min,
and stored at —20°C as 37.5 mL aliquots in 50-mL sterile plastic centrifuge tubes (Corning,
New York, cat. no. 25330-50).

2. Dulbecco’s modified Eagle’s medium (DMEM) (high glucose with L-glutamine; cat. no.
11965-092) is stored at 4°C.

3. Leukemia inhibitory factor (LIF) (Chemicon International, cat. no. ESG1107) was
purchased as 1 x 107 U/mL in a rubber-capped vial. Use a 1-mL syringe with a needle
to push 1 mL of air into the bottle and pull out all the liquid. Aliquots of 100 uL each
(1 x 10° U) are stored in sterilized cryotubes at —80°C. Before use, one tube (containing
1 x 10° U) is thawed, and the entire contents is added to 10 mL DMEM with 15% FBS.
This stock has a LIF concentration of 1 x 10° unit/mL (100X) and can be stored up to
6 mo at 4°C.

4. Geneticin (G418) (cat. no. 10131-035; with 50 mg/mL active component) is treated as
200X and stored at 4°C.

5. 100 mM MEM Sodium Pyruvate solution (100X, cat. no. 11360-070) and nonessential
amino acids (100X; Specialty Media, N.J., cat. no. TMS-001-C) are stored at 4°C.

6. L-Glutamine (200 mM; 100X; cat. no. 25030-081) and penicillin—streptomycin (100X,
10,000 U each; cat. no. 15140-122) are stored in 15-mL centrifuge tubes (Corning, cat.
no. 430052) as 5 mL aliquots at —20°C.

7. 2-Mercaptoethanol (5.5 x 1072, used as 500X; cat. no. 21985-023) is stored for up to
1 yr at 4°C.
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8. 20X Phosphate-buffered saline (PBS) stock solution: 160 g NaCl, 4 g KCl, 23 g Na,HPO,,
4 g KH,PO,. Bring to 1 L with dH,0. Autoclave and store at room temperature. Prior to
use, dilute to 1X PBS (pH 7.2) with dH,0 and autoclave. Warm to 37°C before use.

9. Trypsin-EDTA (10X): 0.5% trypsin and 5.0 mM NaEDTA (cat. no. 10131-035) is stored
in 10 mL aliquots at —20°C. Prior to usage, one tube is thawed and diluted to 1X with
90 mL of 1X PBS.

10. ES cell culture medium: DMEM containing 15% FBS, 1 mM sodium pyruvate, 2 mM
L-glutamine, 1X nonessential amino acid, 1X penicillin—streptomycin, 1000 U/mL LIF,
110 uM 2-mercaptoethanol, and 250 ug/mL G418. For growth of embryoid bodies, do
not add LIF.

11. Proteinase K digestion solution: 10 mM Tris-HCI (pH 7.5), 100 mM NaCl, 10 mM
Na-EDTA, 0.5% sodium dodecyl sulfate (SDS), 200 pg/mL proteinase K (Roche Molecular
Biochemicals, Indianapolis, cat. no. 745723) dissolved in 10 mM Tris-HCI, pH 7.5.

12. Glutaraldehyde fixation solution: 0.1 M phosphate buffer (pH 7.3), 0.2% glutaraldehyde,
5 mM EGTA (pH 8.0), and 2 mM MgCl,.

13. Detergent solution: 0.1 M phosphate buffer (pH 7.3), 2 mM MgCl,, 0.01% sodium
deoxycholate, and 0.02% Nonidet P-40 (NP40).

14. Staining solution: 0.1 M phosphate buffer (pH 7.3), 2 mM MgCl,, 0.01% sodium deoxy-
cholate, 0.02% NP40, 5 mM Fe;[CN],, 5 mM Fe,[CN];. Add 5-bromo-4-chloro-3-indolyl-
[-p-galactopyranoside (X-gal) (20 mg/mL stock solution in dimethylformamide) to a final
concentration of 1 mg/mL before use.

15. CO, incubator (37°C, 5% CO,).

16. Gene Pulser II Electroporator system from Bio-Rad (cat. no. 165-2105 and 165-2107. Use
0.4-cm Gene Pulser Cuvette, cat. no. 165-2088. Set electroporator at 300 V, 500 uF).

17. 10-cm Tissue culture dishes (Falcon, VWR cat. no. 25382-166), treated with 5 mL of
sterilized 0.1% gelatin for 30 min prior to use.

18. Bacteriologic dishes (Valmark, Canada, cat. no. 900).

19. Toluidine blue 1% ready to use solution (Tousimis Research Corporation, MD, USA,
cat. no. 4168).

20. Embedding capsules (Tousimis Research Corporation, MD, USA, cat. no. 7004C).

21. Resin embedding kit (Tousimis Research Corporation, MD, USA, cat no. 3112).

3. Methods

3.1. DNA Constructs for the Forced Overexpression
of the Mouse Homeobox-Containing Gene Pem

The mouse phosphoglycerate kinase (Pgkl) promoter element was isolated from
the pPNT plasmid (8) and cloned into the pBluescript II KS (+) vector (Stratagene) as
an EcoRI (5")-Pstl (3') fragment. A 6-kb BamHI genomic fragment containing all
the coding exons, as well as 3’ noncoding sequences, of the Pem gene (exons 3—6)
was ligated into the BamHI site of the multiple cloning site of pBluescript, 3’ of the
Pgkl promoter element (Note 1). Correct orientation of the overexpression plasmid
(designated Pgk-Pem) was verified by sequencing. Prior to transfection into ES cells,
the Pgk-Pem plasmid is linearized by digestion with Sall.

3.2. Establishment of Pgk-Pem ES Cell Lines
3.2.1. Maintenance of D3 ES Cells in Culture

1. D3 ES cells are removed from liquid nitrogen storage and quickly thawed in a 37°C
water bath.
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. Transfer ES cells into a 15-mL Corning centrifuge tube containing 5 mL of ES cell

medium at 37°C.

Spin at low speed (350g for 5 min). Remove medium by suction and resuspend the cell
pellet in 1 mL of ES cell medium by repeated pipetting (approx 5 times with a 5-mL pipet
attached to an electronic pipettor set at medium speed).

The cell suspension is transferred to a gelatin-treated 10-cm tissue culture dish containing
9 mL of prewarmed ES cell medium and cultured in a tissue culture incubator (37°C, 5%
CO,). Change the medium every 24 h.

Once the ES cells grow to 60—70% confluence, passage them to new tissue culture dishes
(3-5 fresh gelatin-treated dishes). To passage ES cells, rinse twice with 5 mL warm
1X PBS, discard the PBS solution, and add 2 mL of 1X trypsin-EDTA. Incubate at 37°C
for 3 min and then break up the cell aggregates by repeated pipetting 5—10 times with
a 5-mL pipet. Transfer the trypsinized suspension to 15-mL Corning centrifuge tubes
with 5 mL warm ES cell medium and pipet up and down an additional 5 to 10 times. Spin
at low speed (350g) for 5 min. Remove the medium and resuspend the cell pellets in 6
mL ES cell medium by repeated pipetting. Transfer 1.2 mL (about 3—4 x 10° cells) to a
new plate containing 9 mL of prewarmed ES cell medium. ES cells must be passaged at
least once before transfection.

3.2.2. Transfection

L.

Harvest D3 ES cells as described above (Subheading 3.2.1., step 5). After centrifuging,
resuspend the cell pellet in 5 mL warm ES cell medium. Transfer 0.5 mL to a 15-mL
Corning tube containing 9.5 mL 1X PBS. Mix well and count the cell number with a
hemacytometer.

Transfer approximately 4 x 107 ES cells (harvested from 2 plates, each approximately
70—-80% confluent) to a 15-mL Corning tube and spin at low speed (350g for 5 min).
Resuspended in 0.8 mL 1X PBS.

. Add 22.5 pg of linearized Pgk-Pem plasmid DNA, together with 2.5 pg of linearized pPNT

(containing the bacterial neo” gene under control of the mouse Pgkl promoter), in 1X PBS
to the resuspended ES cells (Note 2). Mix well by repeated pipetting 5 times. Transfer to
a 0.4-cm Gene Pulser cuvette and leave on ice for 10 min.

Prior to electroporation, pipet twice with a 1-mL tissue culture pipet and wipe the cuvette
with a Kimwipe to eliminate the moisture. After electroporation, leave the cells on ice
for 10 min. Plate the whole volume onto one tissue culture plate containing 10 mL of
prewarmed ES cell medium. Incubate at 37°C in a tissue culture incubator (5% CO,).

3.2.3. Isolation of Pgk-Pem ES Clones

1.

2.

After 24 h of electroporation, change the medium to ES cell medium supplemented with
250 ug/mL G418.

Change the medium 1 to 2 times/d depending on its acidity (change medium when it turns
yellowish-orange). Cell death should be observed after 4 to 5 d of culture.

After 10 to 14 d of G418 selection, ES cell colonies of 1-2 mm diameter appear, and they
are ready to be isolated and transferred to 24-well dishes. Wash the plate three times with
5 mL prewarmed 1X PBS. Leave the last wash in the plate.

Under a dissecting microscope, use a 20 uL pipet tip to scrape a circle around the colony to
be transferred. Set the pipettor to 10 uL and pipet the colony into the tip.

. Transfer the colony into 60 uL 1X typsin-EDTA in a 96-well tissue culture dish. Digest

for 5 min at room temperature.
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6.

Pipet up and down 10 times to disperse the cells and transfer to one well of a 24-well
tissue culture dish with 2 mL ES cell medium containing both LIF and G418. Incubate
at 37°C (5% CO,).

. When the cells are grown to 60—80% confluence, wash twice with 1X PBS, and treat with

200 uL 1X trypsin for 5 min at room temperature (Note 4).

Set a pipettor at 130 uL and pipet 10 times. Transfer to a sterilized cryotube containing
200 uL ES cell medium.

Add 330 uL ES medium containing 20% dimethyl sulfoxide (DMSO) to the cryotube.
Mix by tapping several times and transfer the tubes to an insulated styrofoam box. Leave
at room temperature for 20 min, followed by 60 min at 4°C, 2 h at —20°C, and overnight at
—80°C. Transfer the cryotubes to liquid nitrogen for long-term storage.

3.2.4. Analysis of Isolated G418-Resistant Clones

1.

After transferring the 130 uL to a cryotube, add 1 mL of ES cell medium to the well.
Culture the remaining cells to confluence to isolate genomic DNA for analysis of transgene
integration.

. To extract genomic DNA, wash once with 0.5 mL 1X PBS. Remove the 1X PBS and add

400 uL proteinase K digestion solution with a pipettor.

. Pipet up and down 2 to 3 times and transfer the lysate to a 1.5-mL centrifuge tube. Leave

at 50°C for 4 h. Mix by vortex mixing briefly every 30 min.

DNA is extracted by phenol-chloroform extraction (400 uL), chloroform extraction
(400 pL), and ethanol precipitation (800 uL, at —20°C). Spin down DNA at 13,800g in
a microcentrifuge for 10 min and resuspend in 200 uL TE buffer after washing once
with 70% ethanol.

. DNA samples are subjected to Southern blot analysis to examine the transgene integration.

Twenty-four clones are usually picked and analyzed. Clones with high copy numbers of
the Pgk-Pem transgene integration are identified, grown in ES cell medium with LIF, and
examined for transgene Pem expression. This is done by extracting RNA from selected
clones and determining the level of Pem expression by Northern blot and ribonuclease
protection analyses (Note 3).

3.3. Using Growth and Differentiation of ES Cell
Embryoid Bodies to Analyze Mutant ES Cells

3.3.1. Grow ES Cell Embryoid Bodies

1.

Culture D3 and Pgk-Pem ES cells on 10-cm tissue culture dishes to 60-70% confluence.

2. Wash cells twice with 5 mL 1X PBS and treat the cells with 2 mL of 1X trypsin for

three min at 37°C.

. Pipet repeatedly (up and down 10 times) with a 5-mL pipet and transfer to 15-mL Corning

centrifuge tubes, each containing 4 mL of ES cell medium. Pipet up and down 10 more
times to separate the cells into a single-cell suspension.
Spin at low speed (350g for 5 min) and resuspend the pellet in 5 mL of ES cell medium.

. Count cell numbers and transfer 1 x 107 cells to 15-mL Corning centrifuge tubes. Spin

down and resuspend pellet in 10 mL of ES cell medium without LIF to a density of
1 x 10° cells/mL.

Aliquot 1 mL to each bacteriologic dish containing 9 mL of ES cell medium without
LIF (supplemented with G418 for Pgk-Pem cells). Incubate at 37°C, 5% CO, for the
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desired period of time. In the case of Pgk-Pem cell cultures, samples are collected every
4 d, for up to 12 d. Therefore, 3 bacteriologic plates are seeded with 1 x 10% Pgk-Pem
cells each.

7. Change 5 mL of the appropriate ES cell medium (minus LIF) every other day by slightly
tilting the bacteriologic dish and pipetting out 5 mL of medium from the surface.
Afterwards, add 5 mL fresh medium.

3.3.2. Examination of Embryoid Body Morphology

Cellular differentiation in embryoid bodies can be monitored in culture using light
microscopy. After 7 d, balloon-like cysts (fluid-filled cavities) can be observed in
normal D3 ES cell embryoid bodies. However, there is no cavity formation in Pgk-Pem
embryoid bodies. Abnormal development of embryoid bodies derived from genetically
modified ES cells can also be histologically analyzed, using a variety of fixation
and embedding procedures. We chose to use a protocol commonly used for electron
microscopy, which can preserve the embryoid body morphology.

1. Harvested embryoid bodies are fixed with 2.5% glutaraldehyde for 24 h at 4°C.

2. Wash twice with ice-cold 1X PBS.

3. Dehydrate embryoid bodies through alcohol (50% ethanol, 70% ethanol, 90% ethanol,
and 100% ethanol, 1 h at each step).

4. Wash with 100% ethanol one more time for 1 h.

5. Soak embryoid bodies in the solution containing 1/2 100% ethanol and 1/2 freshly prepared
embedding resin (following the Tousimis embedding kit instruction) and rotate overnight
at room temperature.

6. Change the solution to 100% freshly prepared embedding resin and rotate for an extra 1 h.

7. Transfer the embryoid bodies to embedding capsules and fill the capsules with embedding
resin.

8. Incubate at 60°C to let the embedding resin harden.

9. Sections as thick as 1 um can be made and stained with 1% Toluidine blue.

10. Examine the slides using light microscopy.

3.3.3. Cell Mixing Experiments

To further examine defects in genetically modified ES cells upon embryoid body
differentiation, a cell mixing experiment (growth of wild-type ES cells together
with mutant ES cells) can be performed. If essential intercellular signals for ES cell
differentiation are missing in mutant cell lines, wild-type ES cells mixed with the
mutant cells should be able to rescue the differentiation defects in the mutant lines.
In contrast, if the mutation affects intracellular signals for differentiation, mutant ES
cells (such as Pgk-Pem) will behave the same in the presence or absence of wild-type
ES cells. To perform the cell mixing experiment, ROSA26 cells, which express the
bacterial (3-galactosidase gene, are used to distinguish the wild-type ES cells from
the mutant cells (6).

1. Grow ROSA26 and Pgk-Pem ES cells as described above.

2. Harvest the cells and dilute to a density of 1 x 10° cells/mL with ES cell medium (minus
LIF), then transfer 0.5 mL cells from each cell line to a fresh Corning centrifuge tube
(15 mL).
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Fig. 1. Tissue-specific gene expression in differentiating embryoid bodies. Expression of Oct
3/4 and H19 were determined by Northern blot analysis. Expression of S-globin was determined
by a ribonuclease protection assay. The number of days of embryoid body growth are displayed at
the top. Undifferentiated ES cells are designated as day O. P, Pgk-Pem cells. D, D3 ES Cells.

3. Mix well by pipeting up and down 5 times and transfer to a bacteriologic dish containing
9 mL of ES cell medium.

4. After 8 d of culture, embryoid bodies developing in mixed cultures are transferred to 3-mL
glass vials and washed three times with 1 mL ice-cold 1X PBS.

5. Fix embryoid bodies in 0.5 mL 0.2% glutaraldehyde fixation solution for 10 min.

6. Rinse with detergent solution three times at room temperature, allowing 10 min for
each rinse.

7. Add staining solution and incubate in dark at 37°C for 3 h or overnight. To maintain
moisture, cap the vials loosely, put wet paper towels at the bottom of a plastic container,
place the glass vials in the container, and then seal it.

8. After staining, rinse the embryoid bodies with 1X PBS three times and fix with 2.5%
glutaraldehyde at 4°C overnight for further histological analysis.

3.3.4. Examination of Tissue-Specific Gene Expression Upon Embryoid
Body Differentiation

In addition to analysis of morphologic changes, examination of tissue-specific
gene expression can help to identify the formation of specific cellular lineages in the
embryoid bodies. Genes such as Oct3/4 (undifferentiated stem cells), H-19 (primitive
endodermal derivatives), and T-globin (mesoderm) are especially useful markers
for the early lineage specification events of embryoid body differentiation. Their
expression can be measured by Northern blot analysis, ribonuclease protection assay,
or semiquantitative reverse transcription polymerase chain reaction (RT-PCR). We
chose Northern blot analysis and ribonuclease protection assay in our studies because
these lineage marker genes are relatively highly expressed. Both assays were performed
using the protocols described in Current Protocols in Molecular Biology (9). Fig. 1 is a
representative figure for examining tissue-specific gene expression.
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3.4. Using Teratomas to Analyze Mutant ES Cells In Vivo

3.4.1. Analysis of the Growth and Differentiation of Mutant
ES Cells In Vivo as Teratomas

1. Grow and harvest ES cells as in Subheading 3.3.3.

2. Wash ES cell pellets 3 times with 1X PBS and resuspend to a final density of 1 x 10°
cells/mL.

3. Inject 0.5 mL (5 x 10° cells) subcutaneously into the flank of NIH Nu/Nu nude mice.

4. Teratomas are harvested and fixed in 10% formulin for histological sections after 4—6 wk.

3.4.2. Teratomas Derived from a Mixture of ROSA26 Wild-Type
ES Cells and Mutant Cells

1. Equal numbers of ROSA26 cells and Pgk-Pem cells (5 x 103 each) are mixed and washed
with 1X PBS 3 times.

2. Resuspend the cell pellet in 1 mL of 1X PBS solution and inject 0.5 mL subcutaneously
into the nude mouse.

3. After 6 wk, teratomas are harvested and chopped into small cubes of approx 2 mm to
facilitate fixation and X-gal staining.

4. Small cubes of teratoma are fixed and stained for [-galactosidase expression in the same
manner described above for embryoid body staining (see Subheading 3.3.2.).

4. Notes

1. To force expression of the Pem gene in undifferentiated ES cells, we obtained higher
levels of Pem expression from the Pgkl promoter using the genomic Pem sequence rather
than a full-length Pem cDNA. The genomic sequence contained all the coding exons
together with 3’ untranslated sequences. For unknown reasons, the level of transgene Pem
expression in Pgk-Pem ES cells (genomic Pem sequences in the transgene) was higher
than that in ES cell lines transfected with full-length Pem cDNA construct, even though
the number of integrated transgene copies was similar.

2. Cotransfection of the Pgk-Pem DNA construct with a neo” gene expressed from the Pgk1
promoter was used in establishing Pgk-Pem ES cell lines. We did not observe any loss of
transgene Pem expression even after numerous passages of Pgk-Pem cells in vitro. Loss
of transgene gene expression after many passages has been occasionally observed in ES
cells containing expression constructs that transcribe the gene of interest and a neo” gene
as a single transcript. The use of genomic Pem sequences in the expression transgene
may ensure consistent and long-term expression of both cotransfected (and presumably
co-integrated) expression constructs.

3. To accurately measure Pgk-Pem expression, it had to be carefully distinguished from
endogenous Pem transcript. This proved to be somewhat difficult because Pgk-Pem
contains a Pem genomic fragment, whose pre-mRNA is spliced in nearly the same way
as the endogenous Pem gene. Thus, transgenic and endogenous Pem bands on Northern
blots were the same size. We were able to distinguish the transgenic and endogenous Pem
transcripts in a ribonuclease protection assay using a riboprobe constructed from a cDNA
containing 5’ UTR sequences (not in Pgk-Pem) and coding sequences (in both Pgk-Pem
and endogenous Pem transcripts).

4. When ES cell clones are picked, trypsinized, and expanded in 24-well plates, some wells
will contain only a few colonies (<10) and grow very slowly. To increase their growth and
also the number of cells per clone stored in liquid nitrogen, the wells with fewer colonies
can be trypsinized and replated in the same well. Remove the ES cell medium and wash
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once with 1X PBS. After the PBS is removed, add 0.2 mL of 1X trypsin-EDTA for 3 min
at 37°C. Disperse the colonies by repeated pipetting (5—10 times) using a pipettor. One
milliliter of ES cell medium is then added to the well. After 1-2 d, many colonies will
appear, and the well will rapidly become confluent.
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Hypoxic Gene Regulation in Differentiating ES Cells

David M. Adelman and M. Celeste Simon

1. Introduction

Mammalian development occurs in the hypoxic environment of the uterus (Z,2).
Initially, the limited oxygen available can adequately diffuse to all the cells of the
growing conceptus. However, with continued growth, diffusion becomes less efficient
and results in a “physiologic hypoxia” within the embryo (3). Current models suggest
this physiologic hypoxia acts as a stimulus to coordinate the development of the
cardiovascular system. Once formed, oxygen can be transported throughout the
organism to enable aerobic respiration and promote increased ATP production. Unless
the increasing energy demands of the embryo are met, further development will be
halted, and early lethality will occur.

The hypoxia-inducible factor (HIF) is an obligate heterodimeric transcription factor,
comprised of HIF-1a (or HIF-2a) and ARNT (arylhydrocarbon receptor nuclear
translocator) subunits. Embryonic stem (ES) cells deficient in either HIF-1a or ARNT
are incapable of activating genes normally responsive to low oxygen, and mice derived
from these ES cells die at mid-gestation (4—8). In addition to the prominent vascular
defects in both animals, Arnt~~ embryos display hematopoietic (9), placental, and car-
diac abnormalities (10). Genes such as vascular endothelial growth factor (VEGF) and
erythropoietin (Epo) are required for vascular and erythroid development, respectively,
and both are known to be regulated, in part, by hypoxia-responsive elements (HREs)
that bind the HIF complex (3). Therefore, accumulating evidence suggests that HIF
activity is an essential component of the hypoxic response and critical to this important
cardiovascular developmental cue.

ES cells can be differentiated in vitro to form embryoid bodies (EBs), which
contain tissues of all three germ cell layers. Due to their three-dimensional structure,
EBs exhibit gradients in oxygen levels, even when cultured under normoxic (i.e.,
atmospheric) conditions (11). A great benefit of in vitro culture is the ability to
exacerbate this oxygen gradient by culturing EBs under hypoxic conditions. In doing
so, the requirement for low oxygen in the formation of many different tissues can be
examined. Arnt~~ ES cells are an extremely valuable reagent since they do not form
HIF complexes and, therefore, do not respond to the inherent hypoxic environment of
the EB. Because the Arnt~~ animals exhibit multiple developmental defects, in vitro
differentiation allowed us to establish which phenotypes are primary in nature, rather
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than secondary to developmental delay. We focused our initial efforts on studying the
decreased hematopoietic progenitor phenotype within EBs, since they, unlike embryos,
do not require a functional placenta or mature cardiovascular system to survive.
However, we hope future studies may take advantage of different tissue differentiation
protocols to study hypoxia and its requirement for endothelial and cardiac development.
In addition, research has recently indicated that trophoblast stem (TS) cells can be
cultured and maintained in vitro (12). Much like ES cells, TS cells are nontransformed
multipotent progenitors capable of differentiating towards various extra-embryonic
and placental cell lineages. We are beginning to analyze these cells for hypoxic
requirements as well and, if such requirements exist, their dependence on ARNT
activity (13).

In this chapter, we outline our protocol for the in vitro differentiation of ES cells
towards hematopoietic progenitor generation and enumeration, with specific reference
to hypoxic culture conditions. Our procedure has two steps: (i) a primary differentiation
to generate progenitors within EBs, followed by (ii) disaggregation and secondary
plating to enumerate progenitor colony forming units (CFUs). The primary differentia-
tion is performed under both normoxia and hypoxia, whereas the secondary plating is
accomplished under solely normoxic conditions. In this way, any progenitor that has
formed will have an equal opportunity to survive and proliferate.

2. Materials

All materials and reagents should be kept as sterile as possible, by filtering or
autoclaving where appropriate.

2.1. Hypoxic Environment

The hypoxic environment consists of 3% oxygen, 5% carbon dioxide, and 92%
nitrogen. This may be obtained with a premixed gas tank fed into a closed environment,
such as a nalgene canister with inlet and outlet tubes, or it may also be obtained with
the use of a gas mixer. Levels of less than 5% oxygen are necessary to see HIF protein
stabilization. Be sure to humidify the gas, either by bubbling the premixed gas through
sterile water or using a humidified incubator.

2.2. Media
2.2.1. ES Cell Medium

Totaling 500 mL, the ES cell medium consists of the following:

1. Dulbecco’s modified Eagle medium (DMEM) (high glucose, with L-Glut, without Na
Pyruvate) (Life Technologies, cat. no. 11965-092), 405 mL.

Fetal bovine serum (FBS) (Stem Cell Technologies, cat. no. 06951), 75 mL.
Penicillin—streptomycin 100X (Life Technologies, cat. no. 15140-122), 5 mL.
Nonessential amino acids 100X (Life Technologies, cat. no. 11140-050), 5 mL.
L-Glutamine 100X (Life Technologies, cat. no. 25030-081), 10 mL.

[-mercaptoethanol (Sigma, cat. no. M 7522), 4 uL.

Leukemia inhibitory factor (LIF); ESGRO, 107 U (Chemicon, cat. no. ESG1107), 50 uL;
or collected supernatant from Chinese hamster ovary (CHO) cell line transfected with
LIF cDNA, 250 uL.

8. Filter sterilize and store at 4°C. Do not use for more than 3 wk.

NownkwdN
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2.2.2. ES Cell Freeze Medium

Totaling 10 mL, the ES cell freeze medium consists of the following:

e

2.3.

ES cell media, 8 mL.

FBS, 1 mL.

Dimethyl sulfoxide (DMSO) (Sigma, cat. no. D 2650), 1 mL.
Filter sterilize. Make fresh as needed and keep on ice until use.

Differentiation Methylcellulose

Totaling 16.0 mL, differentiation methylcellulose consists of the following:

1.

Nk w

o

2.4.
. “Complete” methylcellulose (Stem Cell Technologies, cat. no. 03434), contains 1.0%

0.9% Base methylcellulose (Stem Cell Technologies, cat. no. H4100), 14.4 mL. Prepare by
thawing one bottle (40 mL) at 37°C. Add 50 mL Iscove’s MDM (Life Technologies, cat.
no. 12440-020), cover with foil, and rock O/N at 4°C to mix. Store at 4°C.

10% FBS (Stem Cell Technologies, cat. no. 06950), 1.6 mL.

5 ng/mL Recombinant murine (rm)IL-3 (R&D Systems, cat. no. 403-ML-010), 5.5 uL.
500 U/mL rmIL-1, 10° U/mL stock (R&D, cat. no. 400-ML-005), 8.0 uL.

10 ug/mL Insulin, bovine, in H,O (pH 2.0), 10 mg/mL stock (Sigma, cat. no. 16634),
16.0 uL.

200 wg/mL Transferrin, human, iron-saturated, 20 mg/ml stock in PBS (Sigma, cat. no.
T0665), 160 uL.

1 x 10* M o-monothioglycerol, dilute 1:10 in phosphate-buffered saline (PBS) (Sigma,
cat. no. M 6145), 6.2 uL.

25 mM HEPES buffer solution (1 M) (Life Technologies, cat. no. 15630-080), 400 uL.
Add methylcellulose to a 50-mL conical tube. Combine remaining ingredients and filter
into methylcellulose through a syringe and 0.2-um filter. Vortex mix and keep on ice.
Make fresh before each use.

Replating Methylcellulose

methylcellulose, 10% FBS, 1% bovine serum albumin (BSA), 10 ug/mL bovine pancreatic
insulin, 200 ug/mL human transferrin, 10~* M B-mercaptoethanol, 2 mM L-glutamine,
50 ng/mL (rm) stem cell factor (SCF), 10 ng/mL rmIL-3, 10 ng/mL recombinant human
(rh)IL-6, and 3 U/mL rhEPO.

. Pokeweed mitogen murine spleen cell-conditioned medium (PWMSCCM) (Stem Cell

Technologies, cat. no. 02100). Contains IL-3 and granulocyte macrophage-colony-
stimulatory factor (GM-CSF).

Thaw the complete methylcellulose and make 15-mL aliquots in 50-mL conicals to
minimize freeze—thaw cycles. For use, thaw briefly at 37°C and then keep on ice. Add
300 uL of filter-sterilized PWMSCCM to 15 mL complete methylcellulose and vortex
mix. This mixture can be stored at 4°C and used for up to 2 wk.

2.5.

N e =

Additional Materials

Gelatin, porcine (Sigma, cat. no. G 1890), 0.1% solution in ddH,O, autoclaved.
PBS, without Ca?* or Mg?* (Life Technologies, cat. no. 14190-136).
Mitomycin C (Boehringer Mannheim, cat. no. 107 409).

Trypsin-EDTA, 0.25% (Life Technologies, cat. no. 25200-056).

a-MEM (Life Technologies, cat. no. 12571-048).
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. 3-mL Syringes (Becton Dickenson, cat. no. 309585).

0.2-um Sterile filter discs (Millipore, cat. no. SLGV025LS).

. Pasteur pipets (glass), autoclaved (Fisher, cat. no. 13-678-20D).
. Falcon 2054 capped tubes (Falcon, cat. no. 352054).
. Culture dishes, specially treated to prevent the growth of anchorage-dependent cells (Stem

Cell Technologies, cat. no. 27150).

Cell lifters (Costar, cat. no. 3008).

21-gauge needles (Becton Dickenson, cat. no. 305167).

100 x 25-mm-deep Petri dishes (Fisher, cat. no. 08-757-11).
Gridded scoring dish (Stem Cell Technologies, cat. no. 27500).

3. Methods
3.1. Culture of ES Cells
In contrast to the culture of ES cells for generation of chimeric mice, ES cells for

in vitro differentiation must be cultured in the absence of feeder cells (MEFs, STOs,
SNLs, etc.). To gelatin-adapt ES cells:

3.1.1. Gelatin-Adapting

1.

2.

Plate mitomycin-c-treated feeder cells onto a gelatin-coated 6-well plate (add 2 mL of
0.1% gelatin to each well and aspirate after 15 min).

Thaw ES cells quickly at 37°C and transfer to 4 mL of prewarmed ES media. Centrifuge
at approx 500g for 5 min. Aspirate media, resuspend in fresh media, and plate onto
feeders.

. Once ES cells have reached confluency, passage them at a dilution of no more than 1:6

onto a 0.1% gelatin-treated feeder-free well. Take the cells through at least 2 more passages
to completely adapt the cells to a feeder-free environment.

Freeze down these gelatin-adapted cells for later use (a single well of a 6-well plate/vial).
After trypsinization, resuspend in 0.5 mL freezing media/single 6-well, transfer to a
cryovial, and place at —80°C overnight. Transfer to liquid N, the following day (see
Note 1).

3.1.2. Thawing ES Cells

L.
2.
3.

Thaw gelatin-adapted ES cells into a gelatinized well of a 6-well plate.

Once confluent, passage the ES cells no more than 1:6 1 d prior to setting up a differentiation.
Change media on the ES cells the morning of the differentiation, at least 1 h prior to
use (see Note 2).

3.2. Primary Differentiation of ES Cells to Form EBs
Under Normoxia and Hypoxia

1.

Prior to harvesting the ES cells, prepare the methylcellulose media. The primary dif-
ferentiation should be performed in a cytokine-depleted medium to avoid masking any
cell-extrinsic defects. Each culture will require 1.5 mL of methylcellulose cocktail and are
usually plated in triplicate per experiment. Therefore, to assess wild-type, heterozygous,
and homozygous mutant clones of a given gene, 9 dishes (13.5 mL) are used. As the
methylcellulose is very viscous, we prepare an extra 2—3 mL. Therefore, 16 mL would
be made for these 9 dishes (amounts should be adjusted accordingly for more or less
plates).
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2.

Add the base methylcellulose to a S0-mL conical tube. Add the remaining ingredients into
a 3-mL syringe attached to a 0.22-um filter and filter sterilize into the base methylcellulose.
Vortex mix when everything is added and place on ice until needed (see Notes 3 and 4).

. Wash ES cells with PBS and trypsinize (0.5 mL/well) for 5 min. Kill the trypsin with an

equal volume of 10% FBS in DMEM solution (filter-sterilized). From this point on, it is
important to keep the cells free of LIF. Ensure that you have single-cell suspensions by
pipetting with a 200-uL tip on the end of a 1-mL tissue culture pipet. Resuspend the cells
in 5 mL total volume with 10% FBS in DMEM in a 15-mL conical and count the cells
(hemacytometer, Coulter counter, etc.).

. For each differentiation, approx 3 x 103 cells are used. This number will vary from

genotype to genotype and from one freeze to another. It is best to empirically determine
this number for your cells. Aim for about 200-300 EBs/dish. Too few or too many cells
can yield a less than perfect differentiation and may adversely affect your results (see
Note 5).

. Once cells are counted, spin down (approx 500g for 5 min) and resuspend in 10% FBS

in DMEM according to the dilution you need (see Note 6). It is easier to pipet a larger
volume than a smaller volume, but avoid over-dilution of the methylcellulose. Aim for
about 10 uL of cells/1.5 mL methylcellulose.

. Add 1.5 mL methylcellulose into each sterile Falcon 2054 capped tubes, using a 5-mL

pipet and pipetting very slowly (see Note 7).

. Use a P-20 pipetteman to add 3 x 10 of your cells (10 uL or whatever volume is required)

to each 2054 tube with methylcellulose. Cap securely when finished and vortex mix. While
cultures are settling, label the culture dishes.

. Using an autoclaved glass pasteur pipet attached to a pipet aid, transfer the methylcellulose

plus cells from the 2054 tube into the 35-mm dish. Avoid getting air bubbles in the
methylcellulose. Rotate the dish at an angle to spread the methylcellulose when finished.
Place 2 dishes (covered) with 1 water dish (uncovered) into a 100 x 25-mm tissue
culture dish, cover, and place in a tissue culture incubator OR hypoxia setup. Allow the
differentiation to go for approximately 9 d. Check on the cultures periodically to ensure
that no fungal contamination is present and that your plating density is appropriate (not
too dense and not too sparse) (see Notes 8 and 9).

3.3. Disaggregation of EBs and Replating of Progenitors

1.

After 9 d in culture, count the number of EBs/dish. This is best accomplished with a
microscope under low power (4x objective), using a gridded scoring dish underneath your
culture dish (see Note 10).

. Add 2 mL of prewarmed PBS to each dish. Use a sterile cell lifter to break up the

methylcellulose and get all the EBs in suspension (they may rest on the bottom of the
dish). Using a P-1000 with autoclaved tips, pipet the diluted contents into a 15-mL conical
tube that is prefilled with 4 mL of PBS. Using a fresh tip, place another 1 mL of PBS
into the dish to ensure that you have transferred all the EBs into the tube. Spin down the
EBs at approx 500g for 5 min.

. Aspirate off the diluted methylcellulose. Add 1 mL of trypsin using a P-1000 to ensure

good resuspension of the EBs. Place at 37°C for 5-7 min. While incubating, prepare a
3-mL syringe with a 21-gauge needle for each tube (see Note 11).

. After 5-7 min, use the syringe/needle to shear the EBs, plunging up and down 4-5

times. When all the tubes are finished, add 1.5 mL 10% FBS in DMEM to inactivate the
trypsin, and shear again 4—5 times. These actions are usually enough to give single-cell
suspensions, but if whole EBs can still be seen, repeat the shearing. After shearing, there
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should be 2.5 mL total volume; however, this can vary depending on your initial accuracy
and how many bubbles were introduced during syringing. Add 10% FBS in DMEM to
obtain a final vol of 3 mL in each tube. The actual volume is not so important so long as
the precise volume is known (see Note 12).

. Count the cells, then centrifuge at approx 500g for 5 min. Resuspend in 500 uL. a-MEM

solution. We add the equivalent number of cells in 50 wild-type normoxic EBs from
each sample. This can be determined for each experiment, or a set number may be
plated each time (e.g., 2 x 10°). The important point is to plate the same number of cells
for each sample (see Note 13).

. Vortex mix a thawed aliquot of complete methylcellulose (plus PWMSCCM) and add to

Falcon 2054 tubes as before. Add the appropriate volume of cells (e.g., 50 uL of 2 x 10°
cells) with a P-200, cap securely, and vortex mix. After labeling the 35-mm culture dishes,
plate out each culture, using a fresh pasteur pipet for each tube (see Note 14).

. Assemble the humidifying chambers as before and incubate under normoxic conditons for

5-7 d. It is not necessary to keep the cultures under hypoxia at this point. Any progenitors
that have formed during the differentiation should now proliferate to form a colony. Score
cultures when the colonies are recognizable but not yet overgrown, otherwise they can be
hard to distinguish from one another (see Note 15).

3.4. Scoring of CFUs

1.

Once colonies have formed, place a culture dish into a gridded scoring dish and view
under a microscope. Start with low power (4x objective) and move to a higher power
if necessary. Score the types and numbers of hematopoietic colonies present. A good
atlas of hematopoietic CFU morphologies in methylcellulose is available from Stem Cell
Technologies (cat. no. 28700) (see Note 16).

If the colony morphologies in methylcellulose are hard to distinguish, individual colonies
may be picked, cytospun, and stained to assess individual cellular morphology. Use a
P-20 pipetman to isolate a single colony and place into 150 uL. PBS. Spin the cells onto a
slide (e.g., using a Wescor Cytopro Cytocentrifuge at 700 rpm, medium acceleration, for
10 min). Once dry, fix the cells and stain (e.g., Wright-Giemsa stain).

4. Notes

1.

With increased passage number, the totipotency of ES cells may decline. It is, therefore,
advisable to make multiple freezes of low passage cells, in order to be thawed for each
experiment.

. The differentiation will be optimal if the cells are in log phase of growth. Therefore, it is

best to passage each clone the day before an experiment. Changing media the morning
after passage ensures that any residual trypsin has been removed.

. Filtering all reagents into the methylcellulose decreases chances of contamination.

Remember: these cultures grow for 9 d, and fungus grows very well in this rich medium. It is
also best to add all reagents to the methylcellulose fresh, to avoid cycles of freeze—thaw.

. Cultures in hypoxia for extended periods of time may become acidotic. IMDM has

25 mM HEPES, but we find adding an additional 25 mM HEPES helps greatly. However,
the addition of too much HEPES (e.g., 100 mM) will kill your cells. You may want to
determine what level of buffering is best for your cell line.

. These experiments were performed with R1 ES cells. For other ES cell strains and

genotypes, it is necessary to empirically determine the number of cells to be plated in
the primary differentiation. Too many EBs can lead to a depletion of nutrients in the
methylcellulose, and too few EBs may not generate enough progenitors to be quantitative.
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10.

11.

12.

13.

14.

15.

16.

Plating efficiency will also be affected by the cells’ totipotency and phase of growth,
therefore, be certain to set up cultures under similar conditions.

A sample calculation would be: 600 x 10? cells (counted) x 5 mL (total vol) = 3.00 x
106 (total cells from a single well) divided by 3.0 x 103 (amount you want per dish) =
1000 (how many times more cells you have than you need) x 10 uL (volume of cells to
be added) = 10,000 uL (resuspended volume so that you can add 10 uL and be adding
3.00 x 103 cells).

. It is important to pipet the methylcellulose very slowly, due to its high viscosity. We find

that sterile glass tissue culture pipets work well, but are certainly not required.

. It is important to keep the methylcellulose humidified to ensure an optimal differentiation.

We find that uncovered water dishes within the covered 10-cm dishes works well.

A 9-d differentiation period was determined to be optimal for the R1 ES cells, from a time
course of 5-10 d. Some strains will differentiate faster or slower, and therefore the length
of time until the peak of hematopoiesis should be empirically determined.

EBs can differ in size, shape, number, and types of cells present. It is best to normalize
secondary platings to a definable constant, such as 2 x 103 cells, or the equivalent number
of cells in 50 wild-type normoxic EBs, etc.

Some published reports suggest that d 9 and later EBs require collagenase treatment for
disruption of the Reicharts membrane. We find that trypsin, combined with mechanical
shearing, works sufficiently. It is important to let the trypsin continue working after initial
shearing, to allow for continued disruption of cellular aggregates within the EB.

Be as expedient as possible during the trypsinization steps, as you do not want the fragile
progenitors to be exposed to trypsin for longer than necessary. Also, the less bubbles
introduced during syringing, the better (less oxidation of cell surface components and
a more accurate volume). Try to empty the contents of the syringe against the side of
the 15-mL conical.

The volume of a-MEM, in which your cells are resuspended, is dependent on the
total number of cells you have. As with the primary differentiation, overly diluting the
methylcellulose with cells is less than ideal. If your differentiation yields fewer cells,
requiring replating of a large percentage of them, resuspend in a smaller volume, such
as 250 uL.

To let any cell-extrinsic (e.g., cytokine-mediated) defects become known, the primary
differentiation uses a cytokine-poor methylcellulose. The EBs will produce cytokines,
another reason to ensure your plating efficiency is not too low. However, once a progenitor
is formed, the cytokine-rich secondary methylcellulose should allow it to form a scorable
colony (unless there is a cell-intrinsic phenotype that prevents this).

Colony growth will appear within 2-3 d of disaggregation and replating. However, colony
types may not be distinguishable for 5—7 d. After this period, erythrocytes and granulocytes
may start to die, making their colony identification difficult. Therefore, try to score
colonies within the 5-7 d window.

Some strains of ES cells tend to give nonhematopoietic colony growths in the secondary
plating, which resemble “secondary EBs.” These do not necessarily affect the type or
number of hematopoietic CFUs, but can make their scoring more difficult. The addition
of Protein-Free Hybridoma Medium II (Life Technologies, cat. no. 12040-093) to the
secondary plating (5%) tends to minimize this population.
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Regulation of Gap Junction Protein (Connexin)
Genes and Function in Differentiating ES Cells

Masahito Oyamada, Yumiko Oyamada, Tomoyuki Kaneko,
and Tetsuro Takamatsu

1. Introduction

Gap junctions are specialized cell—cell junctions that directly link the cytoplasm
of neighboring cells. They mediate the direct transfer of low molecular weight
(<1000 D) metabolites and ions, including second messengers such as cyclic adenosine
monophosphate (cAMP), inositol trisphosphate, and Ca>* between adjacent cells.
Therefore, gap junctional intercellular communication is considered to play an
important role in the control of cell growth, differentiation, morphogenesis, and the
maintenance of homeostasis. Gap junctions are composed of oligomeric proteins
consisting of 6 subunits called connexins (Cxs) that are coded for by a multigene
family (1,2). Thus far, more than 14 different Cxs have been cloned in rodent genes.
The expression of each Cx has organ and cell-type specificity and is developmentally
controlled. During the cardiomyocytic differentiation of embryonic stem (ES) cells
in vitro, the expression of multiple Cxs is differentially regulated, and gap junctional
intercellular communication is modulated (3-5).

In this chapter, we describe methods for the analysis of gap junctions during
cardiomyocytic differentiation of ES cells in vitro. The analytical methods are divided
into two groups, those for the expression of Cx genes and proteins and those for
functions of gap junctions. The former includes reverse transcription polymerase chain
reaction (RT-PCR) analysis for Cx genes and immunofluorescence for Cx proteins, and
the latter includes dye coupling and calcium imaging.

2. Materials

Materials for the hanging drop culture method for cardiomyocytic differentiation of
ES cells in vitro are described in detail in Chapter 13.

2.1. RT-PCR Analysis for Cx Expression in Differentiating ES Cells

All the buffers except for Tris-HCl-containing buffers must be made with diethyl
pyrocarbonate (DEPC)-treated water.

1. An inverted microscope (e.g., Olympus, IX-70, Tokyo, Japan) equipped with microma-
nipulators (e.g., Narishige, WR-88, Tokyo, Japan).

From: Methods in Molecular Biology, vol. 185: Embryonic Stem Cells: Methods and Protocols
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Solution D: 4 M guanidium thiocyanate, 25 mM sodium citrate (pH 7.0), 0.5% sarcosyl,

0.1 M 2-mercaptoethanol. Store in the dark for up to 1 mo at room temperature.

2 M sodium acetate (pH 4.0).

Water-saturated phenol. Store in the dark for up to 1 mo at 4°C.

Chloroform.

Isopropyl alcohol.

70% Ethanol.

4 M LiCl.

H,O (autoclaved).

Isoamyl alcohol.

14-mL Polypropylene round-bottom centrifuge tubes (Becton Dickinson Labware, Franklin

Lakes, NJ, cat. no. 352059).

5X DNase buffer: 200 mM Tris-HCI, pH 8.0, 50 mM NacCl, 30 mM MgCl,.

RNase-free DNase I (Boehringer Mannheim, Indianapolis, IN, cat. no. 776785).

RNase inhibitor (Boehringer Mannheim, cat. no. 799017).

A kit for RT-PCR (e.g., TAKARA RNA PCR Kit ver 2.1; Takara Shuzo, Otsu Shiga,

Japan, cat. no. RO19A).

Random 9-mer.

Avian myeloblastosis virus reverse transcriptase XL.

MgCl, solution.

. dNTP mixture.

RNase inhibitor.

10X RNA PCR buffer.

. Tag DNA polymerase.

. RNase-free H,O.

PCR primers. Store at —20°C.

a. Connexin 40 (Cx40), 5'-CCACGGAGAAGAATGTCTTCA-3" and 5'-TGCTGCTGG
CCTTACTAAGG-3'. The expected size of amplified fragments is 447 bp.

b. Connexin 43 (Cx43), 5'-TGGGGGAAAGGCGTGAG-3' and 5'-CTGCTGGCTCTG
CTGGAAGGT-3'. The expected size of amplified fragments is 1.3 kbp.

c. Connexin 45 (Cx45), 5'-ATCATCCTGGTTGCAACTCC-3" and 5'-CTCTTCATGG
TCCTCTTCCG-3'. The expected size of amplified fragments is 168 bp.

Thermal cycler (e.g., GeneAmp PCR system 9600; PE Biosystems, Foster City, CA).

Electrophoresis-grade agarose (e.g., NuSieve 3:1 agarose; BioWhittaker Molecular

Applications, Rockland, ME, cat. no. 50090).

50X Stock solution of Tris-acetate-EDTA electrophoresis buffer: 2 M Tris-acetate,

100 mM EDTA, pH 8.5.

20,000X Stock solution of ethidium bromide: 10 mg/mL in H,O. Store in the dark at 4°C.

DNA molecular weight markers.

6X Loading buffer: 30% glycerol, 0.25% bromphenol blue, 0.25% xylene cyanol.

Horizontal gel electrophoresis apparatus with DC power supply.

S0 0 a0 o

2.2. Inmunofluorescent Labeling of Cxs in the ES Cells

M NS

Humidified staining box.

Phosphate-buffered saline (PBS).

100% Ethanol, —10° to —20°C (solvent cooled in the freezer of a refrigerator).

Blocking solution: 5% (w/v) skim milk in PBS. Prepare just before use.

Antibody diluting solution: 1% bovine serum albumin (BSA), 0.1% Triton X-100, 0.1%
NaNj; in PBS. Store for up to 3 mo at 4°C.
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6.

7.

8.

9.

Primary antibodies.

a. Rabbit anti-Cx43 antibody (Zymed Laboratories, South San Francisco, CA, cat. no.
71-0700).

b. Mouse monoclonal antibody against ventricular myosin heavy chain o/ (MHC-a/f)
(Chemicon International, Temecula, CA, cat. no. MAB1552).

Secondary antibodies.

a. Goat Alexa Fluor 488 anti-rabbit IgG conjugate (Molecular Probes, Eugene, OR, cat.
no. A-11034).

b. Goat Alexa Fluor 594 anti-mouse IgG conjugate (Molecular Probes, cat. no. A-11032).

Anti-quenching mountant (e.g., Vectorshield, Vector Laboratories, Burlingame, CA, cat.

no. H-1000).

Nail polish for sealing coverslips onto dishes.

2.3. Gap Junctional Intercellular Communication Measured
by Lucifer Yellow Dye Coupling

1.

ARSI

8.

Inverted microscope (e.g., Olympus, IX70, Tokyo, Japan).

Micromanipulators (e.g., Narishige, WR-88, Tokyo, Japan).

Automatic injection system (e.g., Eppendorf, Transjector 5246, Hamburg, Germany).
Sterile femtotips (e.g., Eppendorf, 5242 952.008).

Microloader (e.g., Eppendorf, 5242 956.003).

10% Solution (w/v) of Lucifer yellow CH (Sigma, St. Louis, MO, cat. no. L0259) dissolved
in 0.33 M lithium chloride. Filter through a 0.22-um filter (e.g., Ultrafree-MC; Millipore,
Bedford, MA) by centrifugation and store for up to 6 mo in a screw-capped tube in the
dark at room temperature.

. Charge-coupled device (CCD) camera (e.g., Hamamatsu photonic System, Hamamatsu,

Japan).
Video digitizer card installed on a personal computer.

2.4. Calcium Imaging Using Fluorescent Probes
with Confocal Microscopy

1.

2.

Fluo-3 acetoxymethyl ester (fluo-3/AM) (Molecular Probes, cat. no. F-1242). Store in
the dark at —20°C.

6% (w/v) Stock solution of pluronic F-127 (Sigma, cat. no. P2443) in dimethyl sulfoxide
(DMSO). Store in the dark for up to 6 mo at —20°C.

. Tyrode’s solution: 145 mM NaCl, 4 mM KCIl, 1 mM MgCl,, 1 mM CaCl,, 10 mM

D-glucose, and 10 mM HEPES (pH 7.3). Make fresh as required.
A confocal microscopy system equipped with an inverted microscope (e.g., Olympus,
Fluoview).

3. Methods

The hanging drop culture method for cardiomyocytic differentiation of ES cells in
vitro is described in detail in Chapter 13.

3.1. RT-PCR Analysis for Cx Expression in Differentiating ES Cells
3.1.1. RNA Extraction

L.

Prepare 20-300 embryoid bodies for RNA extraction. If necessary, ES cell-derived
contracting cardiac myocytes can be microdissected from surrounding nonmuscle cells
using a micromanipulator with a fine needle under an inverted microscope.
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. Dissolve the cell pellet or embryoid bodies in solution D. Typically, apply about 100 uL.

solution D/well of 48-well tissue culture plates and 500 uL/3.5-cm dish. Shear through
a 19-gauge needle.

. For 1 volume of solution D, add 0.1 volume of 2 M sodium acetate (pH 4.0), 1 volume

of water-saturated phenol, 0.2 volumes of chloroform—isoamyl alcohol (49.1). Vortex mix
well after the addition of each solution.

Vortex mix for 15 s and then leave on ice for 15 min.

Centrifuge at 10,000g for 15 min at 4°C.

Transfer the upper aqueous phase into a new tube and add an equal volume of isopropyl
alcohol. Mix well and leave the tube at —20°C for 45 min.

Centrifuge at 3000g for 10 min at 4°C.

. Suspend the pellet in 2 mL of 4 M LiCl by vortex mixing. This is to solubilize contaminat-

ing polysaccharides.
Centrifuge at 3000g for 10 min.

. Dissolve the resulting pellet in 0.3 mL of solution D and transfer into a 1.5-mL microcen-

trifuge tube.

Add 0.3 mL of isopropyl alcohol, mix, and keep the tube at —20°C for 45 min.

Centrifuge at 10,000g for 15 min at 4°C.

Suspend the pellet with 70% ethanol, centrifuge for 5 min at 10,000g, and then discard
supernatant. Repeat this step once. Dry the pellet in the air for several minutes.

Dissolved the RNA pellet in 50 uL. of DNase digestion buffer (40 mM Tris-HCI, pH 8.0,
10 mM NaCl, 6 mM MgCl,) containing 0.04 U/uL of RNase-free DNase I and 0.04 U/uL
of RNase inhibitor. Incubate the sample at 37°C for 15 min.

Extract the reaction with phenol-chloroform—isoamyl alcohol (25:24:1) once.

Recover the aqueous phase and add 5 uL of 2 M sodium acetate and 150 uL of ethanol,
then chill at =70°C for 15 min.

Centrifuge at 10,000g for 10 min at 4°C.

Suspend the pellet with 70% ethanol, centrifuge for 5 min at 10,000g, and then discard
supernatant. Repeat this step once. Dry the pellet in the air for several minutes.

Dissolve the pellet in an appropriate volume of DEPC-treated water.

Quantitate RNA by diluting in water and reading the A,¢; and Asgy,.

3.1.2. cDNA Synthesis

1.

Reverse transcribe 0.5 ug of the total RNA using 2.5 uM of random 9-mer, 0.25 U/uL.
of avian myeloblastosis virus reverse transcriptase XL, 5 mM MgCl,, 1 mM of dANTP
mixture, and 1 U/uL of RNase inhibitor, in 20 uL. of 1X RNA PCR buffer at 42°C for
30 min (see Note 1).

3.1.3. Polymerase Chain Reaction

1.

Mix 5 uL of first-strand reaction, 200 nM of the appropriate primer, 2.5 mM MgCl, and
0.625 U of Tag DNA polymerase (Takara) in 25 uLL of 1X RNA PCR buffer. Place the
sample in the thermal cycler and carry out the amplification reaction. Our amplification
protocol is 1 cycle at 94°C for 2 min, followed by 30 to 35 cycles of denaturation at 94°C
for 30 s, annealing at 55°C for Cx45, at 56°C for Cx40, and at 57°C for Cx43 for 30 s, and
extension at 72°C for 30 s (1 min for Cx43).

Electrophorese 10 uL of the amplified sample with 2 uLL of 6X loading buffer on 4%
agarose gel (NuSieve 3:1 agarose) containing ethidium bromide (final concentration,
0.5 ug/mL) (see Fig. 1).
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Fig. 1. RT-PCR analysis of Cx40, Cx43, Cx45, and MHC-a during cardiomyocytic dif-
ferentiation of ES cells in vitro. H, sample form mouse heart as a positive control; N, negative
control. Sample with no RNA was reverse-transcribed and PCR-amplified; M1, molecular
weight marker. Product of ¢x 174 plasmid DNA cut by Haelll; M2, molecular weight marker.
Product of Aphage DNA cut by HindIII.

3.2. Immunofluorescent Labeling of Cxs in the ES Cells

The subject taken up here is visualization of the localization of Cx in ES cell-derived
cardiomyocytes that express cardiac specific myosin heavy chain (e.g., ventricular
MHC o/f). For this purpose, double immunofluorescent labeling of Cx43 and MHC
a/p is performed using ES cells cultured in vitro.

Prepare embryoid bodies cultured on a 35-mm dish for d 7, 9, 11, and 13 (see Note 2).
Wash them twice with PBS and then fix in ethanol at —20°C for 10 min.

Block nonspecific binding using 5% skim milk in PBS for 20 min at room temperature.
Incubate cells with a mixture of a rabbit antibody against Cx43 (1/500 dilution) and a
mouse monoclonal antibody against MHC o/ (1/5 dilution), overnight at 4°C.

Wash 3 times in PBS (5 min/wash).

Incubate cells with a mixture of goat Alexa 488 anti-rabbit IgG (1/1000 dilution) and goat
Alexa 594 anti-mouse IgG (1/1000 dilution) for 1 h at room temperature.

7. Wash 3 times in PBS (5 min/wash).

Lol S .
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Embed cells in Vectorshield and cover them with coverslips, which are sealed on dishes
with nail polish.
Examine them under a fluorescence microscope and a confocal laser microscope.

3.3. Gap Junctional Intercellular Communication Measured
by Lucifer Yellow Dye Coupling

1.

2.
3.

WX

11.

12.

13.
14.

15.

16.

17.

Place the microscope with the phase-contrast equipment and micromanipulator on a
vibration-free table.

Fill Femtotips with 1 uL of dye using microloader pipet tips matching 0.5- to 10-uL pipets.
Load the microinjection pipet into the instrument tube. Clamp the instrument tube on the
instrument to the instrument tube holder of the micromanipulator. Connect the tube to
the outputs of the microinjector.

. Set the injection parameters, such as the compensation pressure (Pc) (pressures between

30 and 100 hPa are advisable when using Eppendorf’s Fetotips), the injection pressure
(Pi) (a pressure between 50 and 500 hPa is advisable when using Eppendorf’s Femtotips),
and the injection time (ti) (usually between 0.4 and 1.5 s).

Center the micropipet above the culture dish roughly by eye.

Lower the micropipet until it touches the culture medium.

Change to the lowest magnification available on the microscope (e.g., objective lens, x4).
Focus on the cells.

Center the micropipet in the field of view in the microscope and lower it carefully, but not
all the way to its focus (to avoid breaking the micropipet).

Change to the next higher magnification.

Repeat the steps 8—10 until you reach the working magnification (x40, objective lens). Now
the cells should be in focus, and the micropipet should be centered but not in focus.
Lower the micropipet carefully by the manipulator until the tip comes just above the
cell surface.

Fine position the capillary tip exactly above the cytoplasm that is to be injected.

Penetrate into the cell by further lowering the tip, and microinject the dye into the cell
by pressing the “INJECT” key.

After injection, bring the tip just above the plane of the cell by turning the vertical knob
of the manipulator and moving to the next cell.

Five minutes after the injection of dyes, monitor the extent of intercellular communication
under fluorescence microscopy and record optical images on videotapes through a CCD
camera. Digitize video images with a personal computer equipped with a video digitizer
card.

Count the number of dye-transferring cells per injection of dye (see Notes 3 and 4).

3.4. Calcium Imaging Using Fluorescent Probes
with Confocal Microscopy

1.

2.

Nk w

Dissolve 50 ug of fluo-3/AM in 50 uLL DMSO. Once prepared, this solution should
preferably be used within 3 h.

Mix 25 uL of fluo-3/AM in DMSO with 12.5 uL of pluronic F-127 stock solution by
vortex mixing.

Add 87.5 uL fetal calf serum (FCS) and mix well.

Add 250 uL Tyrode’s solution and mix well (see Note 5).

Add 750 uL Tyrode’s solution.

Wash the cells a few times with Tyrode’s solution to remove excess culture medium.
Incubate the cells with the final loading solution for 30—60 min.
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8.
9.

Wash the cells 3 times by incubation in Tyrode’s solution for 5 min/wash.

View cells with epifluorescence optics. Confocal laser scanning microscopy (e.g., Fluoview,
Olympus) can be used for imaging of fluo-3. The excitation wavelength of fluo-3 is
488 nm.

4. Notes

1.

Both the 5" PCR primer and the 3' PCR primer for RT-PCR for Cx40 and Cx45 are designed
to locate at the same exon (exon 2). To exclude the possibility that the bands obtained after
RT-PCR are the result of contaminated genomic DNA, a negative experiment should be
done for each sample without reverse transcriptase before PCR.

Video recording of the area, including beating cells before fixation for immunofluorescent
staining, is helpful to identify whether positively stained areas of MHC-a/p correspond
to areas of beating cells.

Microinjection of Lucifer yellow into a single ES cell is difficult, and Lucifer yellow is
often injected into multiple cells. To confirm that Lucifer yellow is injected into a single
ES cell, mix dextran-rhodamine (MW 10,000; Molecular Probes, cat. no. D-1824) with
Lucifer yellow at the final concentration of 5% (w/v) and microinject the mixture into ES
cells. Since dextran-rhodamine is too big to pass through gap junctions, if the fluorescent
dyes are injected into a single cell, dextran-rhodamine remains in the single cell. For the
exact measurement of gap junction function, count the number of dye-coupled cells only
when microinjection into a single cell is successful.

A recent study on dye coupling in the early Xenopus embryo also showed that a rigorous
and unambiguous demonstration of gap junctional intercellular communication demands
the co-injection of permeant (Lucifer yellow or neurobiotin) and impermeant (dextran-
rhodamine) tracers and the examination of paraffin or frozen sectioned specimens (6). In
case of dye coupling in ES cells, after co-injection of permeant and impermeant tracers,
optical sectioning using confocal laser microscopy and subsequent three-dimensional
reconstruction may enable one to get accurate results without sectioning.

Since fluo-3/AM is difficult to dissolve in water, dissolve fluo-3/AM in DMSO at the
beginning. Fluo-3/AM in DMSO solution has to been mixed quickly with Tyrode’s
solution.
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Embryonic Stem Cell Differentiation as a Model to Study
Hematopoietic and Endothelial Cell Development

Stuart T. Fraser, Minetaro Ogawa, Satomi Nishikawa,
and Shin-Ichi Nishikawa

1. Introduction
1.1. Summary

With the attractive potential therapeutic uses of both endothelial and hematopoietic
cells in medicine, much attention has been focused upon the differentiation of
embryonic stem (ES) cells into mature cells of these lineages. In this chapter, we
present a culture system that has successfully generated both complex endothelial
structures and mature hematopoietic cells from undifferentiated ES cells in vitro.
The simplicity of this system allows detailed analyses of factors and developmental
steps essential in the generation of vascular structures and mature hematopoietic
cell types.

1.2. Differentiation of Mesodermal, Endothelial, and Hematopoietic
Cells in the Embryo

As the ES cell differentiation scheme presented in this chapter is based on develop-
mental processes occurring within the embryo, an introduction to the generation of
the mesoderm and its derivatives during embryogenesis is of use to the reader. The
mesoderm is a sheet of cells located between the ectoderm and endoderm in the early
developing embryo. In differentiating from an epithelial structure to a mesenchymal
population, mesodermal cells lose expression of the cell adhesion molecule epithelial-
cadherin (E-cadherin) (1). A subset of mesodermal cells up-regulate expression of
vascular endothelial growth factor receptor 2, known in the mouse as fetal liver kinase 1
(Flk1). This Flk1* population includes endothelial cell precursors (2).

As the embryo develops, Flk1* cells in the yolk sac generate the blood islands that
are composed of round clusters of hematopoietic cells surrounded by endothelial cells
(3). Mice that lack Flk1 fail to generate blood islands and die early in development (4).
Another mesodermal population, the paraxial mesoderm can be identified according
to expression of platelet-derived growth factor receptor o (PDGFRa) (5). While this
population can generate endothelial cells, it does not generate hematopoietic cells.
The Flk1* (lateral) mesoderm, on the other hand, is a source of both endothelial
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and hematopoietic cells. During vasculogenesis, endothelial cells derived from both
paraxial and lateral mesoderm form a vascular plexus throughout the yolk sac and
embryo body (6). This plexus is then modified into a highly complex branched vascular
network during angiogenesis (7).

The first hematopoietic cells to appear, the primitive erythrocytes, are thought to arise
directly from the lateral mesoderm. Definitive erythroid cells, myeloid, and lymphoid
cells are generated from endothelial cells expressing vascular endothelial-cadherin
(VE-cadherin) (8). Mice that lack the putative transcription factor, AML1/Runx1/Cbfa2,
cannot generate definitive hematopoietic cells from endothelial cells and die early
in embryogenesis (9), clearly illustrating the importance of endothelial cells as a
source of definitive hematopoietic cells. In early developmental stages, endothelial
and hematopoietic cells co-express many markers, such as platelet endothelial cell
adhesion molecule-1 (PECAM-1) (10), CD34 (11), AA4 (12), and GSL I-B4 isolectin
(13), demonstrating the close relationship between endothelial and hematopoietic cell
development, and thus making the separation of either cell type by surface phenotype
difficult.

1.3. Differentiation of Mesoderm and Mesodermal Derivatives
from ES Cells

1.3.1. Induction of Mesodermal Cells in the Absence of Embryoid Body Formation

It has been previously demonstrated that ES cells, when induced to differentiate in
culture, recapitulate early embryonic events in vitro (14-19). In these cultures, ES
cells differentiate in complex three-dimensional cell aggregates termed embryoid
bodies (EBs). To reduce the potential for interactions and, therefore, control more
stringently the culture conditions, our group developed a culture system by which
ES cells differentiated in the absence of EBs along a 2-dimensional plane. This
system, therefore, lacked the structural complexity of the EB differentiation, and
yet it effectively generated Flk1* putative mesodermal cells (20), indicating that
the generation of mesodermal cells from ES cells did not require 3-dimensional
cellular interactions or supportive feeder layers. Paraxial mesodermal cells (PDGFRo*
E-cadherin™) were also generated in this system, although the potential of these
cells has not been investigated. As lateral mesodermal cells are a source of not just
endothelial cells but also hematopoietic cells, we purified these cells using flow
cytometry according to the expression of Flk1 in the absence of E-cadherin. Fig. 1
illustrates the in vitro differentiation system used to generate mesodermal cells and, in
turn, endothelial and hematopoietic cells. Such a system is far easier to monitor and
manipulate than the EB system previously described.

1.3.2. Differentiation of Endothelial Cells from ES-Derived Flk1* Mesodermal Cells

Endothelial cells can be generated from ES cells in EB (15). However, endothelial
cell development cannot easily be observed or manipulated in a complex 3-dimensional
structure. To deal with this, our group extended the differentiation system presented
above to the differentiation of endothelial cells from mesodermal cells. To enrich
the endothelial population from nonmesodermal lineages, Flk1* cells were sorted by
flow cytometry and recultured (20). During reculture of the Flk1* cells, numerous
mesodermally derived cell lineages appear. Therefore, we chose to further isolate
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Fig. 1. In vitro differentiation of endothelial and hematopoietic cells from ES-derived
mesodermal cells.

endothelial cells by purifying VE-cadherin® cells by flow cytometry. VE-cadherin
expression is highly restricted to endothelial cells (21) compared to other surface
proteins, such as PECAM-1 (10), making it a useful marker for isolating endothelial
cells. An in vitro system that allows quantification of endothelial colony forming
activity has also been developed (22). Endothelial colony forming activity is strictly
dependent on the stroma used, with the bone marrow-derived OP9 cell line (23)
being the most supportive stroma of those examined so far (22). While the supportive
activity of these stroma has not been fully resolved, vascular endothelial growth
factor (VEGF) is known to be expressed by OP9 and is essential in the growth of
endothelial colonies.

1.3.3. Generation of Hematopoietic Cells from ES Cells

Hematopoietic cells can be generated from ES cells (17). By culturing EBs, numer-
ous hematopoietic cell types were generated. To avoid the complexity of the EB system
and to improve the identification of developmental stage intermediate stages, ES cells
were differentiated as a monolayer on OP9 stromal cells. This system resulted in
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the generation of all major hematopoietic cell types including lymphocytes (24).
As mesodermal cells are the source of the hematopoietic lineage, we assessed our
two-dimensional feeder-layer free differentiation system for hematopoietic ability.
As ectodermal cells are known to inhibit erythropoiesis (25), Flk1* mesodermal cells
were first isolated by cell sorting and then recultured. This resulted in the generation
of hematopoietic cells in the absence of EB formation and feeder cells. As endothelial
cells are know to be a source of definitive hematopoietic cells in the embryo, we also
assessed the hematopoietic potential of VE-cadherin* cells from ES-derived Flk1*
cells. VE-cadherin* cells, in contrast to their Flk1* precursors, required hematopoietic
growth factors to generate hematopoietic cells.

2. Materials
2.1. ES Cell Lines

With numerous ES cell lines currently available, each line should first be examined
for its ability to generate Flk1* mesodermal cells. The ES cell line most commonly
used in our laboratory is CCE (26). The methods presented below are optimized for
CCE (see Note 1).

2.2. Reagents
2.2.1. Cell Culture Media

1. ES cell differentiation medium: (see Note 2).
a. Alpha Modified Eagle’s Medium (aMEM) (Gibco BRL, USA, cat. no. 11900-024)
supplemented with 50 U/mL penicillin and 50 ug/mL streptomycin.
b. Fetal calf serum (FCS) (Gibco BRL, cat. no. 26140-079), 10% final concentration
(see Note 3).
c. 2-Mercaptoethanol (Merck, Germany, cat. no. ZA11288), 5 x 1075 M final concentration
(see Note 4).
2. OP9 culture medium:
a. aMEM supplemented with 50 U/mL penicillin and 50 ug/mL streptomycin.
b. FCS (JRH Biosciences, KS, US, cat. no. 12003-78P), 20% final concentration (see
Note 5).

2.3. Induction and Purification of Mesodermal Cells

1. Collagen type IV-coated 6-well plates, Biocoat (Becton Dickinson, MA, USA, cat. no.
354428) (see Note 6).

2. Cell dissociation buffer (Gibco BRL, cat. no. 13150-016).

3. Phosphate-buffered saline (PBS) lacking Ca** and Mg?*: 2.89 g Na,HPO, (12 H,0),0.2 g
KH,PO,, 8.0 g NaCl, 0.2 g KCl, and distilled water up to 1000 mL.

4. Normal mouse serum (NMS). NMS can be prepared from mice in-house or can be
purchased (OEM Co. Ltd., US, cat. no. 175-85340) (see Note 7).

5. Anti-Flk1 (AVAS12) (27) (Pharmingen, US, cat. no. 28185A) monoclonal antibody (mAb),
fluorescently labeled.

6. Anti-E-cadherin (ECCD2) (28) MADb, conjugated to a second fluorochrome.

7. Hanks’ buffered saline solution (HBSS) (Gibco BRL, cat. no. 14185-052) with 1% bovine
serum albumin (BSA) (Sigma, US, cat. no. A-1253) (HBSS/BSA).

8. HBSS/BSA with 5 ug/mL propidium iodide (Sigma, U. S. A., cat. no. P-4170) (HBSS/
BSA/PI).
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2.4. Differentiation and Isolation of Endothelial Cells
from ES-Derived Flk1* Cells

1. Fluorescently labeled anti-VE-cadherin mAb (VECD1) (29).
2. HBSS/BSA and HBSS/BSA/PIL.
3. Falcon 6-well polystyrene culture dishes (Becton Dickinson, cat. no. 353046).

2.5. Generation of Hematopoietic Cells from ES-Derived
Endothelial Cells

1. Mouse cytokines: Erythropoietin (Epo) (Roche Molecular Biochemicals, cat. no. 1276964),
stem cell factor (SCF) (R & D Systems, US, cat. no. 455-MC), interleukin-3 (IL-3) R & D
Systems, cat. no. 403-ML), interleukin-7 (IL-7) (R & D Systems, cat. no. 407-ML), Flt3
ligand (cat. no. 427-FL).

3. Methods
3.1. Induction and Purification of Mesodermal Cells

1. Into each well of a 6-well collagen type IV-coated plate, add 1 x 10* undifferentiated
ES cells.

2. Add 3 mL of differentiation medium to each well. Leave undisturbed for 4 d in a 37°C
incubator with 5% CO, environment (see Note 8).

3. After 4 d, harvest the cells by first removing the medium, washing with PBS, and
incubating at 37°C with 2 mL cell dissociation buffer for 20 min. Pipet cells from the
surface of the plate.

4. Incubate single-cell suspensions with NMS for 20 min on ice. Normally, we incubate
1 x 107 cells in 100 uL. NMS.

5. Add an appropriate concentration of fluorescently labeled anti-Flk1 and anti-E-cadherin
mAbs to cell suspension in NMS and incubate for 20 min on ice. Wash the cells twice with
HBSS/BSA. Resuspend the cells in HBSS/BSA/PI for dead cell exclusion.

6. Sort the Flk1* E-cadherin™ cells. Mesodermal cells express Flk1 but not E-cadherin (see
Fig. 2A).

3.2. Differentiation and Isolation of Endothelial Cells
from ES-Derived Flk1* Cells

1. Add 3 x 10° Flk1* E-cadherin~ cells to each well of a collagen type IV- or gelatin-coated
6-well plate (see Note 9).

Add 3 mL ES cell differentiation medium.

Incubate at 37°C for 3 d under 5% CO,.

Harvest cells using cell dissociation buffer as described in Subheading 3.1, Step 1.
Block with NMS for 20 min on ice.

Stain with an appropriate concentration of labeled anti-VE-cadherin mAb.

Analyze or sort by flow cytometry (see Note 10 and Fig. 2B).

Nk v

3.3. ES-Derived Endothelial Colony Assay

1. Three days prior to commencing Flk1* cell culture, split one confluent 25-cm? flask of
OP9 stromal cells into 3 x 6-well dishes.

2. Add 2 mL of OP9 medium to each well.

Three days later, when OP9 is confluent, add up to 5000 ES-derived Flk1* cells per well.

4. After 3 d, sheets of cells can be seen growing on the OP9 stroma. These cultures can be
maintained for several more days, but should not be allowed to overgrow (see Note 11).

et
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Fig. 2. Representative fluorescence-activated cell sorter (FACS) profiles of Flk1* cell dif-
ferentiation (A) after 4 d of culture on collagen type IV-coated dishes. VE-cadherin* endothelial
cell differentiation is compared to hematopoiesis (CD45/Ter119) after 3 d of culture of Flk1*
cells on collagen type IV-coated dishes (B). Boxed area in (A) represents the Flk1* population
sorted. Numbers in the sort region and quadrant indicate the frequency of the given population
among the total live gated population.

3.4. Generation of Hematopoietic Cells
from ES-Derived Endothelial Cells

3.4.1. Generating Primitive Erythroid Cells from ES Cells

Sort Flk1* cells as described.

Add 1 x 10* cells to each well of a 6-well plate containing confluent OP9 stroma.
Add 3 mL ES cell differentiation medium/well supplemented with 2 U/mL Epo.
4. Analyze hematopoietic cells that have appeared after 4 d (see Note 12).

L=

3.4.2. Generating Definitive Hematopoietic Lineages
from ES-Derived VE-Cadherin* Cells

1. Sort VE-cadherin® cells as described.
2. Add 1 x 10* cells to a 25-cm? confluent flask of OP9 stromal cells.
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3.

Add 6 mL ES cell differentiation medium supplemented with cytokines. For erythroid—
myeloid cultures, add 2 U/mL Epo, 100 U/mL SCF, and 200 U/mL IL-3. For B lymphoid
cultures, we add 100 U/mL, 60 U/mL IL-7, and 50 U/mL FIt3 ligand (see Note 13).

. Change the medium every 3—4 d. In general, definitive Ter-119* erythroid cells first

appear in culture after 2-3 d. After 5 to 7 d, mature myeloid cells appear expressing
the markers Gr-1 and Mac-1. CD19* B lymphoid cells appear after 10—14 d of culture
(see Note 14).

4. Notes
4.1. Mesoderm Induction

1.

2.
3.

CCE ES cells, when differentiated, generate Flk1* cells at a frequency of 30-40% of
live gated cells.

We recommend using medium less than 4 wk old to obtain high yields of Flk1* cells.
FCS has a critical influence in obtaining high yields of Flk1* cells. Batch checks are
therefore highly recommended for finding appropriate serum batches. Before commencing
large-scale studies of ES cell differentiation into Flk1* cells, we checked 33 batches
from 18 different companies. The frequency of Flk1* cells generated after 4 d in culture
using different FCS batches ranged from 13 to 43%, highlighting the need for FCS batch
checks.

2-Mercaptoethanol is essential in obtaining both high yields of Flk1* cells and also later in
hematopoietic cell differentiation, particularly during B lymphopoiesis.

It is highly recommended that FCS batch checks are conducted before large-scale use of
OP9. The condition of OP9 is highly dependent upon FCS batch, and this stroma should
be maintained carefully, as it easily loses its supportive activity. FCS can be checked
by culturing OP9 for 10 passages in medium containing different FCS batches. The
morphology of OP9 should be maintained over this period (i.e., large flat cells, not
fibroblastic or transformed). Furthermore, the cell number should remain at 1-1.5 x 10°
cells/25-cm? flask when confluent. Supportive activity is best analyzed by co-culture
with FIk1* cells derived from ES cells, resulting in the generation of endothelial and
hematopoietic cells as described in this chapter.

Several matrices have been analyzed for their ability to enhance mesoderm induction by
ES cells including: gelatin, fibronectin, and types I and IV collagen. While all matrices
generated mesodermal cells to some degree, type IV collagen resulted in the highest yield
of Flk1* cells and was therefore routinely used.

NMS is used to prevent binding of the primary antibodies to the Fc receptors on the
target cell surface.

FIk1* cells first appear after 3 d of differentiation. One day later, the frequency of Flk1*
cells will have increased by 10-fold. By d 5 of culture, the frequency of Flk1* cells
decreases, and endothelial markers begin to appear, indicating the differentiation of the
mesodermal cells into endothelial cells. Therefore, d 4 was chosen as the optimal timepoint
for isolating mesodermal cells. Within 4 d of differentiation, the cell number will increase
100-fold, from 1 x 10* cells/well to 1-3 x 10° cells/well.

Once sorted, Flk1* cells can differentiate into endothelial cells on either collagen type
IV- or gelatin-coated dishes with similar efficiency. Gelatin has the advantage of being
considerably cheaper than collagen type IV, as well as being easier for coating dishes.
Gelatin solution (0.1%) can be prepared by dissolving 0.2 g of gelatin (Sigma, cat. no.
G-2500) in 200 mL distilled water, followed by autoclaving. For coating dishes, apply
enough solution to cover the bottom of the dish, leave for at least 2 h, then aspirate the
gelatin, and use.
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Fig. 3. Flk1* endothelial cells (A) and embryonic hemoglobin* primitive erythroid cells
(B) can be generated from ES-derived Flk1* mesodermal precursors during co-culture on
OP9 stromal cells.

10.

11.

12.

In general, 3 x 103 Flk1* cells cultured on collagen type IV dishes for 3 d yield approxi-
mately 3-5 x 10° cells, of which 15-20% are usually VE-cadherin*, although this can vary
between ES cell lines examined.

Flk1* cells growing on stromal cells can generate numerous cell lineages. Immunocyto-
chemistry is the easiest method for demonstrating the presence of endothelial cells in
the cultures. Several markers such as VE-cadherin, PECAM-1, and FIk1 are suitable for
immunostaining of endothelial colonies. Immunostaining of colonies in the culture dish
is an approach commonly used by our group (22,30). An example of an immunostained
endothelial colony is presented in Fig. 3A.

Primitive erythropoiesis can be confirmed by retrieving the hematopoietic cells from the
culture, preparing cytospots and immunostaining for embryonic hemoglobin. Embryonic
hemoglobin™ cells derived from Flk1* cells cultured on OP9 are shown in Fig. 3B. This
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13.

14.

system is particularly useful in analyzing the potential of genetically modified (such as null
mutant or transgenic) ES cells to generate primitive erythroid cells.

Flt3ligand has recently been shown to dramatically enhance the production of B lymphoid
cells from ES cells cultured on OP9 stromal cells (31).

OP9 is a useful stroma, as it is deficient in macrophage-colony stimulating factor (M-CSF)
production, resulting in few macrophages in the culture (23). If macrophages still grow
excessively during ES cell differentiation into hematopoietic cells, hampering the develop-
ment of other hematopoietic lineages, anti-M-CSF receptor (c-fms) monoclonal antibody,
AFS98 (32) can be added to inhibit macrophage development.
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Analysis of Ber-Abl Function Using an In Vitro
Embryonic Stem Cell Differentiation System

Takumi Era, Stephane Wong, and Owen N. Witte

1. Introduction
1.1. Chronic Myelogenous Leukemia: A Hematopoietic Stem Cell Disease

Numerous causative genes involved in human cancers, such as leukemias and
lymphomas, have been identified (1). Considerable evidence has accumulated showing
that disruptions of these genes can affect hematopoietic cell differentiation and
growth. However, it remains largely unknown how these molecules function directly
in hematopoietic stem cells.

Chronic myelogenous leukemia (CML) is a hematopoietic stem cell disease associ-
ated with the specific chromosomal translocation, t(9;22) (2). This abnormal chromo-
some generates a fusion gene product, Bcr-Abl, which encodes a constitutively active
tyrosine kinase essential for the development of CML (3-5).

Different in vitro experimental systems have been developed to demonstrate that Ber-Abl
expression can lead to immortalization, transformation, and anti-apoptosis. Specifically,
enforced expression of Bcr-Abl results in immortalization and transformation of pro/pre-B
lymphocytes and fibroblastic cells in vitro (6,7) and inhibits the apoptosis of leukemic cell
lines induced by growth factor withdrawal (8). In addition, this oncogene augments the
formation of primary multilineage hematopoietic colonies in low growth factor conditions
(9). Retroviral gene transfer and transgenic expression in rodents have shown that Bcr-Ab!
can induce different types of leukemia with varying degrees of latency and penetrance
(10-13). These studies suggest that Bcr-Abl plays a role in the generation of human and
murine leukemias. The level and timing of Bcr-Abl expression was not regulated in these
types of studies, therefore, the analysis of these models has not determined the direct and
immediate effects of Bcr-Abl on hematopoietic stem cells from those requiring secondary
genetic or epigenetic changes selected during the pathogenic process.

1.2. The Combination of TET-Regulated Gene Expression with In Vitro
ES Cell Differentiation: a Powerful System for the Analyses
of Genetic Change on Hematopoietic Development

We needed an in vitro system that reproducibly produced stem cells capable of
undergoing multilineage differentiation. Previous work defined an embryonic system

From: Methods in Molecular Biology, vol. 185: Embryonic Stem Cells: Methods and Protocols
Edited by: K. Turksen © Humana Press Inc., Totowa, NJ
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Fig. 1. Hematopoiesis of in vitro ES cell differentiation with M-CSF-deficient OP9 stromal
cells. Day 5 ES differentiating cell colonies consist of immature mesoderm-like cells (A
and D), while d 8 differentiating ES cells consist of immature hematopoietic cells (B and
E). D 14 differentiating ES cells consist of mature erythrocytes and granulocytes (C and F).
Magnification of panels A, B, and C at 100x. Magnification of panels D, E, and F at 500x.
(See color plate 1, following p. 254).

(ES) cell co-cultivation strategy with the OP9 stromal cell line that is highly reproduc-
ible (14-17). The OP9 stromal cell line is derived from the calvaria of osteopetrosis
(op/op) mutant mice and cannot produce macrophage colony-stimulating factor
(M-CSF). This is important because M-CSF directs the overproduction of macrophages,
which inhibits hematopoietic development of other lineages during in vitro ES cell
differentiation. The ES/OP9 co-culture system was chosen because a reasonable cell
number (>1 x 10/culture) can be obtained to analyze hematopoietic development in
modest amounts of fetal calf serum (FCS) without exogenous growth factors (14-17).
In this co-culture system, ES cells generate hemangioblasts (d 4 to 5), which produce
immature hematopoietic stem and progenitor cells (d 7 to 8), and eventually mature
blood cell elements (d 10 to 15) (Fig. 1).

To directly investigate the effects of a gene such as Bcr-Ab!/ in stem cell development,
we needed a highly regulatable gene expression system. To control Ber-Abl expression
during hematopoietic development, we have combined an in vitro ES cell differentiation
system with tetracycline (TET)-regulated expression (18,19).
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Fig. 2. Constructs for TET-off system. pCAG20-1 plasmid carries a tTa gene driven by CAG
promoter (left). pUHD 10-3 PURO has a puromycin resistance gene driven by TET responsive
promoter (center). These two plasmids are used to establish parental ES cell lines (see text).
pUHD 10-3 Bcer-Abl IRES GFP plasmid carries the p210 Bcr-Abl and GFP cDNAs driven by a
TET responsive promoter and IRES, respectively (right).

In order to express the tetracycline transactivator (tTA), we needed to utilize a
promoter system that was capable of expression in primitive ES cells, hematopoietic
stem and progenitor cells, and throughout all the different intermediate and mature
hematopoietic cell types produced in these cultures. Data from our laboratory and
other groups have defined a composite control element comprised of the chicken actin
promoter with a cytomegalovirus (CMV) enhancer (CAG; Fig. 2) that can drive gene
expression in undifferentiated and differentiated ES cells (19,21). We used a modified-
tTA gene containing a tetracycline response element fused at its carboxy terminus with
three minimal transcriptional domains of VP-16, FFF; 3x 4>SPADALDDFDLDML*,
This form of the transactivator has less toxicity for cell growth than the previous forms
(20). In this system, gene expression is tightly regulated by TET concentration. In as
short as 24 h, the TET system is able to induce gene expression by several logs (see
Figs. 1 and 2 of ref. 19).

2. Materials

All culture medium supplemented with or without TET is made fresh and used
within 1 wk of preparation. Tissue culture-treated dishes and multiwell plates are
used for all cultures. We used the ES cell E14tg2a derived from the 129/Ola strain.
This ES cell line does not require feeder cells for maintenance in an undifferentiated
state (21).

2.1. General Maintenance of ES Cells

1. Glasgow minimum essential medium (GMEM) (GIBCO/BRL, cat. no. 11710-035; or Bio
Whittaker, cat. no. 12-739F), store at 4°C.
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Fetal bovine serum (FBS) pretested for ES cells (see Note 1).

Phosphate-buffered saline (PBS) without calcium chloride and magnesium chloride.
L-glutamine (200 mM) 100X. Store at —20°C.

Nonessential amino acids solution (NEAA) (10 mM GIBCO/BRL, cat. no. 11140-050),
100x. Store at 4°C.

2-Mercaptoethanol (2-ME) (Sigma, cat. no. M-7522): stock solution: 1000X (0.1 M). Add
0.1 mL 2-ME to 14.1 mL PBS and sterilize by 0.2-um filter. Store up to 4 wk at 4°C. Final
concentration in medium: 10~* M.

0.1% (w/v) Gelatin (Specialty Media, cat. no. ES-006-B).

. 0.25% (w/v) Trypsin (GIBCO/BRL, cat. no. 25200-056) + 0.02% (w/v) ethlenediamine

tetraacetic acid (EDTA) in PBS. Store at —20°C. Thaw just prior to use and store at 4°C.
Murine leukemia inhibitory factor (LIF) (10° U/mL; GIBCO/BRL, cat. no. 13275-011).
1000X. Store at 4°C for up to 6 mo.

Minimal essential medium (MEM) sodium pyruvate solution (100 mM GIBCO/BRL, cat.
no. 11360-070), 100X. Store at 4°C.

TET (Sigma, cat. no. T-7660). Final concentration to be determined (see Note 2). Stock
concentration at 1 mg/mL. Store at —20°C for 6 mo.

ES cell culture medium: GMEM + 10% FBS + 10 M 2-ME + 1 mM sodium pyruvate
+ 2 mM L-glutamine + 0.1 mM NEAA + 1000 U/mL LIF with or without TET. Store
at 4°C.

Maintenance of OP9 Stromal Cell Line

Minimum essential medium o medium (a¢MEM) with ribonucleosides and deoxyribo-
nucleosides (GIBCO/BRL, cat. no. 12571-063).

FBS pretested for OP9 culture (see Note 1).

PBS without calcium chloride and magnesium chloride.

L-glutamine (200 mM) 100X. Store at —20°C.

0.05% (w/v) Trypsin + 0.004% (w/v) EDTA in PBS. Store at —20°C. Thaw just prior
to use.

OP9 culture medium: oMEM + 20% FBS + 2 mM L-glutamine.

In vitro ES Cell Differentiation

oaMEM.

FBS pretested for in vitro ES cell differentiation (see Notes 1 and 3).

PBS.

L-glutamine (200 mM).

0.25% (w/v) Trypsin + 0.02% (w/v) EDTA in PBS. Store at —20°C. Thaw just prior to use.
TET. Final concentration to be determined (see Note 2). Stock concentration at 1 mg/mL.
Store at —20°C.

Differentiation culture medium (0MEM + 20% FBS + 2 mM L-glutamine with or without
TET).

TET System

2.4.1. Constructs for TET Regulatory Gene Expression System

The TET system requires two types of constructs, one carrying TET-regulated
transactivators (tTa) and the other carrying a gene of interest with its expression
driven by a TET response promoter (18). The Tet-Off system was used here where
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the expression of Bcr-Abl was driven by a TET response promoter that is suppressed
by the addition of TET.

The TET-regulated transactivator (tTA) expression vector, pCAG 20-1, was con-
structed by inserting a tTA cDNA downstream of the CAG promoter (Fig. 2) (22). The
TET-regulatable Bcr-Abl construct, pUHD 10-3 Ber-Abl IRES GFP, was generated by
inserting p210 Bcr-Abl, internal ribosomal entry site (IRES), and green fluorescence
protein (GFP) genes downstream of the TET response promoter (Fig. 2) (19). The
pUHD10-3 puro vector was constructed by inserting the puromycin resistance gene
downstream of TET response promoter (Fig. 2).

2.4.2. Drugs for TET Regulatory Gene Expression System

1. Puromycin (Sigma, cat. no. P8833) at 1 mg/mL in sterile distilled water (1000X). Final
concentration in medium: 1 mg/mL. Store at —20°C for up to 1 yr.

2. Geneticin (G418) (GIBCO/BRL, cat. no. 11811-031) at 40 mg (activity)/mL PBS. Final
concentration in medium: 200 mg/mL. Store at 4°C for up to 3 mo.

3. TET in sterile water at 1 mg/mL. Aliquot 0.5 mL/tube and store at —20°C for up to 1 yr.

3. Methods
3.1. Maintenance of Feeder-Independent ES Cells

The protocols on the maintenance of feeder-dependent ES cells were described
previously (23,24). We will describe the protocol for feeder-independent ES cell
El4tg2a.

3.1.1. Gelatin Coating of Dishes
All dishes, flasks, and plates should be gelatinized before use.

1. Add enough 0.1% gelatin solution to cover the plate surface.
6-well plate—1.5 mL/well.
6-cm dish—3 mL.
10-cm dish—8 mL.
2. Let the solution sit for at least 10 min at room temperature.
3. Aspirate the gelatin solution completely just before use.

3.1.2. Thawing of ES Cells

1. Thaw frozen vial at 37°C water bath with gentle agitation.

2. Transfer cell suspension into a 15-mL centrifuge tube, which contains 10 mL of 37°C
prewarmed ES cell culture medium.

3. Spin down cells at 100g for 5 min at room temperature. Resuspend cells in 2 mL of ES
cell culture medium.

4. Seed 1 x 10° ES cells/well of gelatin-coated 6-well plate with 2 mL ES cell culture medium.

5. Change entire medium daily until confluent.

3.1.3. Passage of ES Cells

1. Aspirate medium and wash cells twice with 37°C prewarmed PBS. Volume of PBS needed
for:
1 well of 6-well plate—2 mL/well.
6-cm dish—3 mL.
10-cm dish—6 mL.
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To remove cells from dish, add 0.25% trypsin-EDTA. Incubate at 37°C for 5 min.

. Add 5 mL of ES cell culture medium. Resuspend cells to a single-cell suspension by

pipetting at least 5 times (see Note 4).

. Spin down cells at 350g for 5 min at room temperature. Resuspend cells in ES cell culture

medium. Seed ES cells at:

Seeding Number Days Needed for Confluence Confluent Cell Number
1 x 10/10-cm dish 3d 2-2.5 x 107/dish
3 x 10%/10-cm dish 2d 2-2.5 x 107/dish
8 x 10%/10-cm dish 1d 2-2.5 x 107/dish
1 x 103/well of 6-well plate 3d 2-2.5 x 10%/well
5 x 10%/well of 6-well plate 2d 2-2.5 x 105/well
8 x 10°/well of 6-well plate 1d 2-2.5 x 105/well

. Add TET into the culture when required. For TET concentration (see Note 2) as the

expression level of Bcr-Abl is tightly regulated by TET concentration.
Daily complete medium change is required.
Cells should be passaged every 2 to 3 d as described above (see Note 4).

3.1.4. Cell Freezing

1.

Prepare 2X freezing medium: 20% dimethyl sulfoxide (DMSO) + 80% ES cell culture
medium. Keep on ice. Make fresh every time.
Remove cells from dish as in Subheading 3.1.3.

. Resuspend 4 x 10° cells in 0.25 mL ice-cold 100% ES cell culture medium and keep

on ice.

. Add an equal amount of 2X freezing medium. Freeze the cells at —70°C overnight. The

next day, transfer vials to a liquid nitrogen tank.

3.2. Generation of TET-Off Parental ES Cell Line

To establish a TET-off parental ES cell line, both constructs, pCAG 20-1 and pUHD10-3
Puro (see Subheading 2.4.1.), were transfected into ES cells by electroporation (19,25).
When the Tet-Off regulatory system is working, the expression of the puromycin resistance
gene is suppressed by the presence of Tet, and cells will die in puromycin selection.

The procedure for the generation of tetracycline-off parental ES cell line is outlined
in Fig. 3.

1.

Prepare plasmids pCAG20-1 and pUHD10-3 PURO, in a molar ratio of 1:1 in sterile

water as below:

a. 50 ug pCAG20-1 and 40 ug pUHD10-3 PURO are linearized by Scal restriction enzyme.

b. The DNA solution is extracted twice with phenol-chloroform and twice with chloro-
form.

c. Precipitate the DNA with 100% ethanol and wash with 70% ethanol. Resuspend the
dry DNA pellet in 25 uL sterile water.

Grow ES cells to 70-80% confluency in a 10-cm dish. Coat five 10-cm plates with gelatin

before electroporation as described in Subheading 3.1.1.

. Remove cells from the dish as in Subheading 3.1.3. and resuspend in 10 mL PBS/10-cm

dish.
Take out 1.0 x 107 cells for each transfection, spin down, and resuspend in a final volume
of 0.8 mL PBS.

. Add 50 pg pCAG20-1 and 40 ug pUHD10-3 PURO DNA solution into ES cell suspension,
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Fig. 3. Schematic protocol for the generation of TET-off parental ES cell line (see text).

mix gently, and place on ice for at least 1 min.

6. Transfer the cell suspension to a 0.4-cm cuvette for electroporation. Electroporate at a
capacitance of 3.0 uFD and voltage of 0.8 kV (see Note 5).

7. Resuspend 1 x 107 cells in 50 mL 37°C prewarmed ES cell culture medium without TET.
Seed 10 mL ES cell solution (2 x 10° ES cells) into one 10-cm gelatin-coated dish in the
absence of TET (total five 10-cm dishes).

8. Start drug selection with 1 ug/mL Puromycin after 48 h. Change medium daily. Puromycin-
resistance ES cell colonies can be visualized 8 to 10 d after transfection.

9. These puromycin-resistant colonies are picked by a p20 Pipetman into a 48-well plate
containing puromycin medium without TET as previously described (19,26). Change
medium daily.

10. When the wells reach 80% confluency (usually 2 to 4 d later) split into three parallel
24-well plates containing puromycin medium. One plate will contain 1 ug/mL TET, and
two plates will not contain TET.

11. The clones that survive in TET-free medium, but die in the presence of TET, are selected
as TET-off parental ES cell line. Five clones are expanded and stored.

3.3. Establishment of TET-Regulated Bcr-Abl Expressing ES Cell Clone

1. The pUHD 10-3 Bcr-Abl IRES GFP vector and neomycin plasmid, pMCINEO, are
co-transfected at a 20:1 molar ratio into a Tet-Off parental ES cell line as described in
Subheading 3.2.
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The cells are selected in the presence of 1 ug/mL TET and 200 ug/mL G418.

On d 8 to 10, multiple G418-resistant colonies are picked as in Subheading 3.2.

When the wells reach 80% confluency, split into three parallel 24-well plates containing
G418 medium. Two plates will contain TET, and one plate will not contain TET.

Clones tightly regulated by TET are initially analyzed for GFP expression by FACScan.
GFP-expressing clones are subsequently examined for Bcr-Abl expression by Western
blotting in TET+ and TET- conditions.

7. To determine TET concentration required for different levels of Bcr-Abl expression (see
Note 2).

e

AN

3.4. Maintenance of OP9 Stromal Cell Line for In Vitro
ES Cell Differentiation

3.4.1. Thawing of OP9 Cells

1. Thaw frozen vial in 37°C water bath with gentle agitation.

2. Transfer cell suspension into a 15-mL centrifuge tube, which contains 10 mL of 37°C
prewarmed OP9 culture medium.

3. Spin down cells at 160g for 5 min at room temperature. Resuspend cells in 3 mL of OP9
culture medium.

4. Seed 5 x 10° OP9 cells/6-cm dish.

3.4.2. Passage of OP9

1. Aspirate medium and wash cells twice with PBS. Add 0.05% trypsin-EDTA and incubate
at 37°C for 5 min.

Add 5 mL of OP9 culture medium into the dish.

Spin down cells at 160g for 5 min at room temperature. Resuspend cells in 2 mL OP9
culture medium.

We usually obtain: 7-8 x 10° OP9 cells/6-cm dish and 1.2-1.6 x 10® OP9 cells/10-cm dish.
Seed 3—4 x 103 OP9 cells/10-cm dish.

Change medium every 2 d. Split cells every 4 d.

OP9 cells should not be cultured for longer than 1 mo after thawing (see Note 6).

3.4.3. Cell Freezing

Prepare 2X freezing medium: 20% DMSO in 80% FBS, keep on ice.

Remove cells from dish as in Subheading 3.4.2.

Resuspend 6-8 x 103 cells in 0.25 mL ice-cold 100% FBS and keep on ice.

Add equal amount of 2X freezing medium to each sample.

Freeze the cells at —70°C overnight. The next day, transfer the vials to a liquid nitrogen tank.

3.5. In Vitro ES Cell Differentiation

The in vitro ES cell differntiation system used here requires continued culturing of
ES cells without LIF on an OP9 cell layer. In this system, ES cells differentiate into
primitive hemangioblasts by d 4 or 5. The primitive hemangioblasts produce immature
hematopoietic stem cells and progenitors cells from d 5 to d 8. Mature blood cells of
the myeloid and erythroid lineages are formed by d 14 or 15.

The direct effect of Bcr-Abl on immature hematopoietic stem cells and progenitors
can be evaluated by inducing Bcr-Abl expression during d 5 to d 8 of ES cell dif-
ferentiation. The direct effect of Bcr-Abl on mature myeloid and erythroid cells can be
evaluated by inducing Bcr-Abl expression during d 8 to d 15 of ES cell differentiation.

w
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Fig. 4. Schedule of OP9 cells prepared for in vitro ES cell differentiation. (A) Time schedule
of in vitro ES cell differentiation. (B) Splitting schedule of OP9 cells for differentiating ES cells.
Each OP9 cell split provides stromal layers for the plating of ES cell differentiation cultures
as indicated by arrows. *, each confluent 10-cm OP9 plate is split to one 6-well plate; #, each
confluent 10-cm OP9 plate is split to four 10-cm plates or four 6-well plates.

3.5.1. Day 0 to Day 5 ES Cell Differentiation

Nk wd =

Prepare 6-well plates with confluent OP9 cells as OP9 splitting schedule (Fig. 4).
Remove ES cells from dish as in Subheading 3.1.3.

Resuspend cells in 37°C prewarmed differentiation culture medium and count the cell number.
Aspirate OP9 culture medium from each well of a 6-well plate containing confluent OP9 cells.
Add 2 mL 37°C prewarmed differentiation culture medium to each well.

Ten thousand ES cells are transferred to each well of 6-well plate.

When TET is needed, add TET into the culture. For TET concentration, see Note 2 as the
expression level of Ber-Abl is tightly regulated by the TET concentration.

3.5.2. Day 5 to Day 8 ES Cell Differentiation

Differentiated ES colonies are detectable 3 d after starting co-culture, and they
continue to proliferate up to d 5 (Fig. 1). More than 90% of the ES colonies are dif-
ferentiated on d 5. Differentiated ES cell colonies consist of large immature cells with
a characteristic wide and basophilic cytoplasm (Fig. 1).

L.
2.
3.

Aspirate the medium from each well. Rinse each well twice with 2 mL of PBS (see Note 7).
Add 0.5 mL of 0.25% trypsin-EDTA to each well. Incubate at 37°C for 5 min.

Add 5 mL of the differentiation culture medium into each well. Pipet 10 times to dissociate
the cells.

. Spin cells down at 350g for 5 min. Aspirate the supernatant and resuspend cell pellets in

10 mL of differentiation culture medium per three wells.

Transfer cell suspension into a new 10-cm dish and incubate in 37°C CO, incubator for
30 min to remove the adherent OP9 cells.

Collect floating cells by pipetting gently four times and spin down the cells as described in step 4.
Resuspend cells in 4 mL of differentiation culture medium per three wells of harvested cells.

. Seed ES cells as follows: 1 x 103 cells to each well of a 6-well plate containing OP9 cell

layer, and 8 x 10° cells/10-cm dish containing OP9 cell layer.
Add TET to the cultures as required. For TET concentration, see Note 2 as the expression
level of Ber-Abl is tightly regulated by the TET concentration.

3.5.3. ES Cell Differentiation of Day 8 to Day 15

Cell clusters representing immature hematopoietic blasts appear from d 5 to d 8
(Fig. 1). These immature cells are capable of forming multilineage hematopoietic colo-
nies in methylcellulose (19). Immature cells can also give rise to mature erythrocytes,
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Fig. 5. Effect of Bcr-Abl expression on d 8 and d 15 hematopoietic cells. Giesma staining
of d 8 and d 15 Bcr-Abl OFF-differentiated ES cells are shown in (A) and (C), respectively.
Giesma staining of d 8 and d 15 Bcr-Abl ON-differentiated ES cells are shown in (B) and (D),
respectively. Magnification at 500x. (See color plate 2, following p. 254).

granulocytes, megakaryocytes and B lymphocytes when cultured with OP9 and
appropriate growth factors (17,27) by d 8.

1. Gently pipet the differentiating culture with the existing medium four times to collect
hematopoietic cells.

2. Spin down cells at 350g for 10 min and resuspend the pellets in differentiation culture
medium.

3. Cells 2-5 x 10 are recovered on d 8 ES cell differentiation when 8 x 10° cells are seeded in
one 10-cm dish on d 5. Cell morphology and surface marker analysis show that immature
hematopoietic cells are formed both under Bcr-Abl ON and OFF conditions (Fig. 5A,B)
(19). When Bcr-Abl is expressed from d 5, 2 to 3 times more cells are obtained as described
previously (19).

4. Seeding of d 8 differentiated ES cells onto an OP9 cell layer is more flexible thand 0 and d 5.
A seeding range of 1-10 x 10* can be plated onto each well of a 6-well plate. A seeding range
of 4—10 x 10 cells can be plated onto one 10-cm dish containing confluent OP9 cells.

3.5.4. Analysis of D 14 to 15

Hematopoietic cells continue to proliferate and differentiate to maturation from d 8
to d 14 to 15. On day 15, 10% of differentiated ES cells express CD11b, a myeloid
marker, and 70% of the cells express TER119, an erythroid marker.

1. Generally, all hematopoietic cells can be collected from the culture by gently pipetting
4 times and harvesting the supernatant. Sometimes, adherent hematopoietic cells cannot be
removed by gently pipetting, and the following protocol is necessary:
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a. After collecting nonadherent hematopoietic cells, rinse plates once with PBS.

b. Add 0.5 mL of 37°C, 0.05% trypsin-EDTA onto each plate and incubate at 37°C for
1-2 min.

c. Add differentiation culture medium (2 mL/well) and 5 mL/10-cm dish and pipet gently
five times to dissociate the hematopoietic cells.

d. Transfer cells into a new dish and incubate at 37°C in a CO, incubator for 30 min to
remove adherent OP9 cells.

e. Collect hematopoietic cells by gently pipetting five times.

Spin cells down at 350g for 10 min.

Aspirate the supernatant and resuspend the cell pellets in differentiation culture medium.

1-2 x 10° cells are recovered on d 15 ES cell differentiation when 3—4 x 103 cells are

seeded on a 10-cm dish on d 8. Mostly mature erythrocytes and some mature granulocytes

are formed on d 15 (Fig. 5C). Bcr-Abl expression from d 5 to d 15 of differentiating cells

leads to an accumulation of immature cells, myeloid cells, and a reduction of erythrocytes

(Fig. 5D).

4. Notes

1.

Test 10 different sera for both ES and OP9 cells. Select a serum lot that supports a good
growth rate of ES and OP9 cells. Refer to Methods Subheadings 3.1.3. and 3.4.2. for the
growth rates of ES and OP9 cells, respectively.

The serum lot should support good differentiation of ES cells. An important indicator for

serum checking is the induction of ES cell differentiation. The percentage of differentiated
ES colonies to undifferentiated ES colonies on d 5 is greater than 90%. Developmental
markers during d 5 and d 15 are used to evaluate the differentiation state of ES cells. On
d 5, 60% of differentiated ES cells express FLK-1, a receptor tyrosine kinase, which is
a marker of hemaogioblasts. On d 15, 10% of differentiated ES cells express CD11b, a
myeloid marker, and 70% of the cells express TER119 an erythroid marker.
The expression level of Bcr-Abl is controlled by the concentration of TET. A range of
TET concentrations such as 0, 1, 3, 10, 30, 100, and 1000 ng/mL is tested to identify
the dose response of Bcr-Abl expression. In our Ber-Abl ES clones, 100 ng/mL TET is
sufficient to completely suppress Bcr-Abl expression and does not inhibit the growth and
differentiation of hematopoietic cells.

A high concentration of 1 ug/mL TET inhibits hematopoietic development in in vitro
ES cell differentiation.

. FBS for in vitro ES cell differentiation requires heat inactivation at 56°C for 30 min.

Neither refilteration nor centrifugation are needed after heat-inactivation.

ES cells have to be plated as single cells, otherwise, ES cells will differentiate even in the
presence of LIF. A long term culture (>2 wk) of ES cells can accumulate genetic mutations
and chromosome abnormality. Thaw new ES cells every 2 wk.

. When you use ES cells other than El4tg2a, the conditions for electroporation may

be different. For example, D3 and E14.1 ES cells are electroporated at a capacitance
500 uFD and a voltage 0.2-0.25 kV.

OP9 cells should not be cultured for longer than 1 mo after thawing. OP9 cells may lose
the ability to support ES cell differentiation upon prolonged culture. Long-term culture of
OP9 cells may stimulate their differentiation to fatty cells. OP9-differentiated fatty cells
may inhibit in vitro ES cell differentiation. High passage of OP9 cells (>30 passages) are
also easily transformed and may loose their ability to support ES cell differentiation. Use
low passage OP9 (<30 passages) for experiments. Thaw new OP9 cells every mo.

In this system a very low amount of TET (3 ng/mL) greatly suppresses gene expression. To
completely remove TET from culture, wash the culture at least twice.
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Embryonic Stem Cells as a Model for Studying
Osteoclast Lineage Development

Toshiyuki Yamane, Takahiro Kunisada, and Shin-Ichi Hayashi

1. Introduction

Osteoclasts are cells specialized to resorb bone (1,2). They originate from hematopoietic
progenitors (3,4), which are widely distributed throughout the body. Osteoclast progenitors
differentiate into cells that are positive for calcitonin receptor and tartrate-resistant acid
phosphatase (TRAP), which are specific markers for this lineage, and then they fuse with
each other and form fully functional multinucleated large cells (1,2) (Fig. 1). TRAP-positive
osteoclasts are found tightly attached to bone matrix (1,2). Two cytokines, macrophage
colony-stimulating factor (M-CSF) and receptor activator of NF-kB (RANK) ligand
(RANKL; also known as OPGL, ODF, and TRANCE), are known to be responsible for
this differentiation (5-7). In this chapter, we describe the procedure for the induction of
differentiation into the osteoclast lineage from murine embryonic stem (ES) cells (8).
We utilize co-culture systems with stromal cell lines, that is, bone marrow-derived
ST2 cells (9) or newborn calvaria-derived M-CSF-deficient OP9 cells (10). M-CSF is
produced constitutively by ST2, and the expression of RANKL is induced on ST2 by
1,25-dihydroxyvitamin D5 [1,25(OH),D5] and dexamethasone (Dex) (6).

First, we describe the protocol for inducing osteoclasts within ES cell-derived
growing colonies (single-step culture) (Fig. 2) (8). After culturing undifferentiated ES
cells on the ST2 stromal cell line in the presence of 1,25(OH),D; and Dex for 11 d,
multinucleated osteoclasts are generated at the periphery of the colonies (single-step
culture) (Fig. 3A,B). Starting from single ES cells, the cells grow by piling up on
each other thereby forming colonies. Hematopoietic cells are observed around the
colonies after d 5. TRAP-positive mononuclear cells are first observed on d 8. Other cell
lineages, for example, cardiac muscle cells and endothelial cells, are simultaneously
observed with osteoclasts within the colonies. This is an appropriate system for
examining the potential of ES cells to generate osteoclasts as these cultures are
stable and enable us to assess the whole process of osteoclastogenesis without any
manipulation except for regular medium changes.

Secondly, we describe a protocol to specifically induce osteoclasts using stepwise
cultures (Fig. 2) (8). As described by Nakano et al., ES cells generate colonies
containing hematopoietic progenitors after 5 d of culturing on OP9 cells (Fig. 3C)
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Fig. 1. Scheme describing the development of osteoclast lineage. The essential molecules
expressed in this lineage are indicated at the stage where maturation is arrested by the loss of
function. The cells positive for TRAP are shaded.
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Fig. 2. Overview of the culture systems.

(11). When these colonies are dissociated to a single-cell suspension, transferred onto
ST2, and further cultivated for 6 d in the presence of 1,25(OH),D; and Dex, most
of the cells that are observed on the secondary plates are osteoclasts (2-step culture)
(Fig. 2), suggesting that the colonies on d 5 also contain osteoclast progenitors. This
system allows the separation of the maturation step by M-CSF and RANKL on ST2
from the step that lead to the generation of osteoclast progenitors during the initial 5 d
culture on OP9. Alternatively, when the dissociated cells prepared on d 5 from ES/OP9
co-cultures are transferred onto fresh OP9 cells and cultured for an additional 5 d,
immature hematopoietic cells including osteoclast progenitors selectively propagate
and form hematopoietic clusters on OP9 (Fig. 3D) (11). Under this culture condition,
very few cells have the tendency to pile up. When the hematopoietic cells are harvested
by pipetting from the culture on d 10 and are cultured for an additional 6 d on ST2
in the presence of 1,25(OH),D5 and Dex, we could efficiently and selectively induce
osteoclasts (3-step culture) (Figs. 2 and 3E). The number of osteoclast progenitors
is increased 20-fold by the secondary step on OP9 (12). Thus, the 3-step culture
condition provides an excellent in vitro model system to study generation, expansion,
and maturation of osteoclast progenitors.
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Fig. 3. Appearance of ES cell cultures. (A and B) Osteoclasts generated in the single-step
culture. Whole view of a well of a 24-well plate (A) and high magnification view of a colony
(B) are shown. Osteoclasts were stained based on their TRAP activity and are observed around
the colonies. (C) A differentiated colony cultured for 5 d on OP9. (D) Hematopoietic cell
cluster on d 10 on OP9. (E) Osteoclasts generated in the 3-step culture. Osteoclasts were stained
based on their TRAP activity.

2. Materials

1.
2.
3.

Nk

0.25% trypsin + 0.5 mM EDTA in phosphate-buffered saline (PBS).
0.1% trypsin + 0.5 mM EDTA in PBS.
0.05% trypsin + 0.5 mM EDTA in PBS.

For trypsin-EDTA solutions, we purchased 2.5% trypsin solution from a commercial
supplier, for example from Gibco BRL (Grand Island, NY, cat. no. 15090-046). Dispense
into aliquots and store at —20°C. Dilute to appropriate concentrations with PBS and
supplement with EDTA. Store at 4°C. Use within 1 mo.

Dulbecco’s Modified Eagle Medium (DMEM) (Gibco BRL, cat. no. 12800-017).
a-Minimum Essential Medium (a-MEM) (Gibco BRL, cat. no. 11900-024).

RPMI-1640 (Gibco BRL, cat. no. 31800-022).

Medium for the maintenance of ES cells: DMEM supplemented with 15% fetal calf serum
(FCS) (see Note 1), 2 mM L-glutamine (Gibco BRL, cat. no. 25030-081), 1X nonessential
amino acids (Gibco BRL, cat. no. 11140-050), 0.1 mM 2-mercaptoethanol (2-ME), 1000 U/mL
recombinant leukemia inhibitory factor (LIF) or equivalent amounts of a culture supernatant
from Chinese hmaster ovary (CHO) cells producing LIF, 50 ug/mL streptomycin, and
50 U/mL penicillin. Store at 4°C. Use within 1 mo.

. Medium for embryonic fibroblasts: DMEM supplemented with 10% FCS, 50 ug/mL

streptomycin, and 50 U/mL penicillin. Store at 4°C. Use within 2 mo.
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Table 1

Volume of Medium for Culture Vessels
Culture vessels Volume of medium (mL)
25-cm? flask 6

60-mm dish 5

100-mm dish 10

24-well plate 1

6-well plate 2

. 0.1% Gelatin solution: Dissolve 0.5 g of gelatin (Sigma, St Louis, MO, cat. no. G2500)

into 500 mL distilled water by autoclaving. Store at room temperature.

Mitomycin C (Sigma, cat. no. M0503): For 100X solution, dissolve the powder into sterile
distilled water and adjust the concentration to 1 mg/mL just before use.

Medium for the maintenance of ST2: RPMI 1640 supplemented with 5% FCS, 50 uM
2-ME, 50 ug/mL streptomycin, and 50 U/mL penicillin. Store at 4°C. Use within 2 mo.
Medium for the maintenance of OP9: a-MEM supplemented with 20% FCS, 50 ug/mL
streptomycin, and 50 U/mL penicillin. Store at 4°C. Use within 1 mo.

Medium for the differentiation of ES cells on ST2: a-MEM supplemented with 10%
FCS, 50 ng/mL streptomycin, and 50 U/mL penicillin (see Note 2). Store at 4°C. Use
within 2 mo.

1,25(0OH),D5 (Biomol Research Laboratories, Plymouth Meeting, PA, cat. no. DM-200).
Store at —=70°C at 10~* M in ethanol under light-tight conditions. Stable at least for six mo.
Dilute from this stock for each use.

Dex (Sigma, cat. no. D4902). Store original stocks at 10 M in ethanol at —70°C. Prepare
the stock at 1073 M in ethanol at 4°C. Dilute from this stock for each use. Stable at least
for 1 yr (stocks at —70°C) or 3 mo (stocks at 4°C).

Medium for differentiation of ES cells on OP9: a-MEM supplemented with 20%
FCS, 50 ng/mL streptomycin, and 50 U/mL penicillin (see Note 2). Store at 4°C. Use
within 2 mo.

TRAP staining solution: for 500 mL of solution, dissolve 5.75 g of sodium tartrate
dihydrate, 6.8 g of sodium acetate trihydrate, and 250 mg of naphthol AS-MX phosphate
(Sigma, cat. no. N-5000) in an appropriate vol of dH,0. Adjust the pH to 5.0 with acetic
acid and adjust the vol to 500 mL with distilled water. Store the stock in a dark glass bottle
at 4°C. Just before use, dissolve fast red violet LB salt (Sigma, cat. no. F-3381) in the
volume you need at the final concentration of 0.5 mg/mL.

3. Methods

For each manipulation, prewarm the medium to 37°C and do not leave cells out
of the incubator for a long time. The cultures described here require a humidified
incubator at 37°C in 5% CO,. The volume of culture medium is summarized in Table 1
for the culture vessels that appear in the protocol.

3.1.

Maintenance of ES Cells

We ordinarly maintain ES cells on mitomycin C-treated embryonic fibroblasts (see
Note 3). ES cells are cultured in the medium described in the material section.
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Prepare mitomycin C-treated confluent embryonic fibroblasts on gelatin-coated dishes
(see Note 4).

Thaw ES cells on mitomycin C-treated embryonic fibroblasts.

Grow them up to a subconfluent state.

Replace the medium of the ES cell cultures with fresh medium 2—4 h before passage.
Wash three times with PBS and trypsinize the cultures with 0.25% trypsin/0.5 mM EDTA
for 5 min at 37°C. Add medium and dissociate the cell clump by pipetting up and down.
Centrifuge at 120g for 5 min at 4°C, aspirate the supernatant, and suspend the cell pellet
in the medium. Count the number of ES cells.

. Replate them onto the freshly prepared mitomycin C-treated embryonic fibroblasts. For 60

or 100-mm dishes, inoculate 10° or 3 x 10° ES cells, respectively.
Change the ES cell culture media the day after passaging.

. Two days after the passage, the cultures must reach a subconfluent state. Maintain ES cells

by the above-mentioned manner (see Note 5).

3.2. Maintenance and Preparation of ST2 Stromal Cells

ST2 cells (see Notes 6 and 7) are maintained in the RPMI 1640 media supplemented
with 5% FCS and 50 uM 2-ME.

1.

Trypsinize the confluent cells in a dish or flask with 0.05% trypsin/0.5 mM EDTA at
37°C for 1 to 2 min.

Add medium, dissociate the cells by pipetting, centrifuge them at 200g for 5 min, and
split them 1:4.

Maintain by regularly passing them every 3 or 4 d.

To prepare feeder layers in 24-well plates, seed the cells of one confluent T25 flask or
half of one confluent 100-mm dish into a 24-well plate. Two days later, the cells reach
confluency and are ready to use for the differentiation of ES cells (see Note 8). Neither
irradiation nor treatment with mitomycin C is needed.

3.3. Maintenance and Preparation of OP9 Stromal Cells
OPO9 cells (see Notes 7 and 9) are maintained in o-MEM supplemented with 20% FCS.

Grow them to a subconfluent or confluent state.

2. Wash twice with PBS and trypsinize with 0.1% trypsin/0.5 mM EDTA at 37°C for 4

to 5 min.

. Add medium, dissociate the cells well by pipetting up and down, centrifuge them at 200g

for 5 min, and split them 1:4.
Change the medium 2 d later.

. Passage them again the next day (subconfluent state) or 2 d after the medium change

(confluent state).

To prepare a feeder layer in 6-well plates, seed half of the cells from a subconfluent or
confluent 100-mm dish into a 6-well plate. Two days later, they reach confluency and
are ready to use for the differentiation of ES cells (see Note 8). Neither irradiation nor
treatment with mitomycin C is needed.

3.4. Single-Step Culture to Induce the Differentiation of Osteoclasts

1.
2.

Prepare ST2 feeder layer in 24-well plates as described in Subheading 3.2.
Grow ES cells to a subconfluent state as described in Subheading 3.1. (see Note 10).
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3. Replace the medium of the ES cell cultures with fresh medium 2—4 h before inducing
the differentiation.

4. Wash three times with PBS and trypsinize the culture with 0.25% trypsin/0.5 mM EDTA
for 5 min at 37°C. Add a-MEM/10% FCS and dissociate the cell clump by pipetting up
and down. Centrifuge at 120g for 5 min at 4°C, aspirate the supernatant, and suspend the
cell pellet in a-MEM/10% FCS. Count the number of ES cells (see Note 11).

5. Dilute to the appropriate cell density in o-MEM/10% FCS (see Note 12). Aspirate the
medium from the plates of ST2 feeder cells. Dispense 1 mL of the cell suspension into
each well. Supplement with 108 M 1,25(0H),D; and 107 M Dex.

6. Cultivate in the incubator and change the culture medium every 2 or 3 d (see Note 13).

7. Stain the cultures for osteoclasts with a method detecting TRAP activity, as described in
Subheading 3.7. on d 11, when mature osteoclasts have been generated (Fig. 3A,B).

3.5. Multistep Culture on OP9

1. Prepare an OP9 feeder layer in 6-well plates as described in Subheading 3.3.

2. Grow ES cells to a subconfluent state as described in Subheading 3.1. (see Note 10).

3. Replace the medium of ES cell cultures with fresh medium 2—4 h before inducing
differentiation.

4. Wash three times with PBS and trypsinize with 0.25% trypsin/0.5 mM EDTA for 5 min
at 37°C. Add a-MEM/20% FCS and dissociate the cell clump by pipetting up and down.
Centrifuge at 120g for 5 min at 4°C, aspirate the supernatant, and suspend the cell pellet in
a-MEM/20% FCS. Count the number of ES cells (see Note 11).

5. Dilute to 5 x 103 cells/mL with o-MEM/20% FCS. Aspirate the medium from the plates of
OP?9 feeder layers. Dispense 2 mL of cell suspension into each well (10* cells/well).

6. Maintain in the incubator at 37°C with 5% CO,.

On d 2 or 3 of differentiation, replace half of the medium with fresh medium (see Note 14).

8. On d 5 of differentiation (see Note 15), colonies that have a differentiated appearance will
be observed (Fig. 3C) (see Note 16). Wash the cultures 3 times with PBS, and trypsinize
them with 0.5 mL of 0.25% trypsin/0.5 mM EDTA for 5 min at 37°C. Add a-MEM/20%
FCS and dissociate the cell clump by pipetting up and down vigorously. Transfer the
dissociated cells into 15-mL centrifuge tube and centrifuge at 350g for 5 min at 4°C. Cell
aggregates may be generated after trypsinization. These aggregates consist mostly of OP9
cell debris. To precipitate these persistent cell aggregates, let stand for 4 to 5 min, then
transfer the upper cell suspension into fresh tubes, and centrifuge. Aspirate the supernatant,
suspend the cells in fresh medium, and count the cell number with a hemocytometer. Do
not count OP9 cells; they are large and easily distinguished from ES cell-derived cells.
About 1-2 x 10° cells are obtained per well. For 2-step cultures, refer to Subheading 3.6.
For 3-step cultures, follow the steps below.

9. Dilute the cell suspension to 5 x 10* cells/mL with medium (a-MEM/20% FCS), and
dispense 2 mL of the cell suspension into each well of a 6-well plate containing freshly
prepared OP9 layers (1 x 10° cells/well).

10. Maintain in the incubator at 37°C with 5% CO,.

11. On d 7 or 8 of differentiation, remove half of the medium gently from the culture plates
and add 1 mL of fresh medium (see Note 14).

12. Ond 10 of differentiation, hematopoietic clusters or colonies will have formed on the OP9
layers (Fig. 3D). Add 2 mL of fresh medium (a-MEM/20% FCS) to each well, and after
pipetting vigorously, transfer the cells into centrifuge tubes, and let them stand for 4 to
5 min to precipitate debris of OP9 stromal cells. Transfer the supernatant into a fresh tube
and centrifuge at 350g for 5 min at 4°C. Suspend the pellet in fresh medium and count the

~
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cell number. About 10° hematopoietic cells will be obtained per well. For 3-step cultures,
refer to Subheading 3.6. If you want to simultaneously analyze the other hematopoietic
lineages, plate the cell suspension again onto fresh OP9 at 10° cells/well in 6-well plates
(see Note 17).

3.6. Induction of Differentiation into Osteoclasts in Multistep Cultures

1.

Prepare ST2 feeder layers in 24-well plates as described in Subheading 3.2.

2. For 2-step cultures (from step 8 in the previous section, Subheading 3.5.), dilute the cell

suspension to 0.5—-1 x 10* cells/mL with medium (a-MEM/10% FCS). For 3-step cultures
(from step 12 in the previous section, Subheading 3.5.), dilute to 103 cells/mL.

. Aspirate the medium from the plates of ST2 feeder layers. Dispense 1 mL of the cell

suspension into each well. Supplement with 108 M 1,25(OH),D; and 10~7 M Dex.
Cultivate in the incubator, and change the culture medium every other day.

. Stain the cultures for osteoclasts with a method detecting TRAP activity 6 d after seeding

(on d 11 for 2-step cultures and on d 16 for 3-step cultures) when mature osteoclasts have
been generated, as described in the next section (Subheading 3.7.) (Fig. 3E).

3.7. TRAP Staining

We ordinarily evaluate osteoclastogenesis by TRAP staining. It is also possible to

check the functional activity of osteoclasts by the pit formation assay (see Note 18).

1.

Aspirate the culture medium.

2. Add 1 mL of 10% formalin (3.7% formaldehyde) in PBS (v/v) to each well of the plates

and fix them for 10 min at room temparature.

Wash once with PBS, aspirate, and cover with 0.5 mL of ethanol-acetone (50:50, v/v) for
exactly 1 min at room temparature. After 1 min of treatment, immediately fill each well
with PBS, aspirate the solution, and wash once more with PBS.

After aspiration of PBS, cover the fixed cells with 0.25 mL of TRAP staining solution and
incubate for 10 min at room temparature. After the red color develops, wash the plates well
with water. Insufficient washing will generate a high background staining.

4. Notes

1.

Choose a lot of serum that well supports the growth of ES cells, does not generate
differentiated cells, and has high plating efficiency. The culture at the clonal density
without the addition of exogenous LIF would allow the selection of such lots. The
batches of serum suitable for the maintenance of ES cells are also available from several
commercial suppliers.

. Batch-related variation of FCS affects the differentiation of ES cells. It is necessary to

check the batches of the serum. In the single-step culture, most batches of serum support
osteoclastogenesis. However, some lots are not good for the maintenance of ST2 feeder
layer for 11 d, and the plating efficiency of ES cells or the number of osteoclasts generated
on ST2 feeder layers varies according to the FCS lot. Carry out preliminary experiments
to check the batches of the serum by seeding ES cells in the range of 10 to 1000 cells/well
according to Subheading 3.4. (see also Note 12). Choose a lot of serum that is good
for culturing ST2 and efficiently supports the formation of TRAP-positive osteoclasts.
It should be noted that plating efficiency is not correlated with the ability to support
osteoclastogenesis. For multistep cultures on OP9, choose lots of FCS that support the
growth and differentiation of ES cells on OP9 (see Subheading 3.5. text and notes of
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Methods section). Some serum does not support the selective propagation of hematopoietic
cells after the replating due to taking nonhematopoietic cells into the secondary plates. To
induce osteoclasts in multistep cultures (the secondary or tertiary step in the 2- or 3-step
culture, respectively), we recommend using a batch of serum that has been used for the
differentiation of osteoclasts from an in vivo source such as bone marrow cells, spleen
cells, or peritoneal cells.

. At least 3 ES cell lines D3 (13), J1 (14), and CCE (15), gave similar results using our

protocol. It is also possible to use ES cells that are adapted to feeder-independence.

Treat embryonic fibroblasts with 10 ng/mL mitomycin C for 2.5 h. After washing the
cells, seed 10° or 3 x 10° cells into a 60- or 100-mm dish, respectively. It is also possible
to freeze mitomycin C-treated cells. In this case, thaw the 6 x 100 cells from a stock vial
into a 100-mm dish or three 60-mm dishes. Dishes should be coated with a 0.1% gelatin
solution at 37°C for 30 min or at room temperature for 2 h. Remove the gelatin solution
just before the plating of embryonic fibroblasts.

. The passage numbers of ES cells should be kept as low as possible. Prepare sufficient

amounts of young stocks and recover when needed.

ST2 cultures grown long periods sometimes change in appearance (i.e., changing to a more
dendritic shape or senescent appearance). Discard such cultures and use freshly thawed
young ST2 cell stocks. Fig. 4A shows the appearance of normal ST2.

. ST2 (RCB0224) and OP9 (RCB1124) cells have been registered in the RIKEN Cell Bank

(http:llwww.rtc.riken.go.jp/ CELLIHTML/RIKEN Cell Bank.html). If the cells do not
function well, please contact us.

. For the purpose of preparing feeder layers, it is also possible to seed at higher or lower

density, and culture for a shorter or longer times until the stromal cells are in a confluent
state when ES cells are inoculated.

OP9 are highly sensitive to old media. Use fresh medium and change the medium 2 d
after the passage. OP9 must not to be left in their confluent state for prolonged periods,
because this makes it difficult to prepare the single-cell suspension. Pass them when they
are subconfluent or have just reached confluency. Discard them if their growth is bad or if
they have a senescent appearance. Fig. 4B shows the appearance of normal OP9.

Do not use ES cells that have just been thawed from frozen stocks. Use ES cells that have
been cultured for at least 1 d after being thawed.

If you want to remove the embryonic fibroblasts, replate the ES cells on gelatin-coated
dishes and incubate for 30 min in the culture medium, then collect the nonadherent cells
by pipetting and count them. However, it does not cause any problems to directly seed the
mixture of ES cells and embryonic fibroblasts onto ST2 or OP9 layers.

The efficiency with which ES cells form colonies on the ST2 feeder layer changes
according to the lot of serum from only 1% to about 40%. Seed ES cells so that
<20 colonies are generated per well in the 24-well plates. Seeding at higher density
prevents osteoclastogenesis because spaces for osteoclasts on ST2 are occupied by
the growing colonies. Plating efficiency also varies depending on the ES cell line used.
Even the same cell line sometimes gives different plating efficiencies if it is obtained
from different laboratories. Carry out preliminary experiments to check the plating
efficiency using your lines and serum by seeding ES cells in the range from 10 to
1000 cells/well.

It is difficult to find ES cells on the first 1 or 2 d of differentiation. After this period, small
ES cell colonies derived from single ES cells are discernible under the microscope. They
will grow up to <3 mm (including the area of osteoclasts) in diameter. It has been observed
that under these conditions, ST2 cells may generate adipocytes. This is not problematic
and should not influence experimental outcomes.
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14.

15.

16.

17.

18.

Fig. 4. Appearance of ST2 (A) and OP9 (B) cells.

Under these conditions, OP9 cells give rise to adipocyte cells, but this does not influence
experimental outcomes.

When you replate the cultures in which the growth of ES cells on OP9 is not good on
d 5, nonhematopoietic cells might be predominantly replated into the secondary plate.
In such cases, delay the day of replating until the colonies grow up to sufficient level
(see Fig. 3C).

Colonies that have an undifferentiated appearance are also observed on d 5 (11). Such
colonies may comprise, at most, one-third of the total colonies.

As described by Nakano et al. (1994), cultivation on OP9 for an additional 3 to 4 d
generates various hematopoietic lineages, including the erythroid lineage, granulocytes,
the mono/macrophage lineage, megakaryocytes, mast cells, and even lymphoid lineages
(Fig. 2) (11).

Pit formation assay on dentine slices should be carried out using cells from multistep
cultures as described in refs. 8 and 12. Although it is possible to check the osteoclast
function by directly culturing undifferentiated ES cells and ST2 cells on the dentine slices
in the presence of 1,25(0OH),D; and Dex, this method is not recommended as the results
fluctuate greatly and are not suitable for quantitative analyses.
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Differentiation of Embryonic Stem Cells
as a Model to Study Gene Function
During the Development of Adipose Cells

Christian Dani

1. Introduction

The white adipose tissue stores energy in the form of triglycerides in time of
nutritional excess and releases free fatty acids during food deprivation. The adipose
tissue mass is determined by the balance between energy intake and expenditure.
Alterations of this steady state can lead to overweight and obesity, which is often
accompanied by metabolic disorders associated with cardiovascular diseases such as
hypertension and type II diabetes. The ongoing explosion in the incidence of obesity
has focused attention on the development of adipose cells. Mainly, the in vitro system
used to study adipogenesis is immortal preadipocyte cell lines (I). However, these
systems are limited for studies of early differentiation because they represent already
determined cells. The commitment of embryonic stem (ES) cells into the adipocyte
lineage offers the possibility to study the first steps of adipose cell development.
In addition, the combination of genetic manipulations of undifferentiated ES cells
and in vitro adipocyte differentiation facilitates elucidation of the role of genes
expressed during adipose cell conversion. Terminal differentiation of preadipocytes
into adipocytes is a multistep process. Several marker genes have been identified, and
the hormonal regulation of these different genes has been studied in detail in recent
years (1). However, the requirement for adipogenesis of genes known to be expressed
during the different stages of differentiation remains to be investigated (Fig. 1).

Peroxisome Proliferator-Activated Receptor y (PPARY) is member of the nuclear
hormone receptor superfamily of ligand-activated transcriptional factors. PPARY is
expressed at high levels in adipose tissue, and several lines of evidence suggest that
PPARY plays a key role in the program of adipocyte differentiation (2). Recently, we
observed that activation of the membrane receptor for the Leukemia Inhibitory Factor
(LIFR) promotes adipogenesis (3). However, there has been no demonstration of the
requirement of LIFR and PPARY for differentiation. Both LIFR and PPARy knock-out
mice are not viable precluding the study of their role in the formation of fat (3,4). The
generation of LIFR~ ES cells (ref. 3, and M. Li and A. G. Smith, unpublished results)

From: Methods in Molecular Biology, vol. 185: Embryonic Stem Cells: Methods and Protocols
Edited by: K. Turksen © Humana Press Inc., Totowa, NJ

107



108 Dani

Embryonic Stem Cell

!

Mesenchymal Stem Cell

/N
Osteoblast

Chondroblast
Myoblast

Adipoblast

|

Preadipocyte (A2Col6, LPL...)
LIF/LIFR l

PPARy
Adipocyte (a-FABP, leptin....)

Fig. 1. Stages in the adipocyte development programm. A,Colg and lipoprotein lipase (LPL)
are markers of preadipose cells. a-FABP and leptin are markers of adipose cells. PPARy and
LIFR play a critical role in terminal differentiation. Question marks indicate that no regulatory
genes involved in the commitment of stem cells towards the adipoblast lineage has been
identify so far.

or PPARYy™~ ES cells (4) combined with conditions of culture to commit stem cells into
the adipogenic pathway (5) allowed us (3) and Rosen and colleagues (4) to circumvent
the lethality problem and to provide evidence that LIFR and PPARy are important for
the development of adipose cells.

The capacity of ES cells to undergo differentiation into several cell types in vitro
enables the investigator to evaluate the specificity of the effect of the mutation. As
the adipoblast and the skeletal myoblast come from the same mesenchymal stem cell
precursor, it is interesting to compare the adipogenic and the myogenic capacity of
mutant ES cells. Studies of the levels of expression of adipocyte-Fatty Acid Binding
Protein (a-FABP), an adipocyte-specific gene, and of Myogenin, a skeletal myocyte gene,
in outgrowths derived from LIFR-mutant ES cells and in those derived from wild-type
ES cells, allowed us to evaluate in vitro the effect of LIFR mutation on the commitment
of stem cells into the adipogenic and the skeletal myogenic lineages (3,6).

The use of in vitro differentiation of ES cells to analyze the effects of mutations on
adipogenesis is just beginning. However, the capacity of ES cells to undergo adipocyte
differentiation in vitro provides a promising model for studying early differentiative
events in adipogenesis and for identifying regulatory genes involved in the commitment
of multipotent mesenchymal stem cell to the adipoblast lineage. In this chapter, an
improved protocol to commit mouse ES cells into the adipogenic lineage at a high
rate is detailed.
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2. Materials

2.1.

1.

6.

7.

2.3.

1.

Maintenance of Mouse ES Cells

Complete growth medium (1X, stored at 4°C): to 300 mL autoclaved Milli-Q-plus water

add:

a. 40 mL of 10X Glasgow minimal essential medium (GMEM)/BHK21 (Gibco BRL,
cat. no. 12541023), stored at 4°C.

b. 13.2 mL of 7.5% Sodium bicarbonate (Gibco BRL, cat. no. 25080060), stored at 4°C.

4 mL of 100X Nonessential amino acids (Gibco BRL, cat. no. 11140035), stored at 4°C.

d. 8 mL of 200 mM glutamine, 100 mM sodium pyruvate (Gibco BRL, cat. nos. 25030024
and 11360039), stored at —20°C.

e. 0.4 mL of 0.1 M 2-Mercaptoethanol (stored at 4°C).

f. 40 mL of Selected fetal calf serum (FCS) (S. A. Dutscher, France), stored at —20°C
(see Note 1).

0.1 M 2-Mercaptoethanol: add 100 uL 2-mercaptoethanol (Sigma, cat. no. M-7522) to

14 mL of sterile H,O. Store up to 3 wk at 4°C.

LIF (see Note 2).

Phosphate-buffered saline (PBS) calcium and magnesium free: 0.17 M NacCl, 3.4 mM KCl,

4 mM Na,H PO,4, and 2.4 mM KH,PO,, pH 7.4. Filter-sterilized.

g

. Trypsin solution: Trypsin 1X is prepared by adding 1 mL of 2.5% trypsin (Gibco BRL, cat.

no. 2509008), plus 1 mL of 100 mM EDTA and 1 mL of chicken serum to 100 mL PBS.
Aliquot (10 mL) and store at —20°C. Thawed aliquots are stored at +4°C.

Gelatin 0.1%: purchase gelatin 2% (Sigma, cat. no. G-1393) and dilute to 0.1% with
PBS. Store at 4°C.

. Tissue culture 25-cm? flasks (Greiner, cat. no. 690175 or Corning, cat. no. 430168).

2.2.

. Retinoic acid: All trans retinoic acid (RA) (Sigma, cat. no. R-2625) is diluted in the

Differentiation into Adipocytes

dark into dimethyl sulfoxide (DMSO) to prepare a 10 mM stock solution. Aliquot and
store at —20°C. Subsequent dilutions of RA are performed in ethanol and used for one
experiment only. After dilution into the culture media, the concentration of ethanol never
exceeds 0.1%.

Differentiation medium: This medium consists of growth medium with selected serum
and is supplemented with antibiotics, 0.5 ug/mL insulin and 2 nM triiodothyronine (see
Note 3).

Insulin (Sigma, cat. no. I-5500) is prepared at 1 mg/mL in cold 0.01 N HCI. Mix gently
and sterilize by filtration. Aliquot (1 mL) and store at —20°C. Thawed aliquots are stored
at 4°C.

Triiodothyronine (Sigma, cat. no. T-2877) is prepared at 2 mM in ethanol (stock solution).
Store at —20°C.

. Antibiotics: 1000X penicillin—streptomycin (5000 IU/mL-5000 UG/mL; Gibco BRL).

Aliquot (1 mL) and store at —20°C.

Bacteriological grade 100- and 60-mm Petri dishes (Greiner, cat. nos. 633185 and
628102).

Tissue culture 100-mm dishes (Corning, cat. no. 664160).

X-Gal and Oil-Red O Staining

Fix buffer: 0.25% glutaraldehyde (Sigma, cat. no. G-5882 ) in PBS supplemented with
2 mM MgCl, and 5 mM EGTA (pH 8.0). Store at 4°C.
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Wash buffer: PBS supplemented with 2 mM MgCl,. Store at 4°C.

. 5-Bromo-4-chloro-3-indolyl-f-p-galactopyranoside (X—gal) staining solution:

a. 1 mL of Potassium ferrocyanide (0.105 mg/mL; Sigma, cat. no. P-9387).

b. 1 mL of Potassium ferricyanide (0.082 mg/mL; Sigma, cat. no. P-8131).

c. 1 mL of X—gal (50 mg/mL; Biosolve Ltd., cat. no. 07102352).

d. 50 mL of Wash buffer. Filter to remove crystals and store in the dark at 4°C.

. Oil-Red O solution. Stock saturated solution: 0.5 % Oil-Red O (Sigma, cat. no. 0-0625)

in isopropanol. Working solution: mix 6 volumes of stock solution with 4 volumes H,O.
Mix and filter. Store at room temperature.

5. Store solution: 70% glycerol in H,O (v/v).

NN R WD

2.5.

1.

2.

. RNA Preparation from Differentiating Embryoid Body Outgrowths

Guanidinium lysis buffer: 4 M guanidinium thiocyanate dissolved in 25 mM sodium citrate,
pH 7.0, 0.5% sarcosyl. Just before to use, add 2-mercaptoethanol to a final concentration
of 0.1 M.

Sterile 2.2-mL Eppendorf tubes.

Phenol saturated solution, pH 4.0 containing 0.1% 8-hydroxyquinoline (see Note 4).
Chloroform.

Isopropanol

100% Ethanol.

5 M NaCl. Sterilize.

TES buffer: 10 mM Tris-HCI, pH 7.4, 0.1 mM EDTA, 0.1% sodium dodecyl sulfate (SOS).
Sterilize. Store at room temperature.

Reverse Transcription-Polymerase Chain Reaction

Reverse transcription polymerase chain reaction (RT-PCR) kit (avaible from several

companies).

Pairs of primers used for detecting:

a. a-FABP, an adipocyte-specific gene; 5'-GATGCCTTTGTGGGAACCTGG-3' and
5'-TTCATCGAATTCCACGCCCAG-3'.

b. Myogenin, a skeletal myocyte-specific gene: 5'-AGCTCCCTCAACCAGGAGGA-3’
and 5'-GGGCTCTCTGGACTCCATCT-3'.

c. Chain a2 of collagen type VI (A2COL6), a gene preferentially expressed in mesenchy-
mal cells: 5-AACTTCGCCGTGGTCATCACTGACG-3" and 5'-AGGAATCTCCAG-
GCAGCTCACCTTG-3'.

d. Hypoxanthine phosphoribosyltransferase (HPRT), as a standard to balance the
amount of RNA and cDNA used, except for RNA prepared from E14TG2a ES cells,
which are HPRT-deficient cells: 5'-GCTGGTGAAAAGGACCTCT-3' and 5'-CACAG
GACTAGAACACCTGC-3'.

3. Methods

3.1.

Maintenance of ES Cells

Several previously published protocols describe procedures to maintain ES cells
on fibroblast feeder layers. The conditions outlined below are applicable for the
maintenance of feeder layer-independent ES cell lines, such as CGR8 (7), E14TG2a
(8), or Zin40 (9). These cells can be grown on gelatin-coated tissue culture flasks
(see Note 5) and maintained in a multipotent undifferentiated state providing they are
exposed to LIF (see Note 2).
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Fig. 2. Experimental protocol used for the commitment of ES cells into the adipocyte
lineage.

1. For a 25-cm? flask, aspirate the medium off and wash twice with 5 mL of PBS. Aspirate
off the PBS and add 1 mL of trypsin solution. Ensure the trypsin covers the cell monolayer
and incubate at 37°C, 5% CO,, for 2 to 3 min. Check under an inverted microscope that
cells are correctly dissociated (see Note 6).

2. Add 5 mL of complete growth medium to stop trypsinization and suspend the cells by
vigorous pipetting. Transfer the cells to a sterile tube and centrifuge at 250g for 5 min
at room temperature.

3. Aspirate the medium off and resuspend the cell pellet with 5 mL of complete growth
medium by pipetting up and down 2 to 3 times. Count the cells.

4. Add 10° ES cells into 10 mL of prewarmed complete growth medium containing LIF, then
transfer to a freshly gelatinized 25-cm? flask.

5. Change the medium every day.

6. Trypsinize the cultures 2 d later as in step 1. Cultures should be subcultured before cells
have reached confluence.

3.2. Differentiation of Embryoid Bodies into Adipocytes

Multilineage differentiation of ES cells is initiated by aggregation. The aggregates
form structures known as embryoid bodies (EBs). To induce adipocyte lineage, the
hanging drop method for the formation of EBs is routinely used (see Note 7). A
schematic representation of the experimental protocol used for ES cell differentiation
of ES cells into adipocytes is presented in Fig. 2.
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1. Change media on ES cells with complete growth medium supplemented with LIF 2 h
before subculture.

2. Aspirate medium off and wash twice with 5 mL of PBS. Aspirate off the PBS and add
1 mL of trypsin solution. Incubate at 37°C, 5% CO,, for 2 to 3 min.

3. Add 5 mL of complete growth medium to stop trypsinization and suspend the cells by
vigorous pipetting. Transfer the cells to a sterile tube and centrifuge at 250g for 5 min
at room temperature.

4. Aspirate the medium off and resuspend the cell pellet into 10 mL of complete growth
medium without LIF, but supplemented with antibiotics (see Subheading 2.2.5.). After
cell counting, adjust the suspension to a concentration of 5 x 10* cells/mL.

5. Place aliquots of 20 uL of this suspension onto the lid of bacteriological grade dishes (see
Note 8). This is defined as day 0 of EB formation.

6. Invert the lid and place it over the bottom of a bacteriological Petri dish filled with
8 mL PBS containing few drops of FCS. It is essential to cover the bottom of the dish
with the liquid to prevent the evaporation of the hanging drops. When the lid is inverted,
each drop hangs, and the cells fall to the bottom of the drop where they aggregate into
a single clump (EB).

7. Two days later, remove the lid, invert it, and collect drops containing EBs in a conical

sterile tube. Let it stand for 5 min at room temperature to allow the aggregates to

sediment. Aspirate the supernatant and resuspend the pellet in 4 mL of complete growth

medium supplemented with 1077 M RA (see Note 9). Transfer the suspension into 60-mm

bacteriological grade Petri dishes (see Note 10).

Incubate for 3 d in the presence of RA, changing the medium every day.

9. At d 5 after EB formation, change the medium without the addition of RA and plate
2—4 EBs/cm? in gelatinized-tissue culture dishes (see Note 11).
10. The day after plating, change the complete growth medium to differentiation medium.
Change the medium every other day.
11. After 10-20 d in the differentiation medium, at least 50—70% of EB outgrowths should
contain adipocyte colonies (see Note 12).

o

3.3. Identification of Adipose Cells in Outgrowth Cultures
3.3.1. X-Gal and Oil-Red O Staining

Among the different ES cell lines that we use, Zin40 displays ubiquitous nuclear
expression of [3-galactosidase (f-gal) in undifferentiated ES cells and derivatives in vitro
(5,9). Expression of the LacZ reporter gene under the control of a specific promoter
enables the determination of cell specificity as well as the kinetics of expression of a
gene of interest in differentiating outgrowths. Therefore, a procedure to detect 3-gal
activity in situ in ES cell-derived cultures is described.

Adipose cells with lipid droplets are easily visualized microscopically, especially
under bright field illumination. Nonadipose cells containing structures resembling
droplets are often detectable in untreated and RA-treated cultures. Therefore, it is
essential to identify droplet-like structures as triglyceride droplets. Staining of cultures
with Oil-Red O, a specific stain for triglycerides, gives a good indication of adipocyte
differentiation.

A simple procedure to detect both (3-gal activity and adipocytes containing triglyc-
erides in situ in outgrowth cultures is described.

1. Aspirate medium and wash cells once with PBS.
2. Fix cells for 15 min at room temperature.
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Wash twice for 10 min.

Stain with X-gal solution overnight at 37°C.

Aspirate X-gal solution and wash with H,O.

Stain with Oil-Red O solution for 15 min.

Wash twice with H,O. Cover cells with a film of storage solution (70% glycerol in H,O).

Nk w

B-gal and Oil-Red O staining can be seen either with phase contrast or bright field
illumination.

3.3.2. RNA Preparation from EB Outgrowths

The procedure described is an adaptation of the single-step method previously
published by Chomczynski and Sacchi (10).

1. Wash cells with PBS.

2. Add 1.6 mL of guanidinium lysis buffer per 100-mm tissue culture dish containing
EB outgrowths. Split cell lysate into 2 sterile 2.2-mL Eppendorf tubes. Vortex mix
vigorously.

3. Add 0.8 mL of phenol-saturated solution, pH 4.0, per tube and mix by inversion. Then add
0.2 mL of chloroform. Shake vigorously for 10 sec and keep on ice for 15 min.

4. Centrifuge at 10,000g for 20 min at 4°C.

5. Carefully transfer the aqueous phase containing RNA (usually the upper phase) (see
Note 4) to a fresh 2.2-mL tube. Take care to avoid any traces of interface material.

6. Repeat from step 3.

7. Transfer the aqueous phase to a fresh 2.2-mL tube. Add 0.8 mL of isopropanol, mix, and
place at —20°C for at least 12 h.

8. Centrifuge at 10,000g for 20 min at 4°C.

9. Aspirate the supernatant off and collect the RNA pellets from both tubes in 0.3 mL of
guanidinium lysis buffer.

10. Precipitate with 0.6 mL of ethanol at —20°C for 12 h.

11. Centrifuge at 10,000g for 20 min.

12. Carefully pour off the supernatant and dissolve the RNA pellet in 0.5 mL of TES (10 mM
Tris-HCI, pH 7.4, 0.1 mM EDTA, 0.1% SDS).

13. Determine the RNA concentration (see Note 13). Store RNA at —20°C.

3.3.3. Analysis of Adipocyte Gene Expression

Expression of a-FABP and Myogenin in 20-d-old EB outgrowths can be detected by
Northern blotting using 20 ug of total RNA. However, detection of the expression of
these genes in early differentiating outgrowths requires a more sensitive method such
as RT-PCR. Table 1. gives the temperatures of annealing for the PCR and the size of
expected cDNAs, as well as the size of genomic DNA-derived contaminated bands.
Gene expression can be detected either by a diagnostic ethidium bromide band or after
blotting and hybridization with appropriate cDNA probes.

4. Notes

1. ES cell cultures may contain a proportion of “differentiated” cells that have lost their
pluripotency. It is crucial to minimize this proportion of differentiated cells. This is
achieved by the addition of LIF in a high quality culture medium, i.e., an adequate batch
of serum. Identification of pluripotent stem cells is difficult unless one is familiar with
the appropriate cellular morphology. Pluripotent stem cells: (/) are small, (2) have a
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Table 1
Detection of Adipocyte- and Skeletal-Myocyte Specific Genes
by PCR

Base Pairs
Gene cDNA Genomic Annealing temperature (°C)
a-FABP 213 2400 56
Myogenin 500 1500 60
A2COL6 300 500 55
HPRT 249 1100 60

large nucleus containing prominent nucleoli structures, and (3) have minimal cytoplasm.
Pluripotent stem cells, in contrast to differentiated cells, grow rapidly. Our experience
has been to select a batch of serum, which is able to support the growth of stem cells,
plate 10° cells/25-cm? flask in 10% of each set of FCS, supplemented with LIF, and sub-
culture the cells every 2 d for 4 passages. For a high quality serum, a flask should yield
5-10 x 10° cells at each passage. Furthermore, no toxicity of the selected serum should
be observed at a 30% concentration.

. LIF is required to maintain pluripotent ES cells and is omitted to induce the commitment

of ES cells towards the adipogenic lineage. To produce LIF, Cos7 cells are transiently
transfected with a LIF-expressing construct (using standard techniques), and after 4 d of
growth, the medium is collected. A titration of LIF activity in the medium conditioned by
transfected Cos7 cells is then performed by testing several dilutions of the medium on ES
cells plated at clonal density in 24-well plates. All these steps are described in detail in ref.
12. LIF is also commercially available (named ESGRO by Chemicon).

. Serum added into the differentiation medium is preselected to support the terminal

differentiation of preadipocyte clonal cell lines (). The addition of a PPARY activator (11),
such as 0.5 uM thiazolidinedione BRL49653 (SmithKline Beecham Pharmaceuticals)
in the differentiation medium dramatically stimulates the terminal differentiation of
RA-treated EBs into adipocytes (Belmonte, N., Vernochet, C., and Dani, C., unpublished
results). This compound is not commercially available. The regimen used to promote
differentiation of 3T3 to L1 preadipose cells has recently been tested on RA-treated EBs
(4). With this regimen, 17-d-old EB outgrowths are treated with dexamethasone (DEX)
(400 ng/mL) and methylisobutylxantine (MIX) (500 nM) for 2 d. Then, DEX and MIX are
removed from the culture media, and outgrowths are maintained in differentiation medium.
As expected, hormonal treatments, which have been previously proved to promote terminal
differentiation of preadipocytes into adipocytes, are also efficient to induce terminal
differentiation of RA-treated EBs. It is important to note that the treatment of EBs with
RA is a prerequisite.

. 8-hydroxyquinoline stains phenol yellow, which allows the unambigous identification of

the phenol phase and the aqueous phase.

Attachment of ES cells to the substratum is susceptible to change according to the tissue
culture material. The author uses Corning or Greiner tissue culture flasks and dishes.
Coating is performed by covering the surface of a 25-cm? flask with 5 mL of 0.1% gelatin
for 15 min at room temperature, followed by careful aspiration of the gelatin solution.

. It is critical to produce a single cell suspension for subcultures. This is achieved by

knocking the flask several times to ensure complete dissociation during the trypsin
treatment.
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7.

10.

11.

12.

13.

The formation of EBs in mass culture (by maintaining pluripotent ES cells in suspension at
a high density, i.e., 5 x 10° cells/mL in bacteriological grade Petri dish) leads subsequently
to a low number of outgrowths containing adipocyte colonies.

. We use a multipipettor with a sterile combitip dispensor (Eppendorf). Approximately

80 drops can be fitted on the lid of a 100-mm Petri dish.

Owing to the high instability of RA, the concentration of RA able to commit ES cells into
the adipogenic lineage at a high rate should be determined for each new preparation of RA
(try 10-8 to 107% M). RA is light-sensitive.

Bacterial grade Petri dishes are used to prevent cell attachment to the substrate. EBs have
a tendency to attach to the bottom of the plastic dish. This phenomenon is reduced by
changing the media daily. EBs that are firmly attached to the dish should be eliminated, as
these kind of EBs seem to have no adipogenic capacity.

A higher density of EBs can lead to a decrease in the number of EB-containing adipocyte
colonies. Two-day-old EBs from 4 lids of 100-mm Petri dishes are pooled into one 60-mm
bacteriological grade Petri dish, then, after RA treatment, are plated into one 100-mm
tissue culture dish (see Note 13 and Fig. 2).

A wide variety of differentiated derivates, such as neurone-like cells, fibroblast-like cells,
and unidentified cell types, appear over this period. Spontaneously beating cardiomyocytes
should appear 1-5 d after plating the control culture (untreated with RA). At least 40% of
EBs should contain beating cardiomyocytes. In contrast, few EBs should contain beating
cells from RA-treated cultures. Large adipocyte colonies appear late in the RA-treated
culture.

We routinely get 100-200 ug RNA from one 100-mm tissue culture plate containing
20-d-old EB outgrowths.
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Embryonic Stem Cell Differentiation
and the Vascular Lineage

Victoria L. Bautch

1. Introduction

The ability of mouse embryonic stem (ES) cells to undergo differentiation in vitro
complements their ability to contribute to numerous tissues in vivo and provides
a unique model system for aspects of early mammalian development. ES cells are
differentiated in two major ways: (i) unmanipulated differentiation involves the removal
of differentiation inhibitory factors, allowing the ES cells to undergo a programmed
differentiation to form multiple cell types that provide developmental cues to each
other; and (ii) manipulated differentiation begins with the removal of differentiation
inhibitory factors, but at some point the cells are usually disaggregated and cultured
with specific added factors to purify or to increase the proportion of cells that acquire
a particular developmental fate. Examples of both kinds of differentiation are found in
this volume. The protocols provided here are for unmanipulated differentiation, which
reproducibly results in the development of a primitive vasculature. Endothelial cells
typically comprise 15-20% of the differentiated ES cells.

Mouse ES cells were first differentiated in vitro using small clumps of ES cells in
suspension culture in media containing human cord serum (I-3). The ES cell clumps
formed embryoid bodies (EBs) containing an outer and inner layer, and some EBs
expanded to form a large lumen and were called cystic embryoid bodies (CEBs).
These CEBs had hemoglobinized areas indicative of hematopoietic development. It
was suggested that vascular development occured, analogous with the development of
blood islands in the yolk sac (1,2). Subsequently the presence of mouse endothelial
cells and a primitive vasculature in CEBs was shown (4), and the requirement for
human cord serum was eliminated by using lot-tested fetal calf serum (FCS). A further
technical modification involved reattaching the EBs to tissue culture plastic prior to
overt differentiation of vascular tissue (5) (Fig. 1). This allowed for more sophisticated
experimental manipulations of the early vasculature and for the introduction of
quantitative assays of vascular development (6,7).

A number of markers for the early mouse vasculature were identified and used to
further characterize mouse vascular development in vivo and in ES cell cultures and
CEBs. Platelet endothelial cell adhesion molecule-1 (PECAM-1) (also called CD31)
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Fig. 1. In vitro differentiation of ES cells. Unmanipulated ES cell differentiation is
accomplished by formation of CEBs in suspension culture (depicted in the left column) or by
formation of attached cultures (depicted in the right column). Multiple cell types differentiate
reproducibly using these protocols, somewhat analogous to differentiation of the mouse yolk
sac. The lines in d 6—8 Attached Cultures and d 10—12 CEBs denote areas of beating due to
formation of cardiac muscle.

has proven particularly useful, since it is a transmembrane protein expressed abundantly
early in vascular development (8—10). Other early markers are the vascular endothel-
ial cell growth factor-A (VEGF) receptors flk-1 (VEGFR-2) and fit-1 (VEGFR-1),
SCL/TAL, and vascular endothelial cadherin (VE-cadherin) (11,12). Vascular mark-
ers that are expressed later, as angioblasts organize into blood vessels containing
endothelial cells, include intercellular adhesion molecule-2 (ICAM-2), CD34, and
Tie-2 (7,11). Several groups have analyzed vascular marker expression as a function
of time during ES cell differentiation using either fluorescence-activated cell sorter
(FACS) analysis or in situ immunolocalization (7,11), and while the details vary, the
general trends are similar from study to study.

An important criterion for a model system is that specific mutations have similar
vascular phenotypes in vivo and in the model system. Vascular development during
ES cell differentiation is perturbed by mutations with vascular phenotypes in vivo:
both flk-1 and flt-1 homozygous mutant ES cells differentiate abnormally in the
vascular compartment (12-14), and VEGF-A mutant ES cells have reduced vascular
development in both the hemizygous and homozygous mutations, consistent with
in vivo data (7). One exception is that flk-1 mutant ES cells do not contribute to
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Fig. 2. Vascular development in vitro is similar to blood vessel formation in vivo. The
vasculature of a mouse embryo (A) or the vasculature of an ES cell differentiated attached
culture (B,C) was visualized by PECAM antibody staining. (A) The head vasculature of a
d 10.5 mouse embryo, showing an area with a more bulbous vasculature (see inset). (B,C) ES
cell attached culture differentiated to d 8, fixed and stained, showing a typical vascular pattern
by immunofluorescence (B) and the corresponding phase photomicrograph (C), to emphasize
that multiple cell types differentiate under these conditions.

hematopoietic development in vivo, but can produce primitive erythrocytes upon
differentiation of ES cells (12,15). It is thought that flk-1 is important for the initial
migration of precursor cells to the yolk sac in vivo, and that in the ES differentiation
model, the yolk sac cell types differentiate in close proximity, negating the migration
requirement for hematopoiesis in vitro.

Thus, unmanipulated ES cell differentiation provides a reproducible developmental
program that results in the differentiation of multiple cell types, many of which are
found in the developing yolk sac. Specifically, vascular precursor cells are formed that
mature into endothelial cells that organize into a primitive vasculature (Fig. 2). The
shape of the primitive vasculature suggests that little or no remodeling occurs during ES
cell differentiation, but clearly the initial stages of vasculogenesis to form blood vessels
from precursor cells occur, and expansion of the primitive vasculature via angiogenic
sprouting is also most likely a process that occurs during ES cell differentiation. The
disadvantage of unmanipulated differentiation is that multiple cell types impose a
requirement for careful in situ expression analysis, so vascular immunofluorescence
staining and quantitation protocols are included in this chapter. However, I feel that by
approximately recapitulating the in vivo environment in which vascular development
occurs, with its attendant cell types producing important developmental signals, it
is possible to analyze the roles of specific molecules in vascular development in an
important but accessible context.

2. Materials
2.1. General Tissue Culture Materials (All Sterile)

1. 24-Well tissue culture dishes (Costar, cat. no. 3524).

2. 6- and 10-cm Tissue culture dishes (Corning, cat. no. 430166 [6 cm] and cat. no. 430167
[10 cm]).

3. Disposable pipets of sizes: 1 mL, 5 mL, 10 mL, and 25 mL.

4. Bacteriological Petri dishes (Fisher, cat. no. 543116, “made in Canada”)—these dishes are

the best we found to prevent sticking of EBs during the initial culture period.

Ca*? and Mg*?-Free phosphate-buffered saline (PBS).

6. 0.1% Gelatin (Difco, cat. no. 0143-17-9) Type A, porcine, Bloom factor 200, in PBS.

b
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7. Monothioglycerol (Sigma, cat. no. M6145) cell culture tested. 100X stock is 32.5 uL to
50 mL PBS. Store at 4°C.

8. 1X Trypsin-EDTA: (Gibco, cat. no. 25300-054). Store at —20°C long term. Thawed aliquots
can be kept at 4°C for several weeks.

9. Gentamicin (Gibco-BRL) (50 mg/mL gentamicin sulfate). 1000X stock, store at 4°C.

2.2. ES Cell Culture

All reagents and materials are sterile.

1. ES cell culture medium: 67% 5637 cell conditioned medium (5637 human bladder
carcinoma cell line [ATCC, cat. no. HTB9], source of leukemia inhibitory fctor [LIF],
see Subheading 3.1., step 1 for collection protocol), Dulbecco’s modified Eagle medium
(DMEM)-H (Gibco-BRL), 17% FCS (lot tested from different manufacturers), 82 uM
monothioglycerol, 1X gentamicin (50 ng/mL). Store at 4°C and use within 1 mo.

2. Trypsin-EDTA solution: 0.25X trypsin-EDTA (diluted in PBS). Store stock at —20°C and
working solution at 4°C for several wk.

3. Trypsin stop medium: 5637 cell conditioned medium: FCS (1:1).

2.3. Enzymatic Disruption and In Vitro Differentiation
All reagents and materials are sterile.

1. ES cell differentiation medium: DMEM-H, 20% lot-selected FCS, 150 uM monothioglyc-
erol (2 mL 100X stock/100 mL medium = 2X concentration), 1X gentamicin (50 ug/mL).
Store at 4°C and use within 1 mo.

2. Dispase: (Boehringer Mannheim, cat. no. 295825) (Dispase Grade II, 2.4 U/mL). Dilute
1:1 in PBS just prior to use, so final concentration is 1.2 U/mL.

3. Medi-droppers: (Fisher, cat. no. 13-711 or Spectrum, cat. no. 180-875), autoclaved.

2.4. Materials for Fixation, Antibody Staining, and Imaging
2.4.1. Fixation

1. Methanol:acetone (1:1). Methanol and acetone are stored separately at —20°C and mixed
just prior to use.

2. Fresh 4% paraformaldehyde (PFA): 2g PFA powder in 50 mL PBS (use a 50-mL conical
tube). Heat solution to 60°C, shaking occasionally. When most of the solid is in solution,
cool to room temperature, then filter through 0.45-um filters fitted to a syringe. Extra 4%
PFA can be stored at —20°C in aliquots and thawed on ice just prior to use.

2.4.2. Antibody Staining

1. Dilution buffer for all antibodies: 3% FCS, 0.1% NaN; in PBS.

2. Primary antibodies (partial list): rat anti-mouse PECAM-1 (Mec 13.3; Pharmingen) at
1:1000; rat anti-mouse ICAM-2 (3C4; Pharmingen) at 1:500; rat anti-mouse flk-1 (Ly-73;
Pharmingen) at 1:100.

3. Secondary antibodies (partial list): donkey anti-rat B-phycoerythrin cross-absorbed
(712-106-150; Jackson Immunoresearch) at 1:300 (for PECAM-1 and ICAM-2 detection);
and donkey anti-rabbit IgG (H+L) tetramethyl rhodamine isothiocyanate (TRITC) cross-
absorbed (711-025-152; Jackson Immunoresearch) at 1:100.

2.4.3. Imaging

1. Olympus IX-50 inverted microscope with epifluorescence and camera hook-up.
2. Photographic film (black and white).
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3. Computer, Adobe Photoshop (version 4.0 or higher) and plug-ins (Image Processing Tool

Kit, version 2.1, Reindeer Games, Asheville, NC).

3. Methods
3.1. ES Cell Culture

1.

Collection of 5637 cell condition medium (CM): 5637 cells are grown to confluence
in 15-cm tissue culture dishes in DMEM-H, 10% FCS, 1X monothioglycerol, and 1X
gentamycin. At confluence, the medium is changed to the same formulation but with 5%
FCS instead of 10% FCS. After 48—72 h, remove dishes from incubator to hood, where
50-mL conical tubes with loose caps are set up. Tilt each dish and remove the medium with
a 25-mL pipet, and put into the 50-mL tubes. Add 30 mL fresh medium (DMEM-H, 5%
FCS, 1X monothioglycerol, 1X gentamicin) to each dish and return to incubator. Balance
the volumes in the 50-mL tubes and spin at 2000g for 10 min at 4°C. In the hood, remove
the supernatant from each tube and filter using a 0.45-um filter. When all the medium
is filtered, place 3 mL in a 6-cm dish in the incubator and check after 24 h for any
contamination. Do the collection every 2 to 3 d until you have 5 or 6 collections, then
discard cells, pool collections, aliquot, and freeze at —20°C.

. Prepare 0.1% gelatinized dishes by adding 2 mL/6-cm dish. Tilt the dish to cover the

bottom. Incubate at 37°C for 1 h up to 1 wk. Check each dish under the microscope for
bacterial or fungal contamination prior to use. If uncontaminated, aspirate the excess
gelatin solution and add the appropriate amount of ES cell culture medium to each dish.
Return to the incubator.

The ES cells should be passed every 3 to 4 d, when they are seen in shiny tight clumps
(see Note 1). Remove the dishes from the incubator and aspirate off the medium. Wash
2 times with PBS and aspirate. Add 0.25X Trypsin-EDTA (diluted from 1X stock in PBS)
to just cover the bottom of the dish (i.e., 1 mL for a 6-cm dish).

. Place at 37°C until the majority of the ES cell clumps come up with gentle agitation

(1-3 min). Stop the reaction by adding Trypsin stop solution (4 vol stop solution/vol
Trypsin-EDTA). Gently draw the solution up and down a 10-mL pipet a few times to
break up the clumps of cells.

. Put 2 to 3 drops of the cell suspension into the 6-cm dish with medium in it. Observe

the size of the clumps under a microscope. Try to have the cell clumps average about
six cells each. If they are significantly larger, pipet further to break them up a bit. Move
the dishes gently to disperse the ES cell clumps evenly throughout the dish and return
to the 37°C incubator.

3.2. Enzymatic Disruption and In Vitro Differentiation
3.2.1. Enzymatic Disruption

All volumes are given assuming that one 6-cm dish of ES cell colonies is being

processed. If using a larger dish or more dishes, adjust the volumes accordingly.

1. Choose the dish that has the best ES cell clumps to process for in vitro differentiation—the

cell clumps should be flattened and differentiated on the very edge but round and shiny
(aspects of undifferented ES cells) in the middle. Plates are incubated for 5 to 6 d without
feeding after normal passage of ES cells.

Aspirate the medium from the dish. Rinse twice with PBS and aspirate. Add 1 mL
cold Dispase (diluted just prior to use). Let sit at room temperature for 1 to 2 min.
Check periodically by shaking the dish to see if the cell clumps have detached from
the bottom.
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3. When the majority of cell clumps have detached, use a 10-mL pipet to gently transfer
the cell clumps to a 50-mL conical tube containing 35 mL PBS at room temperature.
Invert the tube once gently to mix. Rinse the dish with 5 mL PBS and add to the contents
of the 50-mL tube.

4. Let the tube sit until the cell clumps have settled to the bottom, then aspirate the liquid
carefully to avoid disturbing the cell clumps. Add 30—-40 mL PBS down the side of the
tube, swirl gently to redistribute the cell clumps, and let settle again. Aspirate, repeat the
PBS wash and aspiration, then add 5 mL differentiation medium down the side of the tube.
With the residual PBS, the volume in the tube will be 6 to 7 mL.

5. Pipet 10 mL of differentiation medium into each of two bacteriological dishes (see
Note 2). Pipet the cell clumps and medium from the 50-mL tube into a 25-mL pipet (see
Note 3). Transfer them as equally as possible to the two bacteriological dishes, pulling in
an air bubble to keep the clumps distributed in the medium.

6. Check the number of cell clumps in the dishes. The goal is to get very approximately
100 clumps per dish, since fewer is not an efficient use of medium, and more may promote
aggregation of cell clumps. Incubate at 37°C in a humidified incubator with 5% CO,.

3.2.2. In Vitro Differentiation

1. Change medium as required, at least every other day after Dispase treatment (see Note 4).
To feed EBs, gently swirl the dish in a circular manner so that the EBs go to the center of
the dish. Carefully aspirate most of the old medium from the dish. Gently add 10 mL fresh
differentiation medium to each dish, being careful not to disrupt the EBs.

2. To form attached cultures (see Note 5 for CEB production), use EBs that have been in
suspension culture for 3 d (see Note 6 for variations). Swirl the bacteriological dish so
the EBs are fairly close together.

3. Dispense 1.5 mL of differentiation medium into each well of a 24-well tissue culture dish
that is to be seeded (see Note 7). Use the sterile medidropper to move EBs from the dish to
the wells of the 24-well dish. Generally, try to get 10-20 EBs into each well. The bodies
can be estimated by covering the dish and holding it up to look through the bottom.

4. Spread the EBs evenly in the well. If they do not spread evenly by gentle rocking of the
dish, it can be done by gently pipetting medium up and down in a well (use a Pipetman
with a sterile tip). Keep the plate level as you return it to the incubator, as the EBs usually
attach where they are left. Attachment generally occurs within a few hours. Incubate at
37°C in a humidified incubator with 5% CO, and feed with 2 mL fresh differentiation
medium at least every other day until fixation.

3.3. Immunolocalization

1. Take dishes with attached cultures (see Note 8 for timing) and aspirate the medium. Rinse
twice with PBS and aspirate, then add 1 mL of the cold fixative/well of the 24-well dish
(see Note 9). Incubate 5 min at room temperature.

2. Aspirate the fixative and rinse twice more in PBS. Either store at 4°C in PBS until ready
to stain, or proceed with the staining protocol.

3. Add 1 mL of dilution buffer to wells in which the PBS has just been aspirated and incubate
at 37°C for 30 min to 1 h.

4. Aspirate dilution buffer and add fresh dilution buffer, in which the primary antibody has
been diluted. Incubate at 37°C for 1 to 2 h.

5. Rinse in three changes of dilution buffer, aspirating carefully each time (see Note 10).

6. Add fresh dilution buffer, in which the secondary antibody has been diluted, and incubate
at 37°C for 1 h.

7. Rinse in three changes of PBS and store in PBS at 4°C.
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8.

9.

To analyze the vasculature for quantitation, set up an inverted microscope outfitted with
epifluorescence and a camera (see Note 11). Set up a protocol so that, using a 4x objective,
you can take 6 or more frames of each well that are nonoverlapping (see Note 12).

To determine the percentage of vascular area, convert the data into digital images in Adobe
Photoshop (see Notes 13-16).

4. Notes

L.

ES cells maintained off feeder layers often look somewhat differentiated, especially around
the edges of colonies. In our hands, different ES cell lines look more or less differentiated
when kept under these conditions. We find that the passage of ES colonies in this state
does not usually compromise the experiments—the differentiated cells presumably do not
expand while the true ES cells remain pluripotent. While this protocol is not recommended
for maintaining ES cells that will be reintroduced into mice, the in vitro differentiation
process is not affected unless the majority of the cells are differentiated prior to enzymatic
treatment.

It is imperative to use bacteriological dishes to prevent sticking of the cell clumps, so that
they will form EBs in suspension culture. See Subheading 2.1., item 4, for a source of
bacteriological dishes that have the least sticking of cell clumps in our hands. If this source
is not available, check the dishes from 2 or 3 sources for sticking, since there are large
variations in this parameter. Having said this, some of the cell clumps invariably stick to the
bottom, and they are discarded after the EBs are moved to dishes for attachment.

It is important to use a 25-mL pipet here to prevent further mechanical disruption of
the cell clumps.

We have found that timely feeding with fresh medium is the most important parameter for
good differentiation and minimal cell death. We monitor the pH of the medium with phenol
red, and if the medium on the cultures is light orange to yellow after 24 h, it is changed
every day. We find 24-h feedings necessary for densely seeded wells, and sometimes for
late days of a time course when there are a large number of cells in each well.

. For CEB production, leave the EBs in the bacteriological dish and feed every other day

(or every day, see Note 4) by swirling EBs/CEBs to the middle and aspirating off the old
medium. If a dish has many cell clumps that have attached to the bottom, we sometimes
transfer the EBs to a new bacteriological dish after 3 to 4 d of culture using a medidropper.
After 3 to 4 d, there should be very few additional cells that stick to the bottom of the dish.
EBs can be plated into tissue culture dishes at any point, from right after the Dispase
treatment (d 0) to d 4. By d 5, the EBs have usually started to become cystic, and, in
any case, do not readily stick to the tissue culture dish and spread. In our hands, the best
differentiation and development occurs when EBs are plated at d 3, but earlier times can
be assayed as long as all cultures to be analyzed and compared are plated into tissue
culure dishes on the same day.

Attached cultures can be set up in any size tissue culture dish from a 10-cm to a 48-well
dish. The number of EBs is adjusted to fit the surface area. In general, we find that the
area of a 24-well dish is suitable for antibody staining or in sifu hybridization. The smaller
wells sometimes have more lifting of the cell layer from the edges of the well after fixation
and during the staining process, while larger wells waste expensive antibodies. However,
for RNA analysis, we routinely plate in larger dishes, and for high-throughput screening
(16), the smaller wells suffice.

. Using our protocols, we routinely visualize vascular development in cultures that have been

differentiated for 8 d (using the day of Dispase treatment as d 0). We first see angioblasts
at d 4-6, vessels forming d 6-8, and some expansion after d 8. A typical time course to
analyze vascular development would cover d 5-8.
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9.

10.

11.
12.

13.

14.

15.

16.

We use fresh cold methanol:acetone whenever possible, since this fixative produces good
cell permeation, and it results in minimal lifting of the cell layers off the bottom. The
PECAM, ICAM-2, and flk-1 antigens are all stable in this fixative. The fresh 4% PFA is
less efficient at producing a permeable cell, and the cell layers are more prone to lift off
the bottom of the dish (a problem that usually decreases with increasing age of the culture,
as the attached areas get larger). However, certain antigens, such as CD34 and Mac-1 (to
visualize macrophages), require this fixative.

As alluded to in Note 9, one common problem is lifting of the cell layers off the dish. This
can occur at any time from the fixation step through the final wash of the antibody staining.
This problem is most prevalent at early time points and when using the PFA fixative. We
have found that the careful aspiration and addition of reagents, often using a pipet with a bulb
rather than a vacuum trap, can minimize lifting. At early time points, we try to fix numerous
wells so as to have staining choices. Finally, if the layers lift up, but can be kept relatively
intact, the antibody staining will still work. When most of the PBS is carefully removed from
the well, the layers will sit on the bottom and can be visualized microscopically.

You can either use black and white film (400 ASA) or a digital camera.

Make sure that each field has 100% cell coverage, since the total area will be considered the
denominator to determine the percentage of vascular area. By using the protocol, a given
area should be photographed even if there are no vessels or if they are not centered—this
is for quantitative data, not aesthetics.

Using the appropriate tools in Adobe Photoshop, remove any light areas that are not
vascular. It is important that all the light area be bona fide vascular staining. A good
antibody stain with low background is essential, but even with that, we have noticed that
the domes of cells that stay relatively thick, where the EBs first attach, often pick up
nonspecific reactivity. This is hazy compared to the crisp vascular staining, so we have
no trouble discerning the difference and removing the nonspecific areas. Of course, any
antibody staining protocol should have control wells that are incubated with secondary
antibody only for comparison.

Using the plug-ins provided by Reindeer Games, change the image to a binary mode. The
computer can then determine the percent of the area that is white (corresponding to stained
area) vs black (nonstained area).

The percentage stained area is averaged for all the fields of a given well, with no attempt
to use error bars. It is a given that there are variations in vascular coverage from field to
field in a well, and the average is to prevent that bias. Once the averages for three or more
wells of a given condition are calculated, the overall average and standard deviation are
calculated using standard formulas.

The percentage area that is stained usually corresponds fairly well to independent assays
of endothelial cell number such as FACS analysis. This is somewhat surprising given that
most “areas” have two layers of endothelial cells, because most vascular structures have a
lumen (5). However, most areas are also likely to have multiple layers of nonendothelial
cells as well. We never use the percentage area stained as an absolute indicator of the
amount of vasculature, however, except in comparison to other wells analyzed the same
way. We find significant changes among different mutant ES cell cultures compared to
wild-type, and while the absolute numbers sometimes vary a bit from experiment to
experiment, the trends do not change (7,17).
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Embryonic Stem Cells as a Model to Study Cardiac,
Skeletal Muscle, and Vascular Smooth Muscle
Cell Differentiation

Anna M.Wobus, Kaomei Guan, Huang-Tian Yang,
and Kenneth R. Boheler

1. Introduction

Embryonic stem (ES) cells, the undifferentiated cells of early embryos are established
as permanent lines (1,2) and are characterized by their self-renewal capacity and
the ability to retain their developmental capacity in vivo (3) and in vitro (4—6). The
pluripotent properties of ES cells are the basis of gene targeting technologies used to
create mutant mouse strains with inactivated genes by homologous recombination (7).

ES cells cultivated as embryo-like aggregates, called embryoid bodies (EBs),
differentiate in vitro into cellular derivatives of all three primary germ layers of
endodermal, ectodermal, and mesodermal origin. ES cell lines develop from an
undifferentiated stage resembling cells of the early embryo into terminally differenti-
ated stages of the cardiogenic (6,8-11), myogenic (11-13), neurogenic (14-17),
hematopoietic (5,18,19), adipogenic (20), or chondrogenic (21) lineage, as well as into
epithelial (22), endothelial (23), and vascular smooth muscle (VSM) cells (23-25).
Terminally differentiated ES cells also show pharmacological and physiological proper-
ties of specialized cells: in vitro differentiated cardiomyocytes have characteristics
typical of atrial-, ventricular-, Purkinje-, and pacemaker-like cells (9,10,26,27),
and neuronal cells are characterized by inhibitory and excitatory synapses (14,17).
Neuronal, cardiac, and VSM cells express functional receptors typical for each cell
type (8,14,25,26).

Differentiation protocols for the development of ES cells into cardiomyocytes,
skeletal muscle, or VSM cells have been well established. The in vitro differentiation
of ES cells allows investigators (/) to analyze developmental processes during the dif-
ferentiation of stem cells into specialized cell types and early processes of commitment
to specific lineages; (2) to study the effects of differentiation factors or xenobiotics
on embryogenesis in vitro; (3) to investigate pharmacological effects on functionally
active cardiac or VSM cells (which are otherwise not available from in vitro cultivated
cells); and of potentially the greatest importance, (4) to establish strategies for cell
and tissue therapy.
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The following parameters influence the developmental potency of ES cells in culture:
(1) the number of cells differentiating in the EBs; (2) the media, quality of fetal calf
serum (FCS), growth factors, and additives; (3) the ES cell lines used; and (4) the
time of EB plating (6). Genetic manipulation of ES cell lines through either “gain-" or
“loss-of-function” strategies, when used in conjunction with established differentiation
protocols, also permits the testing of specific hypotheses related to the development
of these cell types (26,28-30). The gain-of-function and loss-of-function analyses
are excellent alternatives and substitutes to in vivo studies with transgenic animals
to analyze the consequences of mutations on early embryogenesis and development.
Loss-of-function analyses are especially helpful for the investigation of those mutations
that result in early embryonal death of homozygous embryos (22,24,28,29).

In principle, EB aggregates of ES cells develop into many differentiated cell types. To
obtain maximal differentiation of a defined cell type, specific cell lines and cultivation
conditions have to be used (6).

In this chapter, we describe methods to differentiate ES cells into functionally active
cardiac, skeletal muscle, and VSM cells and to characterize their phenotypes. Furthermore,
strategies are presented for the genetic manipulation of ES cell differentiation.

2. Materials
2.1. Cells

The following cell lines have been used for in vitro differentiation into cardiac,
skeletal muscle, and VSM cells:

1. Cardiac muscle differentiation: D3 (4,8-11,26,29,31,32). R1 (29), B117 (8), AB1, AB2.1.
(24), CCE, and E14.1 (33).

2. Skeletal muscle cell differentiation: D3 (11,34), BLC6 (12,13), AB1, and AB2.1 (24).

3. VSM cell differentiation: D3 (23,25), AB1, and AB 2.1 (24).

In addition to ES cells, embryonic germ (EG) cells, i.e., EG-1 (35,36), or embryonic
carcinoma (EC) cells, i.e., P19 (37), may be used for differentiation into cardiac and
skeletal muscle cells.

2.2. Media, Reagents, and Stock Solutions
2.2.1. Solutions for Cell Culture (see Notes 1 and 2)

Dextran T500 (Amersham Pharmacia Biotech, cat. no. 17-0320-01).

0.01 M Tris-HCl, pH 8.0.

Activated charcoal (Serva, cat. no. 30890.01).

Phosphate-buffered saline (PBS): containing 10 g NaCl, 0.25 g KCl, 1.44 g Na,HPO,,

0.25 g KH,PO, x 2 H,O/L, filter-sterilized through a 0.22-um filter.

5. Trypsin solution: 0.2% trypsin 1:250 (Gibco BRL, cat. no. 27250-042) in PBS, filter-
sterilized through a 0.22-um filter.

6. Ethylenediaminetetra acetate (EDTA) solution: 0.02% EDTA (Sigma, cat. no. E6758) in
PBS, filter-sterilized through a 0.22-um filter.

7. Trypsin-EDTA: mix trypsin solution and EDTA solution at 1:1.

8. Gelatin solution: 1% gelatin (Fluka, cat. no. 48720) in double-distilled water, autoclaved,

and diluted 1:10 with PBS. Coat tissue culture dishes with 0.1% gelatin solution for

1-24 h at 4°C before use.

bl e
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9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Mitomycin C (MC) solution: dissolve 2 mg MC (Serva, cat. no. 29805.01) in 10 mL
PBS, filter-sterilize. From this stock solution, dilute 300 puL into 6 mL of PBS (final
concentration is 0.01 mg/mL). MC stock solution should be freshly prepared at weekly
intervals and stored at 4°C.

Caution: MC is carcinogenic.

-mercaptoethanol (3-ME) (Serva, cat. no. 28625.01): prepare a stock solution from
7 uL of B-ME into 10 mL of PBS (stock concentration is 10 mM). Make fresh at weekly
intervals and store at 4°C.

Cultivation medium I: Dulbecco’s modified Eagle’s medium (DMEM) (4.5 g/L glucose;
Gibco BRL, cat. no. 52100-039) supplemented with 15% FCS for feeder layer cells
(see Note 1).

Additives I: to 100 mL media, add 1 mL of 200 mM L-glutamine stock (100X) (Gibco
BRL, cat. no. 25030-024), 1 mL of B-ME stock, 1 mL of nonessential amino acids (NEAA)
stock (100x) (Gibco BRL, cat. no. 11140-035).

Additives II: to 400 mL medium, add 40 uL of a 3 x 10~* M stock solution of Na-selenite
(Sigma, cat. no. S5261), 10 mL of 7.5% stock solution of bovine serum albumin (BSA)
(Gibco BRL, cat. no. 15260-037), and 1 mL of stock solution (4 mg/mL) of transferrin
(Gibco BRL, cat. no. 13008-016).

Cultivation medium II: DMEM supplemented with 15% FCS (selected batches) and
additives I for ES cell cultivation.

Differentiation medium I: DMEM (or Iscove’s modification of DMEM [IMDM]) (Gibco
BRL, cat. no. 42200-030) (see Note 2) supplemented with 20% FCS and additives I for
EB differentiation into cardiac, skeletal muscle, and VSM cells.

Monothioglycerol (3-mercapto-1,2-propanediol [MTG]) (Sigma, cat. no. M6145): Prepare
a stock solution from 13 uL of MTG into 1 mL of IMDM, filter-sterilized through a
0.22-um filter. Make fresh before use. To 100 mL media, add 300 uL of stock solution
(final concentration is 450 uM).

Differentiation medium II: DMEM supplemented with 15% dextran-coated charcoal-
treated FCS (DCC-FCS) (see Subheading 3.2.1.) and additives I and additives II to
analyze effects of growth factors on differentiation or for EB differentiation into neuronal
or myogenic cells (line BLC6).

Retinoic acid (RA): prepare in the dark a 10-3 M stock solution of all-frans RA (Sigma,
cat. no. R2625) in 96% ethanol or DMSO. Store aliquots at —20°C and use a fresh sample
for each experiment.

Dibutyryl-cyclic adenosine monophosphate (db-cAMP) (Sigma, cat. no. D0627): dilute
in double-distilled water to a 0.1 M stock solution. Store aliquots at —20°C for at least
1 mo.

Transforming growth factor §; (TGF f;): prepare a 20 ng/uL stock solution of TGF f;
(Strathmann Biotech, cat. no. TGFf1-2) in 0.1 M acetic acid or 0.05 M HCI. Store aliquots
in silanized glass tubes at —20 °C for at least 2 mo.

2.2.2. Solutions for Reverse Transcription Polymerase Chain Reaction
(see Notes 3 and 4)

1.

Diethyl pyrocarbonate-treated water (DEPC-H,0): add 1 mL DEPC (Fluka, cat. no. 32490)
to 1 L double-distilled or Milli-Q water (dH,0O) and stir overnight. DEPC is inactivated by
heating to 100°C for 15 min or autoclaving for 15 min.

RNA lysis buffer: add 23.6 g of guanidinium thiocyanate to 5 mL of 250 mM Na-citrate,
pH 7.0, 2.5 mL of 10% sarcosyl, and add DEPC-H,O to a total volume of 49.5 mL, and
mix carefully. Make fresh at monthly intervals. Add 1% [-ME before use.
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2 M Na-acetate, pH 4.0: dissolve 27.2 g of Na-acetate x 3 H,O in 0.1% DEPC-H,0,
adjust the pH to 4.0 with glacial acetic acid, and adjust to 100 mL with DEPC-H,0.
Treat the buffer with 0.1% DEPC-H,O at 37°C for at least 1 h and heat to 100°C or
autoclave for 15 min.

Acidic phenol: phenol is saturated with DEPC-H,O instead of Tris. The saturated acidic
phenol contains 0.1% hydroxyquinoline (antioxidant, partial inhibitor of RNase, and a
weak chelator of metal ions; its yellow color provides a convenient way to identify the
organic phase). Store at 4°C for up to 2 mo.

Chloroform : Isoamylalcohol (24:1).

75% Ethanol : prepare in DEPC-H,0.

25 mM MgCl, (Perkin Elmer, included in cat. no. N808-0161).

10X Polymerase chain reaction (PCR) buffer II (Perkin Elmer, included in cat. no.
N808-0161): 100 mM Tris-HCI, pH 8.3, 500 mM KCl.

RNase inhibitor (Perkin Elmer, cat. no. N808-0119): 20 U/uL.

Oligo d(T),¢ (Perkin Elmer, cat. no. N808-0128): 50 uM in 10 mM Tris-HCI, pH 8.3.
Random hexamers (Perkin Elmer, cat. no. N808-0127): 50 uM in 10 mM Tris-HCl, pH 8.3.
MuLV murine leukemia virus reverse transcriptase (Perkin Elmer, cat. no. N808-0018):
50 U/uL.

AmpliTaq® DNA polymerase (Perkin Elmer, included in cat. no. N808-0161): 5 U/uL.

5 mM dNTP mixture: 100 mM of each ANTP (dGTP, dATP, dCTP, and dTTP) (Amersham
Pharmacia Biotech, cat. no. 27-2035-01) dilute to 20 mM with DEPC-H,O and freeze at
—20°C. dNTP (5 mM) mixture is freshly made by mixing the equal volumes of 20 mM
of each dNTP before use.

Select PCR primer pairs: dilute synthetic oligonucleotides to 10 mM with DEPC-H,0 and
freeze at —20°C (a critical step in the PCR) (38).

Glycogen: 20 mg/mL (Roche Diagnostics GmbH, cat. no. 901393).

5 M NaCl: dissolve 29.2 g of NaCl in dH,O, adjust to 100 mL with water and autoclave.
TE buffer: 10 mM Tris-HCI, 1 mM EDTA, pH 7.5, filter-sterilized through a 0.22-um
filter.

6X Loading buffer: 0.25% bromophenol blue (Sigma, cat. no. B8026), 0.25% xylene
cyanole FF (Sigma, cat. no. X4126), 30% glycerol in dH,0.

5X TBE: dissolve 54 g Tris-base and 27.5 g boric acid in dH,0, add 20 mL of 0.5 M
EDTA, pH 8.0, and adjust to 1 L with dH,O.

Ethidium bromide aqueous solution (Serva, cat. no. 21251.01): 1% (w/v) = 10 mg/mL.
Agarose gels: melt electrophoresis grade agarose (Gibco BRL, cat. no. 15510-027) in 1X
TBE by gentle boiling in a microwave oven. Cool to <60°C and pour into an agarose gel
mold. Run small gels at around 80—100 V by using bromophenol blue and xylene cyanole
FF in the stop mixture as an indicator of migration.

2.2.3. Solutions for Immunohistochemical Analysis

1.

3.7% Paraformaldehyde (PFA) (Serva, cat. no. 31628.01): dissolve 3.7 g PFA in PBS,
adjust to 100 mL with PBS, heat the mixture to 95°C, stir until the solution becomes clear,
and cool to room temperature.

Caution: PFA is toxic. Work under the hood and use gloves.

Methanol: acetone (7:3) fixative.

10% goat serum (Sigma, cat. no. G6767) or 1% BSA in PBS for blocking unspecific
binding of antibodies.

Mounting medium: Vectashield (Vector, Burlingame, USA, cat. no. H-1000).

0.02% Triton-X 100 in PBS.

0.5% BSA in PBS for dilution of secondary antibodies.
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2.2.4. Solutions for Single Cardiac Cell Isolation

1.

Supplemented low-Ca?* medium: 120 mM NaCl, 5.4 mM KCI, 5 mM MgSO,, 1 mM
EGTA, 5 mM Na pyruvate, 20 mM glucose, 20 mM taurine, 10 mM HEPES-NaOH,
pH 6.9, at 24°C, supplemented with 1 mg/mL collagenase B (Roche Diagnostics GmbH,
cat. no. 10888807) and 30 uM CaCl,.

KB medium: 85 mM KCI, 30 mM K,HPO,, 5 mM MgSO,, 1| mM EGTA, 5 mM
Na-pyruvate, 5 mM creatine, 20 mM taurine, 20 mM glucose, freshly added 2 mM Na,ATP,
pH 7.2, at 24°C.

2.2.5. Solutions for Introduction of DNA into ES Cells

L.

2.

Plasmids ideally purified by cesium-chloride gradient ultracentrifugation or by ion-
exchange chromatography. DNA should be suspended in H,O or TE buffer, pH 8.0.
Restriction enzymes with appropriate digestion buffers as recommended by the manufac-
turer (e.g., Promega or Gibco BRL).

. Phenol:chloroform:isoamyl alcohol (25:24:1, v/v/v). Phenol: equilibrated with 0.1 M

Tris, pH 8.0, and containing 8-hydroxyquinoline (0.1%).

3 M sodium-acetate, pH 5.2, sterilized by autoclaving.

100 and 70% Ethanol for DNA precipitation and washes, respectively.

PBS: Dulbecco’s PBS, containing 8 g NaCl, 0.2 g KCl, 0.2 g KH,PO,, 1.15 g Na,HPO,/L,
sterilized by autoclaving (Gibco BRL, cat. no. 10010-023).

Leukemia inhibitory factor (LIF): 107 U/mL (Chemicon International, cat. no. ESG1107).
Cultivation medium II (see Subheading 2.2.1.) + 1000 U/mL LIF.

Geneticin sulfate (G418) stock solution (Gibco BRL, cat. no. 11811-023), puromycin
(Clontech, cat. no. 8052-1), hygromycin B (Roche Products, cat. no. 843555), gancyclovir
(Roche Products, this product is a controlled substance and is available only upon written
request and justification). The concentration of each solution needed to kill ES cells should
be determined for each batch of selection agent (for concentrations see Table 1).

2.2.6. Solutions for Analysis of Transfectants
2.2.6.1. Rarip DNA IsoLaTioNn FrRom ES CELLs

1. Cultivation medium I, PBS, 0.1% gelatin in PBS (see Subheading 2.2.1.).

2. Proteinase K (Sigma, cat. no. P2308): dissolve lyophilized proteinase K at 20 mg/mL in
dH,0. Store 125-uL aliquots at —20°C for up to 1 yr in sterile microcentrifuge tubes.

3. DNA lysis buffer (final concentrations): 10 mM Tris-HCI, pH 7.5, 10 mM EDTA, 10 mM
NacCl, 0.5% sarcosyl, and 1 mg/mL proteinase K (added fresh).

4. NaCl/ethanol solution: 1.5 uL of 5 M NaCl to 100 uL of cold absolute ethanol. The salt
will precipitate. Mix to obtain a uniform suspension.

2.2.6.2. PCR

1. 10X Mg?*-free DNA polymerase buffer: 500 mM KCl, 100 mM Tris-HCI (pH 9.0 at 25°C),
1% Triton-X 100 (Promega, cat. no. M190G).

2. 20 mM dNTPs stock solution: dilute 100 mM stock solution (Amersham Pharmacia
Biotech, cat. no. 27-2035-01), 1:5 with 10 mM Tris-HCL, pH 7.5.

3. 25 mM MgCl,.

4. Taq DNA polymerase in buffer B (Promega, cat. no. M166B).

5. 10 uM PCR primer stock solutions: combine aliquots of primers for PCR and dilute to

a concentration of 10 uM in TE. (Primer sets: 3-globin as internal PCR control [sense
primer: AGG TGA TAA CTG CCT TTA ACG A, antisense primer: CCC AGC ACA ATC
ACG AT]; neomycin sequence primers [sense primer TAT TCG GCT ATG ACT GGG
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Table 1
Selection Agents for Genetically Modified ES Cells

Drug concentration

Marker gene Selection (ug/mL)

Neomycin phosphotransferase (neo) Positive G418 (300)
Puromycin N-acetyl transferase (pac) Positive Puromycin (0.7)
Hygromycin-B-phosphotransferase Positive Hygromycin-B (200)

Herpes simplex virus (HSV) thymidine kinase (HSV-tk)  Negative Gancyclovir (2 uM)

The effective concentration of each selection agent should be tested on the ES cell line used for genetic
manipulation. Typical test ranges are as follows: G418 (200-750 ug/mL); puromycin (0.4-1.0 ug/mL);
hygromycin-B (100—400 ug/mL); and gancyclovir (1-3 uM).

CAC AA, antisense primer: AGC AAT ATC ACG GGT AGC CAA CGJ; for puromycin
[sense primer: CAG GAA GCT CCT CTG TGT CCT C, antisense primer: GCT TAT CCA
GTG GAG TGC TGG GTT]). For design of other primers, use software such as Primer
Express™ 1.5 from PE Applied Biosystems or MacVector 6.5 from Oxford Molecular Ltd.
6. Molecular weight markers: 100 bp DNA Ladder (Gibco BRL, cat. no. 15628-019).
7. Strain specific mouse genomic DNA (e.g., Jackson Laboratories, cat. no. 691).

2.2.6.3. SOUTHERN BLOT ANALYSIS

1. High concentration restriction enzymes and appropriate digestion buffers as recommended
by the manufacturer (e.g., Gibco BRL or Promega).

2. RNase A (DNase-free) (Sigma, cat. no. R6513): dissolve lyophilized RNAse A to 10 mg/mL
in sterile 5 mM Tris-HCI, pH 7.5. Place the preparation at 80°C for 15 min to inactivate any
deoxyribonuclease activity. Prepare 100-uL aliquots and store at —20°C.

3. 20X Sodium chloride sodium phosphate EDTA (SSPE): 3.0 M NaCl, 0.2 M NaH,PO,,
0.02 M EDTA.

4. 20% Sodium dodecyl sulfate (SDS) (Oncor, cat. no. S4110).

5. Sheared salmon sperm DNA (5 Prime { 3 Prime, cat. no. 5302-754688).

6. 50X Denhardt’s solution: 1% Ficoll type 400 (Amersham Pharmacia, cat. no. 17-0400-01)
1% polyvinylpyrrolidone (PVP-40; Sigma), 1% BSA.

7. Molecular weight markers (A DNA/HindlIll fragments) (Gibco BRL, cat. no. 15612-013).

8. Ready-to-Go DNA labeling (-dCTP) kit (Amersham Pharmacia Biotech, cat. no.
27-9240-01).

9. ProbeQuant G-50 Micro Columns: (Amersham Pharmacia Biotech, cat. no. 27-5335-01).

10. Hybond-N* Nylon membrane (Amersham Pharmacia Biotech, cat. no. RPN203B).

11. Prehybridization solution: 50 mL containing 12.5 mL 20X SSPE, 5 mL 50X Denhardt’s
solution, 1.25 mL 20% SDS (add last), 31.1 mL dH,0, and 0.15 mL of denatured 10 mg/mL
sheared salmon sperm DNA.

2.3. Equipment

1. Tissue culture plates: 35 mm, 60 mm, 100 mm (Nunc or Falcon).

2. 6-well, 24-well (Falcon) and 96-well microwell plates (Nunc or Costar).

3. Pasteur pipets, 2-, 5-, 10-, 25-mL pipets.

4. Bacteriological Petri dishes (Greiner or Fisher Brand): 60 mm for EB mass culture, 100 mm
for EB hanging drop culture.

5. Tissue culture plates (60 mm) with sterilized coverslips (n = 4) for immunofluorescence.

6. 2-mL Glass pipets for preparing single-cell suspensions.
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7. For feeder layer culture: sterile dissecting instruments, screen or sieve (about 0.5 to 1 mm
diameter), Erlenmeyer flasks with stir bars, centrifuge tubes.

8. Tissue culture incubator with 37°C and a 5% CO, atmosphere.

9. For pharmacological analysis, the inverted microscope Diaphot-TMD (Nikon) equipped
with a 37°C heating plate and a CO, chamber is used; the computer-assisted imaging
system (see Subheading 3.3.3.) is coupled via a one-chip charge-coupled device (CCD)
camera (Sony, Japan) to a computer imaging station (Pentium CPU, 100 MHz) running the
LUCIA Laboratory Imaging System including the “HEART” application (Nikon).

10. GeneQuant RNA/DNA calculator (Pharmacia LKB Biochrom Ltd.).

11. PCR apparatus: mastercycler gradient (Eppendorf) or Gene Amp PCR System 9700
(Perkin Elmer).

12. 0.5- and 1.5-mL Microtubes (Eppendorf) and 20-, 100-, and 1000-pL filtertips (Biozym).

13. Electrophoresis equipment (Bio-Rad).

14. A CN-TFX darkroom (MWG-Biotech GmbH) is coupled via GelPrint Workstation (MWG-
Biotech) to a computer station (Peacock, 133 MHz) with digital graphic printer (Sony)
running the PhotoFinish v3.0 program (MWG-Biotech GmbH). Alternatively, a Bio-Rad
Gel Doc 1000 and Multi-Analyst Version 1.1 software can be used.

15. TINAZ2.08e software (raytest Isotopenmefgerdte GmbH, Straubenhardt, FRG).

16. Inverted Confocal Laser Scanning Microscope (CLSM) LSM-410 (Carl Zeiss, Jena)
equipped with an argon-ion laser.

17. Bio-Rad Gene Pulser II system with capacitance extender (Bio-Rad, cat. no. 165-2105) and
Gene Pulser disposable cuvets, 0.4-cm electrode gap (Bio-Rad, cat. no. 165-2088).

18. UV Stratalinker (Stratagene, model 2400).

19. Multichannel pipets (Oxford Benchmate, multi 5-50 uL and 40—-200 uL).

3. Methods

3.1. Cultivation of Undifferentiated ES Cells on Feeder Layer
3.1.1. Feeder Layer Culture

1.

Remove embryos from a mouse pregnant for 15 to 17 d (i.e., NMRI or CD-1 outbred
strains. For neomycin-resistant feeder cells, use MTK-neoR or Zeta mice [NIA] or other
available strains), rinse in PBS, and remove placenta and fetal membranes, head, liver, and
heart. Rinse the carcasses in trypsin solution.

. Mince the embryonic tissue in 5 mL of fresh trypsin solution and transfer to an Erlenmeyer

flask containing a stir bar.

. Stir on magnetic stirrer for 25 to 45 min (use longer incubation time if the embryos are

older), filter the suspension through a sieve or a screen, add 10 mL of culture medium
I and spin down.

Resuspend the pellet in about 3 mL of culture medium I and plate on 100-mm tissue
culture plates (about 2 x 10° cells/100 mm-dish) containing 10 mL culture medium I,
incubate at 37°C and 5% CO, for 24 h.

. Change the medium to remove debris, erythrocytes, and unattached cellular aggregates,

cultivate for an additional 1 to 2 d.

Passage the primary culture of mouse embryonic fibroblasts: split 1:2 to 1:3 on 100-mm
tissue culture plates, grow in culture medium I for 1 to 3 d. The cells in passages 2—4 are
most suitable as feeder layer for undifferentiated ES cells.

. Incubate feeder layer cells with MC buffer for 2 to 3 h, aspirate the MC solution, wash

three times with PBS, trypsinize feeder cells, and replate to new gelatin (0.1%)-treated
microwell plates or to Petri dishes. Feeder layer cells prepared 1 day before ES cell
subculture are optimal.
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3.1.2. Culture of Undifferentiated ES Cells (see Note 5)

It is important to passage ES cells every 24 or 48 h. Do not cultivate longer than
48 h without passaging, or the cells may differentiate and be unsuitable for differentia-
tion studies. Selected batches of FCS have to be used for ES cell culture (see Note 6).

1. Change the medium 1 to 2 h before passaging.

2. Aspirate the medium, add 2 mL of trypsin-EDTA, and incubate at room temperature
for 30 to 60 s.

3. Remove carefully the trypsin-EDTA mixture and add 2 mL of fresh cultivation medium II.

4. Resuspend the cell population with a 2-mL glass pipet into a single-cell suspension and
split 1:3 to 1:10 to freshly prepared (60 mm) feeder layer plates.

3.2. In Vitro Differentiation
3.2.1. Preparation of Growth Factor-Free FCS (DCC-FCS)

To analyze the influence of growth factors on ES cell differentiation, the medium
should be free of high molecular weight proteins, like growth and differentiation
factors. We use the DCC treatment of FCS. Prepare DCC-FCS as follows:

1. Dissolve 0.45 g dextran T500 in 1800 mL 0.01 M Tris-HCI, pH 8.0, add 4.50 g activated
charcoal, and stir the mixture at 4°C in a tightly closed Erlenmeyer bottle overnight.

2. Inactivate FCS by incubation at 56°C for 30 min.

3. Fill 50 mL DCC solution in plastic centrifuge tubes and centrifuge at 2000g for 20 min,
remove and discard the supernatant, repeat the procedure in the same tube without
removing the pellet (= double pellet).

4. Add 50 mL of FCS to the tube with a double pellet, transfer the mixture to a clean glass
bottle, and incubate for 45 min at 45°C in a water bath under shaking.

5. Centrifuge the mixture at 2000g for 20 min and transfer the supernatant to another
centrifuge tube. Repeat steps 3-5.

6. Collect the FCS supernatant in a clean centrifuge tube and sterilize through a 0.22-um filter
(low protein binding) into sterile flasks. Add at required concentrations to differentiation
medium II.

3.2.2. Differentiation Protocols (see Note 7)

For the development of ES cells into differentiated phenotypes, cells must be
cultivated in 3-dimensional aggregates called embryoid bodies (EBs) by the hanging drop
method (8,39) (Fig. 1), by mass culture (4) (see Note 7), or by differentiation in meth-
ylcellulose (18,19) (see Note 7). The differentiation of cardiac, skeletal, and VSM cells
requires different conditions, and these may vary for the particular ES cell line used (see
Note 2). In this chapter, differentiation protocols utilizing the hanging drop method
are described.

1. Prepare a cell suspension containing a defined ES cell number of 400, 600, or 800 cells
in 20 uL of differentiation medium (depending on the differentiation protocols, see
Subheadings 3.2.2.1., 3.2.2.2., and 3.2.2.3.).

2. Place 20 uL drops (n = 50—60) of the ES cell suspension on the lids of 100-mm bacteriologi-
cal Petri dishes containing 10 mL PBS.
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Fig. 1. Protocol for ES cell differentiation in vitro. Undifferentiated ES cells are cultivated as
EBs in hanging drops for 2 days and in suspension for additional days followed by plating onto
gelatin-coated tissue culture plates. The morphology of 2-, 5-, and 7-d-old EBs is shown
by scanning electron microscopy (Bar = 50 um). The cellular phenotypes derived from
endodermal, ectodermal, and mesodermal lineages may be characterized by the following
parameters: (/) gene expression patterns by semiquantitative RT-PCR; (2) protein formation
by immunofluorescence and/or CLSM; (3) expression of action potentials and ion channels of
excitable cells by patch-clamp analysis; and (4) chronotropic responses of cardiomyocytes.
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. Cultivate the ES cells in hanging drops for 2 d. The cells will aggregate and form one

EB per drop.

Rinse the aggregates carefully from the lids with 2 mL of medium, transfer into a 60-mm
bacteriological Petri dish with 5 mL of differentiation medium, and continue cultivation
in suspension for 2 to 5 d until the time of plating.

. Aspirate gelatin solution from pretreated 24-well microwell plates or 60-mm tissue culture

dishes and add the appropriate differentiation medium (see step 1).

Transfer a single EB into each well of gelatin (0.1%)-coated microwell plates for
morphological analysis, or transfer 20 to 40 EBs per dish onto 60-mm tissue culture
dishes containing 4 coverslips (10 x 10 mm) for immunofluorescence, or 15 to 20 EBs
onto 60-mm tissue culture dishes for reverse transcription PCR (RT-PCR) analysis of
EB outgrowths.

Change the medium during EB differentiation every second or third day.

. To characterize the EB outgrowths morphologically, calculate the percentage of EBs with

the specific differentiated cell type (from EBs of at least 48 wells) or calculate the amount
of the differentiated cell type as a percentage of the outgrowth area of each EB.

3.2.2.1. CarbpiACc MuscLE CELL DIFFERENTIATION

1.

2.
3.

4,

Use of 400—-600 cells of ES cell lines D3, R1, or CCE for preparation of EBs is optimal
for cardiac differentiation.

Culture with differentiation medium I (see Subheading 2.2.1., Note 2).

Plate EBs onto gelatin-coated tissue culture plates at d 5 to 7. The first beating clusters in
EBs can already be seen in 7-d-old EBs, but maximal cardiac differentiation is achieved
after EB plating (8,9,10).

For the investigation of early cardiac stages, plate EBs atd 5.

If EC cells are used (see Subheading 2.1.), they have to be induced to cardiac
differentiation by treatment with 1% dimethyl sulfoxide (DMSO) between the first 2 d
of EB development and plating at d 5 to 7 (37). EC cells are cultivated without feeder
cells and result after DMSO induction in a high number of cardiac cells.

3.2.2.2. SKELETAL MuscLE CELL DIFFERENTIATION

1.

2.
3.

Use of 600 cells of ES cell line BLC6 (12) or 800 cells of lines D3, R1, or EG-1 (36) per
EB are optimal for myogenic differentiation.

Culture EBs with differentiation medium I or II (line BLC6).

Plate EBs at d 5. The first myoblasts appear 4 (line BLC6) or 5 to 6 d (D3 and R1,
respectively) after EB plating. Skeletal muscle cells begin to fuse into myotubes in the
EB outgrowths 1 to 2 d later.

A specific differentiation induction of skeletal muscle cells from ES (34) or EC (40) cells
is achieved by 108 M RA or 1% DMSO.

3.2.2.3. VascuLAR SmooTH MuscLE CELL DIFFERENTIATION

L.

2.

ES cells of line D3 (n = 800) are differentiated as EBs in hanging drops in differentiation
medium I.

Plate EBs at d 7 and induce differentiation of VSM cells by treatment with 10® M RA
and 0.5 x 1073 M db-cAMP between d 7 and 11 after plating (duration and treatment time
has to be optimized for each cell line).

. The first spontaneously contracting VSM cells, which express the vascular-specific splice

variant of the VSM myosin heavy chain (MHC) gene, appear in the EBs around 1 wk
after plating (25).
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4.

Change the medium during the differentiation period every day or every second day (25). A
similar VSM cell induction is achieved by cultivating D3 cells (n = 600) as EBs in hanging
drops in differentiation medium II containing 2 ng/mL TGF , from d O to 5, and plating of
EBs at d 5. The first spontaneously contracting VSM cells appear in EBs 10 d after plating,
and maximal VSM cell differentiation (60%) is achieved atd 5 + 24 to 5 + 28.
Alternatively, ES (AB1 or AB2.1) cells (n = 400) were differentiated in hanging drops in
M15 (DMEM plus 15% FCS, 0.1 mM p-ME, 2 mM L-glutamine, 0.05 mg/mL streptomy-
cin, and 0.03 mg/mL penicillin). After plating at d 4.5, the medium is partially exchanged
every third day. Maximal VSM cell differentiation (30%) is achieved at days 4.5 + 17
to 4.5 + 19 (24).

3.3. Characterization of Differentiated Phenotypes
3.3.1. Semiquantitative RT-PCR Analysis (see Note 8)

3.3.1.1. PreparaTION OF CELL SAMPLES (SEE NOTE 9)

The transcripts of genes, which are specifically expressed during ES cell differentia-
tion, are analyzed by RT-PCR with primers of tissue-specific genes (Table 2). The
following steps are used to harvest ES cells or EB outgrowths:

1.
2.

Discard the medium and wash twice with PBS.
Add 400 uL of RNA lysis buffer per 60-mm culture dish. Allow the lysis buffer to spread
across the surface of the dish and transfer the lysate into a 1.5-mL microtube.

The following steps are used to harvest EBs from suspension:

el e

4.

Collect EBs by centrifugation at 2000g for 3 min.

Wash the EBs twice by resuspension in PBS.

Add 100 uL of lysis buffer per 10 EBs and lyse the cells completely.
Store samples at —20° or —80°C.

3.3.1.2. IsoLaTioN oF TotaL RNA (see Note 10)

The method described here is based on the use of a chaotropic agent (guanidine salt)
for disruption of cells and inactivation of ribonucleases (41).

S e

*®

10.
11.

Thaw lysate (400 uL) and vortex mix for 15 s.

Add 40 uL (1/10 vol) of 2 M Na-acetate, pH 4.0. Mix carefully.

Add 400 uL of acidic phenol and vortex mix vigorously.

Add 80 uL of chloroform:isoamylalcohol (24: 1) and vortex mix again.

Store for 15 min on ice.

Separate the organic and aqueous phases by centrifugation at 16,000g for 10 min at room
temperature.

Transfer the upper aqueous phase carefully to a fresh tube, add an equal volume of
isopropanol and mix well. Store for 1 h at —20°C (see Note 11).

Centrifuge at 16,000g for 10 min at room temperature. Carefully discard the supernatant.
Dissolve the pellet in 300 uL of lysis buffer. If the pellet is difficult to dissolve, heat
to 65°C for several minutes. Add an equal vol (300 uL) of isopropanol and mix well.
Store at —20°C for 1 h.

Centrifuge at 16,000g for 10 min at room temperature. Carefully discard the supernatant.
Wash the pellet with 500 uL of 75% ice-cold ethanol (made with DEPC-H,0), vortex
mix briefly, recentrifuge at 16,000g for 10 min, discard supernatant, and allow the pellet
of nucleic acid to dry in the air.
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12. Dissolve RNA pellet in 30 uL. of DEPC-H,0 and freeze at —80°C.

13. Dilute 1 uL of RNA with 100 uL of DEPC-H,0, measure OD,¢, and the concentration of
RNA using GeneQuant RNA/DNA calculator or a suitable spectrophotometer, adjust all
samples to the same RNA concentration (i.e., 0.2 ug/ulL) with DEPC-H,0, and measure
again to ensure the same RNA concentration of all samples. The yield of RNA from EBs
(n=20) is in the range of 20 to 100 ug.

3.3.1.3. RevERSE TRANSCRIPTION REACTIONS (SEE NoTE 12)

All RT and PCR solutions are available from commercial suppliers in ready-to-use
form. RT reactions are performed in 20 pL of reaction volumes using 0.5-mL micro-
centrifuge tubes.

1. Label one PCR tube for each sample and appropriate controls. Add the same amount of
RNA (0.5-1.0 ng in 3 uL) to each tube.

2. Prepare the following RT-mastermixture for 25 reactions (or a smaller quantity as required)
containing: 100 uL of DEPC-H,0, 50 uL of 10X PCR buffer II, 100 uL of 25 mM MgCl,,
100 uL of 5 mM dNTPs mixture, 25 uL of RNase inhibitor, 25 uL of specific antisense
primers or random hexamers or oligo d(T),q and 25 uLL of MuLV reverse transcriptase
to a total vol of 425 uL.

3. Add 17 uL of RT-mastermixture to each tube, mix carefully, and centrifuge briefly.

4. Transfer the tubes to a thermal cycler and perform RT reactions for 1 h at 42°C and then
heat to 99°C for 5 min.

5. Cool the samples to 4°C or store at —20°C until use.

3.3.1.4. PoLymERASE CHAIN ReAcTIONS (SEE NoTE 13)

1. Prepare a PCR-mastermixture for 25 reactions (or a smaller quantity as required) contain-
ing: 825 uL of ddH,0, 120 uL of 10X PCR buffer II, 90 uL of 25 mM MgCl,, 40 uL
of dNTPs mixture, 50 uL of 10 uM 5’ sense primer of target gene, 50 uL of 10 uM
3’ antisense primer of target gene, 12.5 uL of AmpliTag® DNA polymerase, 12.5 uL of
DMSO to a total vol of 1200 uL.

2. Label new PCR tubes and add 2.0 uL of RT reaction product to each tube as template
DNA.

3. Add 48 uL of PCR-mastermixture to each tube, vortex mix and centrifuge briefly.

4. Transfer the tubes to a thermal cycler. Amplify the cDNA through 25-40 thermal
cycles. Standard conditions are denaturation at 95°C for 40 s, annealing at 55°-68°C for
40 s and extension at 72°C for 40 s. The conditions depend on the primers and thermal
cycler used.

5. Run a parallel reaction containing 2.0 uL. of RT reaction product and 48 uL of PCR-
mastermixture with primers of the internal standard gene (i.e., f-tubulin or hypoxanthine-
guanine phosphoribosyltransferase [HPRT]) instead of the target gene.

6. Cool the samples to 4°C and store at —20°C.

3.3.1.5. PosT-PCR TREATMENT OF SAMPLES

1. Transfer the PCR products to 1.5-mL microtubes.

2. Add 2.5 uL of a 1:4 mixture of glycogen:5 M NaCl and 150 uL of ice-cold ethanol
to each tube.

Incubate at —20°C for at least 1 h and centrifuge at 16,000g for 15 min.

4. Dissolve the pellet in 25 uL of TE buffer, add 5 uL of 6X loading buffer, and store at 4°C.

e
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3.3.1.6. ELECTROPHORESIS AND QUANTITATIVE ANALYSIS OF GENE EXPRESSION

1.

2.
3.

Separate one third of each PCR (10 uL) by electrophoresis on a 2% agarose gel in 1X TBE
containing 0.35 ug/mL of ethidium bromide at 5-10 V/cm for 70 to 100 min.

Illuminate the gel by UV light and obtain a digital image.

Quantitate the ethidium bromide fluorescence signals of gels. We use the TINA2.08e
software (raytest Isotopenmefgerite GmbH) or Multi-Analyst Version 1.1 software (Bio-
Rad) to evaluate the relative mRNA levels of the target gene in relation to the internal
standard gene.

3.3.2. Immunofluorescence Analysis (see Note 14)

The formation of tissue-restricted proteins in the EB outgrowths is analyzed by
immunofluorescence with a normally equipped fluorescence microscope or with a
CLSM (see Note 14).

3.3.2.1. SINGLE-CELL IsoLaTiOoN oF ES CEeLL-DerIVED CARDIAC CELLS

For a better demonstration of the structural organization of intracellular, especially
sarcomeric proteins, ES cell-derived cardiomyocytes are isolated as single cells by the
following procedure (a modification of the method described in ref. 42):

1.

Isolate the beating areas of EBs (n = 10) mechanically using a microscalpel under an
inverted microscope and collect the tissue in PBS Dulbecco in a centrifuge tube at room
temperature. Centrifuge at 1000g for 1 min and aspirate the supernatant.

Incubate the pellet in collagenase B-supplemented low-Ca?* medium at 37°C for 25-45
min dependent on the collagenase activity. For the isolation of cardiac clusters, shorten
incubation time to 10 to 20 min.

. Aspirate the enzyme solution, resuspend the cell pellet in about 200 uL of KB medium

and incubate at 37°C for 60-90 min.

. Transfer the cell suspension into tissue culture plates containing gelatin-coated slides and

incubate in differentiation medium I at 37°C overnight. The KB medium is diluted at least
1:10 with differentiation medium I.

. Change the medium to differentiation medium I; cardiomyocytes begin rhythmical

contractions and are ready for immunostaining after a recovery time of 24 h.

3.3.2.2. IMMUNOFLUORESCENCE FOR THE DETECTION OF TISSUE-RESTRICTED PROTEINS

For characterization of ES cell-differentiated phenotypes, monoclonal antibodies
(mAbs) against tissue-specific intermediate filament proteins or sarcomeric proteins
are suitable (see Table 3).

1.

Rinse coverslips containing EB outgrowths twice with PBS.

2. Fix cells onto coverslips with methanol: acetone (7:3) at —20°C for 10 min, or alternatively,

with 3.7% paraformaldehyde in PBS at room temperature for 10 min (depending on the
antibody used).

Rinse coverslips twice with PBS at room temperature for 5 min.

Incubate the cells with 10% goat serum in PBS in a humidified chamber at room tempera-
ture for 30 to 60 min to prevent unspecific immunostaining.

. Incubate with the primary antibody at 37°C for 30 to 60 min, or at 4°C overnight (final

concentration according to manufacturers’ instructions).



Table 2

Primers Used for RT-PCR IS‘
Annealing
Cell types Genes Primer sequences (5'—3") Size temperature References
Cardiac cells Cardiac a-MHC CTGCTGGAGAGGTTATTCCTCG 301 bp 64°C (26,27,29,36)
GGAAGAGTGAGCGGCGCATCAAGG
Cardiac 3-MHC TGCAAAGGCTCCAGGTCTGAGGGC 205 bp 64°C (27,29)
GCCAACACCAACCTGTCCAAGTTC
Myasin light chain isoform  TGTGGGTCACCTGAGGCTGTGGTTCAG 189 bp 60°C (26,27,29,36)
2V (MLC-2V) GAAGGCTGACTATGTCCGGGAGATGC
Atrial natriuretic factor TGATAGATGAAGGCAGGAAGCCGC 203 bp 64°C (27,29,60)
(ANF) AGGATTGGAGCCCAGAGTGGACTAGG
Nkx 2.5 CGACGGAAGCCACGCGTGCT 181 bp 60°C (61)
CCGCTGTCGCTTGCACTTG
Skeletal Myf5 TGCTGTTCTTTCGGGACCAGACAGG 132 bp 65°C (12,28,30)
muscle cells GGAGATCCTCAGGAATGCCATCCGC
Myogenin CAACCAGGAGGAGCGCGATCTCCG 85 bp 60°C (12,28,36,62)
AGGCGCTGTGGGAGTTGCATTCACT
MyoD ATGCTGGACAGGCAGTCGAGGC 144 bp 65°C (12,28,30)
GCTCTGATGGCATGATGGATTACAGCG
Myf6 GAGGGTGCGGATTTCCTGCGCACC 117 bp 60°C (12,28,62)
GGAGGCTGAGGCATCCACGTTTGC
M-cadherin AACTGGAGCGTCAGCCAGATTAACG 386 bp 56°C (13,28)
GCGCGGCAAACAGGATGAGAAC
Smooth smooth muscle myosin GGATGCCACCACAGCCAAGTA 497 bp 60°C (25)
muscle cells heavy chain (SM-MHC) TGGTGTGGGTCCCTTCAGAGA
Internal B-tubulin GGAACATAGCCGTAAACTGC 317 bp 60°C (27-29,36,63)
standards TCACTGTGCCTGAACTTACC c%
HPRT CGCTCATCTTAGGCTTTGTATTTGGC 447 bp 60°C (26,28,64) 8
M1/P1 AGTTCTTTGCTGACCTGCTGGATTAC g
HPRT GCCTGTATCCAACACTTCG 502 bp 64°C (64) o
M2/P19 AGCGTCGTGATTAGCGATG =
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6. Rinse coverslips with PBS 3 times at room temperature for 5 min.

7. Incubate with the secondary antibody (i.e., dilute Dichlorotriazinyl/Amino Fluorescein
[DTAF]-labeled goat anti-mouse IgG 1:100 in PBS with 0.5% BSA; or prepare DTAF-
labeled goat anti-rat IgG, at 12 ug protein/mL final concentration, depending on the
primary antibody) in a humidified chamber at 37°C for 45 to 60 min.

8. Rinse coverslips twice with PBS at room temperature for 5 min.

9. Rinse coverslips quickly with distilled water at room temperature.

10. Embed coverslips in mounting medium and analyze immunolabeled cells with a conven-
tional fluorescence or CLSM.

3.3.3. Pharmacological Analysis of ES Cell-Derived Cardiac Cells

Cardiomyocytes differentiated from ES or EC cells develop cardiac-specific physi-
ological properties, as well as cardiac-specific receptors and signal transduction
mechanisms (8-10,37). Therefore, ES cell-derived cardiomyocytes are suitable to
measure chronotropic effects of cardioactive substances (see Fig. 2).

1. Plate EBs separately onto 24-well microwell plates at d 5 or 7, cultivate the EB outgrowths
for further 5 to 7 d until 85 to 100% of the EBs contain clusters of rhythmically contracting
cardiomyocytes. Beating cardiomyocytes should comprise 5 to 30% of the EB outgrowths
area. Change medium 1 d before measurements and add exactly 1 mL of medium per
well.

2. Place the 24-well microwell plate on the inverted microscope equipped with a 37°C heating

plate and a CO, incubation chamber, localize independently beating areas (n = 20), and
measure the spontaneous beating frequency.
Alternatively, select different areas (n = 20) of pulsating cardiomyocytes by visual control
under the inverted microscope coupled via a one-chip CCD camera to a computer imaging
station (Pentium CPU, 100MHz) running the LUCIA Imaging System including the
“HEART” application (Nikon). The coordinates (x, y, z) of selected areas are collected
by the LUCIA HEART System, and the spontaneous beating activity is automatically
determined for each area.

3. Add different concentrations of the test substance and incubate for 3 min before measure-
ment. Determine dose-dependent effects of the beating frequency after cumulative applica-
tion of increasing concentrations of the test substance by adding positive chronotropic
drugs (i.e., BayK 8644 may be used as a positive control) or negative chronotropic drugs
(i.e., diltiazem may be used as a positive control) at final concentrations in the range of
about 10~ to 1073 M (depending on the test substances).

4. Calculate the mean values (= standard error of the mean) of beats per minute for each data
point from the pulsation rates of ES cell-derived cardiomyocytes with and without addition
of drugs. Test for significance by the Mann-Whitney U-test and calculate dose-response
curves. Alternatively, the final processing of the data is done by the LUCIA HEART
Imaging System resulting in dose-response curves of chronotropic activity.

3.4. Genetic Modulation of Differentiation (see Note 15)

The existence of ES cells has allowed the creation of almost any kind of mutation in
any mouse gene. The study of genetically modified ES cells and their differentiation in
vitro has thus provided a novel approach to study the development or study the effects
of mutations in the genome. ES cells can be used to study promoter elements instead
of using transgenic animals (43). Additionally, random insertion of exogenous DNA
into single sites in the mammalian genome (gene trapping) provides a genome-wide
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Fig. 2. A computer-assisted imaging system for analysis of pharmacological responses of ES
cell-differentiated cardiomyocytes. ES cells are cultivated via EBs into the cardiogenic lineage.
EBs are then plated onto tissue culture plates, areas of beating cardiomyocytes are selected
(1), and the coordinates are digitized and stored by the computer-assisted imaging system
LUCIA HEART (2). The levels of beating frequencies of cardiomyocytes are automatically
measured before (2) (basal level) and after cumulative addition of positively or negatively acting
cardiotropic agents (3), and dose-response curves are evaluated (4).
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strategy for functional genomics. When performed in tandem with the developmental
potential of ES cells to differentiate into distinct cell lineage (expression trapping),
such techniques are useful for the identification of novel genes expressed in developing
systems. Finally, the Cre recombinase/loxP system (44,45) has permitted loss-of-
function analyses in vitro and subsequent rescue of targeted alleles for examination of
individual gene products and their function during development (see Note 16).

3.4.1. Introduction of DNA into ES Cells (see Note 17)
3.4.1.1. PreparaTioN oF DNA
3.4.1.1.1. DNA for Stable Transfections

1. Super-coiled plasmid DNA, prepared by cesium-chloride centrifugation or ion-exchange
chromotography, needs to be appropriately linearized to permit integration into the genome.
DNA linearization and preparation should be performed under sterile conditions.

2. Linearize a minimum of 20 ng selection vector and 40-200 g targeting vector containing
a selection cassette in the construct (see Note 15 and Table 1 and Subheading 3.4.1.2.,
step 6) with the appropriate digestion buffer and restriction enzymes (ensure linearization
is complete). Bring the final vol to 100 uL with TE buffer.

3. Extract with an equal volume of phenol : chloroform:isoamyl alcohol. Mix until an emul-
sion appears, separate aqueous and phenolic phases by centrifugation in a microcentrifuge
at 4200g for 2—5 min at room temperature.

4. Transfer the aqueous (top) phase to a fresh tube.

5. To the tube containing the phenolic phase, add 100 uL of TE buffer. Mix and centrifuge
as before. Remove the aqueous phase and combine with what is already in the fresh
Eppendorf tube and increase the volume to 0.5 mL (see Note 18).

6. To concentrate the samples, add 1/10 vol 3 M Na-acetate and 2.2 vol of ice-cold ethanol.
Precipitate overnight at —20°C or for 1 h at —=70°C. Centrifuge Eppendorf tubes in a
microfuge at 10000g at 4°C for 15 min.

7. Remove the supernatant and add 200 uL of 70% ethanol. Mix briefly and centrifuge for
5 min at 10000g at 4°C.

8. Remove supernatant and let air-dry in the laminar flow hood. Dissolve the pellets
completely in PBS at a concentration of 1-5 mg/mL.

3.4.1.1.2. DNA for Transient Transfections

1. Prepare supercoiled plasmid DNA by standard methods of either cesium-chloride cen-
trifugation or ion-exchange chromotography. Use sterile techniques. (see Notes 16, 17,
and 18).

2. To concentrate the solution, precipitate DNA with 1/10 vol 3 M Na acetate and 2.2 volumes
of ethanol at —20°C overnight.

3. Centrifuge the DNA precipitate in an Eppendorf microfuge at 12500g for 15 min at 4°C.

4. Discard the supernatant and add 200 puL of 70% ethanol. Centrifuge as above but for
3—-5 min.

5. Discard the supernatant and let air-dry in the laminar flow hood. Dissolve the pellets
completely in sterile PBS at a concentration of 1-5 mg/mL.

3.4.1.2. ELecTROPORATION OF CELLS (46,47)

1. Change the media of the actively dividing ES cells at least 1 to 2 h before harvesting.
2. Under sterile conditions, harvest the ES cells with trypsin-EDTA and centrifuge the
suspension at 2000g.
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Table 3
Antibodies for the Analysis of Tissue-Restricted Proteins
on ES Cell-Derived EB Outgrowths

Cell types Cell-specific antigens Antibody References
Cardiac and Sarcomeric proteins:
skeletal Titin (Z-disk) T11,T12 (28,36,65,66)
muscle Titin (M-band) T51 (65,67)
cells o-Actinin 653 (29,65,68)
Myomesin MyBB78 (65,69)
Sarcomeric MHC MF20 (28,29,65,70)
o-Sarcomeric actin 5C5 (29,65,71)
M-protein MpAA241 (65,69)
Cardiac-specific proteins:
a-Cardiac MHC BA-G5 (10,34,72)
Cardiac troponin T M7 (65,73)
Skeletal muscle-specific proteins:
Nebulin Nb2 (28,66)
Slow MHC S58 (74)
Fast MHC F59 (74)
Slow myosin binding protein C a-sMyBP-C (28,75)
M-cadherin (13)
Smooth muscle Smooth muscle a-actin 1A4 (25,76)
cells SM-MHC (fast) MY-32 (25,77)

3. Wash the cell pellet thoroughly with PBS (three washes with 10 mL PBS each time),
centrifuging after each wash.

4. Before the final centrifugation, take an aliquot of cells and count them using a hemocytom-
eter. (From a 60-mm plate, between 3 and 5 x 10° ES cells should be harvested.) Resuspend
the cell pellet to 4.0-5.0 x 106 cells/mL in PBS. Cell viability should be 90-95%, and the
feeder cells should comprise no more than 5% of the total cell number.

5. Transfer 0.8 mL of the cell suspension to a cuvette.

6. For stable transfections, add 10-20 ug of linearized plasmid DNA to the cuvette. For
homologous recombination, the amount of DNA needed is greater because of the larger size
plasmid (for every 1000 bp of plasmid, add 2 to 4 ug of linearized plasmid). Alternatively,
for transient transfections, add supercoiled plasmid to the cells at a concentration of
3-5 nM (for every 1000 bp of plasmid, add 0.8 to 1.5 ug of linearized plasmid). For
transient transfections in which loss-of-function or gain-of-function is to be achieved by
either deletion of loxP flanked sequences or insertion of DNA sequences into loxP sites,
respectively. We recommend cotransfection of the Cre recombinase containing plasmid
with either the loxP flanking positive selection cassettes or loxP flanked gain-of-function
constructs. Add the DNA to the cuvettes at a molar ratio of 1:1 (for every 1000 bp of
plasmid, add 2 to 4 ug of plasmid), for inducible knock-out or knock-in of a loxP flanked
sequence (see Note 16).

7. Once the DNA has been added to the cells, mix the solution thoroughly by gentle trituration.
Let the cells and DNA incubate for 10 min on ice.

8. Mix DNA and cells by gentle pipetting and recap the cuvette.
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9.

10.

Electroporate the cells by delivering a pulse of 250 V at 500 uF. Record the exact voltages,
conductance, and pulse duration. After electroporation, the solution will contain viscous
material.

One minute after delivering the pulse, transfer half of the contents of the cuvette to each
of the two culture dishes containing feeder cells and 15 mL of cultivation medium plus
1000 U LIF/mL. Be very gentle during the transfer process, trying not to damage the
fragile cells. Let incubate for 40—48 h (37°C, 5% CO,).

3.4.1.3. CuLTIvaTION AND SELECTION OF CLONES

L.

2.

Replace medium with fresh medium containing selection drug. Change the medium every
2—4 d during the selection period (see Note 15).

After a further 8—12 d, resistant colonies of ES cells should become visible (to the naked
eye). Harvest individual colonies and transfer to 96-well plates containing 20 uL trypsin-
EDTA at room temperature. Once 20 to 50 individual colonies have been transferred,
incubate the plate at 37°C for 5 min. Triturate thoroughly and transfer cells to 96-well
plates containing feeder cells, fresh media, and the selection agent.

. Individual wells should be monitored daily, ensuring that the media does not change

color. Expand the cell population by passaging to 24-well plates. Let grow for 24—48
h. Freeze half the cells in the well and use the other half for either continued expansion
or preparation of DNA.

3.4.2. Analysis of Transfectants
3.4.2.1. RapiD IsoLaTioN oF DNA From ES CELLs (48)

1.

2.

11.

Plate an aliquot of trypsinized ES cell clones (see Subheading 3.4.1.3.) into 4 wells each
of a 96-well plate pretreated with 0.1% gelatin.

Grow in cultivation media without LIF, changing media frequently to prevent pH changes,
to confluence.

. When the cells are confluent, remove the media by aspiration. Wash the wells twice

with PBS.

Add 50 uL of DNA lysis buffer to each well. Seal the 96-well plate with parafilm and place
in a tupperware box where the bottom is covered in water. Incubate the plate overnight
at 55°C in a humid atmosphere.

. The next day, prepare a mixture of NaCl and ethanol and add 100 uL of the mixture to

every well using a multichannel pipet.

. Leave the 96-well plate on the bench at room temperature for 20—30 min or until the

solution becomes transparent.

Invert the plate gently onto paper towels to discard the solution. Gently add to the side
of the wells 150 uL ice-cold 70% ethanol with the multichannel pipet. (Do not add
ethanol directly on the precipitated DNA.) Invert the plate, as before, to discard the
70% ethanol.

. Repeat the 70% ethanol washes, being particular gentle. After the second wash, most of

the wells become transparent, and it is possible to see the DNA on the bottom of the well.
Some of the wells may still contain salt (white as opposed to translucent). If so, just wash
these wells with 70% ethanol again.

After the final washing, invert the plate, and let it partially dry for a few minutes.

. The DNA is now ready to use or can be stored until needed. For storage, seal the plates

with parafilm and place at —20°C.
For immediate use, add 30 uL sterile H,O into each well and dissolve the DNA very well.
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For PCR, 0.5-1 pL of this DNA is usually sufficient for genotyping. For Southern blotting,
a vol of 25 uL is needed. Approximately 5 ug DNA can be obtained from a single
fully confluent well of a 96-well plate. This quantity is sufficient for digestion with one
restriction enzyme and preparation of a Southern blot.

3.4.2.2. PCR AnALysis (49)

1.

The PCR conditions should be established with a positive control and with a plasmid DNA
template with characteristics similar to that predicted from the chromosomal structure
after random DNA insertion events or targeted events (homologous recombination or Cre
recombinase-mediated insertion into pre-existing loxP sites). Dilute the DNA template
to 50 pg/uL in TE.

Random insertion events: design a primer set from the gene product of interest. Software
such as Primer Express 1.5 is useful for this.

. Primers for targeted events: in addition to the primer set designed in step 2, design a

primer set that has one primer located either upstream or downstream of the targeting
DNA sequence and one primer located in the targeting sequence. (This amplification
is however dependent on the distance between the primers. If the primer located out of
the targeting construct is more than 3 kb away from the internal primer, we recommend
Southern blot analysis for genotyping.)

Set up parallel PCRs with different Mg?* concentrations and containing primers for
B-globin. In a duplicate set of reactions, prepare the same mixes, but omit primers for
B-globin. On occasion, B-globin primers interfer with the amplification and a separate
primer set is chosen.

10X Mg?* free DNA polymerase buffer 5.0 uL
dNTPs, 20 mM dilution 1.0 uL
+ B-Globin primer set 1.0 uL
Primer set for gene product of interest 1.0 uL
Template DNA (10-50 pg/uL) 1.0 uL
Mouse genomic DNA (0.5 ug/uL) 1.0 uL
MgCl, 1.8 uL
Tag DNA polymerase (1 U/uL) 0.7 uL
dH,0 to 50.0 uL.

. Amplify the DNA according to the following cycling parameters (see Note 19).

Initial denaturation: 94°C for 5 min
Primary cycles: 94°C for 45 s
55°C for 45 s
72°C for 45 s
Repeat cycle 24 times
Final step: 72°C for 5 min
4°C for infinity.

The PCR can be stored at room temperature. Elongation and denaturing times should be
increased for longer DNA products (>1000 bp).

Volume (1/10) of the PCR should be transferred to a fresh Eppendorf tube containing
17.5 uL of TE buffer and supplemented with 2.5 uL loading buffer.

To analyze the PCR products, load the products on a 1.0% agarose gel. Include molecular
weight markers to determine the size of the amplified products. Amplification results (see
Note 19) should have two DNA products: one for 3-globin (control product) at 800 bp and
one for neomycin—puromycin—or another selection cassette (Fig. 3B).
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Fig. 3. Site-specific ES cell insertion and excision by Cre recombinase—/oxP recombination.
(A) A gene locus in ES cells was targeted by homologous recombination to insert a sequence
consisting of a PGK-neoR cassette flanked by two loxP sites. The resulting targeting event
resulted in a clonal ES cell line containing a wild-type (WT) allele and a targeted allele. This
ES clonal cell line was then transiently transfected with two supercoiled plasmids: pBS185
(containing a cytomegalovirus [CM V] promoter-driven Cre recombinase) and pPPP (containing
a PGK-PurR cassette flanked by two loxP sites) (see Subheading 3.4.1.1.2. and Subheading
3.4.1.2.). The cells were allowed to recover for 48 h, followed by selection with appropriate
antibiotics. Resistant colonies were isolated and expanded (see Subheading 3.4.1.3.). The
potential Cre recombinase-mediated insertion or deletion events are indicated in the diagram.
(B) Genotyping by PCR (see Subheading 3.4.2.2.) was performed on the clonal lines to select
for cells that had lost the neomycin resistance cassette. An internal control ($-globin [(3-Glo])
amplification was included for each DNA preparation to ensure against false negatives (see
Subheading 2.2.6.2., step 6). (C) These lines were then tested by Southern analysis (see
Subheading 3.4.2.3.) with EcoRI to identify those clones that had undergone deletion or
insertion events. The probe used for Southern analysis was generated from a DNA fragment
outside of the original targeting (homologous recombination) vector (see panel A). Four distinct
bands can be identified: (/) an 8.9-kb band corresponding to the WT allele (2) a 9.4-kb band of
the original targeted allele containing the neomycin resistance cassette; (3) a 7.9-kb band where
the neomycin resistance cassette has been lost and the flanking /oxP sites have recombined
(deletion); and (4) a 6.6-kb band generated by digestion of the newly inserted Cre recombinase-
targeted allele. The PGK-Pur cassette contained an internal EcoRlI site leading to the smaller
fragment. These targeted clonal ES cell lines were subsequently differentiated, and the
phenotype was examined.
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3.4.2.3. SouTHERN BLoT ANALYsIs (50)

1. Digestions of DNA (see Subheading 3.4.2.1.) can be performed either in the 96-well
plates (if doing all wells) or in microfuge tubes if the contents of the well are transferred
before digestions.

2. To the 25 uL of genomic DNA, add 3 uL of 10x restriction enzyme digestion buffer,
1 uL RNase A, and 1 uL of the appropriate high concentration restriction enzyme
(40 U/reaction). Mix contents gently. Do not sheer the DNA.

3. Incubate the digestion at 37°C overnight in a humidified atmosphere.

4. The following day, add another 20 U restriction enzyme and incubate at 37°C for another
2-3 h.

5. Prepare a 0.7% agarose gel containing 1X TBE and ethidium bromide.

6. Stop the reaction with the addition of loading buffer. Load the samples and molecular
weight markers on the agarose gel and fractionate the DNA products by electrophoresis.
For the best resolution, run the gel at low voltage (0.7 V/cm) in 0.5X TBE.

7. Place the gel on an UV transilluminator and photograph. Record the migration distances
for the molecular weight markers.

8. Transfer the gel to a glass baking dish and depurinate the DNA by soaking the gel for
5—10 min in 0.2 N HCI. This is important particularly for improved transfer of large DNA
fragments (>8 kb in length).

9. Rinse the gel with distilled water. Soak the gel in strong base (1.5 M NaCl, 0.5 M NaOH)
for 45 min to denature the DNA.

10. Rinse the gel briefly in dH,O for 5 min. Neutralize the solution by soaking it in 1.0 M
Tris, 1.5 M NaCl (pH 7.4) for 30 min.

11. Transfer the genomic DNA to Hybond-N* Nylon membrane by capillary transfer (see
Note 20).

12. Air-dry the membrane, then fix the DNA to the membrane by using UV Stratalinker
(120,000 wJ/cm?).

13. Put the membrane into a prehybridization solution and hybridize at 65°C for at least
2 h with agitation.

14. Prepare the probe by using 25-50 ng denatured cDNA and Ready-to-go DNA beads
(-dCTP) to make a probe with specific activity approx 10° cpm/ug DNA, and add the
denatured probe (heated to 95°C for 5 min and quenched on ice) to the prehybridization
buffer at an activity of 0.5-2 x 10° counts per minute (cpm)/10 mL (see Note 21).

15. Hybridize the probe to the membrane DNA overnight at 65°C.

16. Wash membrane as follows:

a. Twice with 2X SSPE buffer; 0.1% SDS at room temperature for 20 min.

b. Once with 1X SSPE buffer; 0.1% SDS at room temperature for 15 min.

c. Once with 1X SSPE buffer; 0.1% SDS at 50°C for 15 min.

d. Once with 0.5X SSPE buffer; 0.1% SDS at 60°C for 15-30 min (monitor the radioactiv-
ity, if it is still very radioactive, go to next wash).

e. Once with 0.2X SSPE buffer; 0.1% SDS at 65°C for 15-30 min.

17. Expose to X-ray film for 1-10 d at —80°C or use a phosphoimager.

18. Once the cells have been expanded, frozen stocks prepared, and genotyping complete
(stable clonal lines), analysis of gain- or loss-of-function tests can begin (see Subheadings
3.2. and 3.3.).

3.4.3. Gain-of-Function and Loss-of-Function Analysis In Vitro

The developmental pattern of EBs differentiated in vitro may be modulated by
exogenous factors, i.e., RA (26,34), growth factors (33), or by genetic means: the
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targeted inactivation of genes (equals loss-of-function) (24,29) or the overexpression of
genes in ES cells (equals gain-of-function) (30). (For differentiation and characteriza-
tion of transgenic ES cells, see Subheadings 3.2. and 3.3.).

The in vitro differentiation of mutant pluripotent ES cells has been used as an
alternative and supplement to in vivo studies to analyze the phenotypes of mutant cells
during early embryonic development. The strategy is especially useful in those cases
where the mutation results in early embryonic death in vivo. This has been successfully
used in the analysis of cellular differentiation of i.e., desmin- and (3; integrin-deficient
ES cells (24,29).

4. Notes

1. ES cell lines should be cultivated without antibiotics. In some cases (i.e., for selection
procedures), the addition of a penicillin—streptomycin mixture or gentamycin (Gibco BRL,
1 mL of stock solution to 100 mL medium) may be helpful.

2. Both DMEM and IMDM can be used for efficient cardiac and myogenic differentiation of

ES cells as D3 and R1. If IMDM is used, in additives I MTG (final concentration 450 uM)

instead of B-ME is used for differentiation.

DEPC is a suspected carcinogen and should be handled with care.

4. If possible, the solutions should be treated with 0.1% DEPC at 37°C for 1 h, and then
heated to 100°C for 15 min or autoclaved for 15 min. DEPC reacts rapidly with amines
and cannot be used to treat solutions containing buffers, such as Tris.

5. Whereas EC cell lines are cultivated without feeder cells, ES and EG cell lines need
feeder cells for growth in the undifferentiated state. Some ES or EG cell lines (e.g., EG-1
cells) (35) need both feeder cells and LIF to keep growth in the undifferentiated state.
LIF is commercially available (Chemicon International) or may be prepared from LIF
expression vectors (51-53).

6. Good quality FCS is critical for long-term culture of ES cells, and failure to acquire good
quality serum may be one reason why ES cells fail to differentiate appropriately. Extensive
serum testing is necessary, therefore, to achieve good results. The most sensitive tests for
sera include: (/) comparative plating efficiencies at 10, 15, and 30% serum concentrations;
(2) alkaline phosphatase activity in undifferentiated ES cells (Vector Blue Alkaline
phosphatase substrate kit III, SK-5300; Vector Laboratories); and (3) test of in vitro
differentiation capacity after 3 to 5 passages in selected serum (54).

7. For preparation of EBs, three different protocols may be used: the hanging drop method

(8,39), the mass culture (4), or the methylcellulose technique (18,19). The hanging drop

method generates EBs of a defined cell number (and size). Therefore, this technique is

used for developmental studies, because the differentiation pattern is dependent on the
number of ES cells that differentiate within the EBs. For mass culture, plate 5 x 10° to

2 x 10° cells (depending on ES cell lines used) into 60-mm bacteriological Petri dishes

containing 5 mL differentiation medium. After 2 d, let the aggregates settle in a centrifuge

tube, remove medium, and carefully transfer the aggregates with 5 mL fresh differentia-
tion medium into a new bacteriological dish. Change the medium every second day.

Mass cultures of EBs may be used for differentiation of a large number of cells. For

hematopoietic differentiation, the methylcellulose method is used (18,19). Methylcellulose

(e.g., MethoCult H4100; Stem Cell Technologies Inc., Vancouver, B.C.) is added to the

differentiation medium at a final concentration of 0.9%.

Use gloves and filtertips throughout the whole procedure.

9. Do not leave RNA lysis buffer in culture dishes longer than 5 min, as polystyrene is not
resistant to lysis buffer.

»

*©



150 Wobus et al.

10. mRNA isolation from small samples of cells or tissues (i.e., 1 EB) can be performed using
the Dynabeads® mRNA DIRECT™ Micro kit (Dynal, cat. no. 610.21).

11. Never mix and disturb the organic and the aqueous phases.

12. For RT-PCR, rTth DNA polymerase can also be used as both reverse transcriptase and
DNA polymerase (55). In this case, the components of both RT- and PCR-mastermixture
are different from using MuLV reverse transcriptase and Tag DNA polymerase.

13. Semiquantitative RT-PCR is used to detect the relative levels of mRNA expression and
includes at least two sets of primer pairs in separate or co-amplification reactions. A
“housekeeping” gene, i.e., B-tubulin or HPRT, is used as an internal standard to control
variations in product abundance caused by differences in individual RT reaction and PCR
efficiencies. The co-amplification reactions of two primer sets can be performed by using the
primer-dropping method (56). In this method, the final yield of more efficiently amplified
templates is reduced below saturating levels by using fewer PCR amplification cycles
than for less efficiently amplified templates. This difference in amplification, between
the templates with variable starting amounts, is achieved by dropping primer sets into
the reactions at distinct cycle numbers. The first primer sets for less efficiently amplified
templates are added at the beginning of reactions, the equal aliquots (4 uL) of second primer
sets for more efficiently amplified templates are added at the appropriate cycle number
(preliminary titration experiments for optimal cycle numbers have to be performed before).
The relative signal strengths of PCR products of the target gene and the internal standard
gene can be controlled by using varying numbers of cycles in multiplex reactions (56).

14. CLSM analysis can be used to study EBs. For immunofluorescence analysis of EBs
cultivated in suspension, it is necessary to use a CLSM, because EBs are three-dimensional
aggregates, which require an extended depth of focus. Some EBs are up to 400 wm in
diameter. Therefore, EBs are scanned in thin sections (0.5-10 wm) using the appropriate
filter combinations depending on the fluorescent dyes used.

15. The use of random insertion events or gene targeting technologies to ES cells in cell culture
enables studies of gain- or loss-of-function. Targeting events are extremely powerful,
because individual genes can be altered or modified, and the consequences on an individual
gene product can be studied both in vitro and/or, if desired, in vivo. The difficulty for
a traditional “knock-out” ES cell line is the need to target alleles on both chromosomes
of a diploid cell. Increased concentrations of selective agent are required for appropriate
selection or the use of widespread DNA screening. For selection of a double-targeting
event (i.e., targeting of both alleles), use approximately 2.5 ug/mL puromycin and 1 mg/
mL G418 (57). In cases in which gene targeting results in embryonic lethality in mice,
such a technique in ES cells affords the opportunity of examining loss-of-function on
individual cell types.

16. LoxP sites are 34-bp sequences containing an 8-bp core region and flanking 13-bp inverted
sequences. The bacteriophage P1 Cre-recombinase recognizes specific loxP recognition
sequences, and in an ATP independent manner, specifically catalyzes recombination events
(deletion, insertion, inversion, and translocation). Insertion events require a single loxP
site; whereas the other recombinantion events require 2 sites. The orientation—direction of
the central 8-bp cores determine the type of recombination event between 2 sites. Authentic
loxP sites are not found in mammalian genomes, but when inserted randomly or targeted
into mammalian systems are recognized by Cre-recombinase. All four recombination
events can be catalyzed in either dividing or nondividing mammalian cells, and, when
used appropriately, can be used to make gene chimeras between the endogenous mouse
gene and cDNAs targeted to the loxP sites.

17. When DNA is introduced into ES cells by electroporation, transfection of a single DNA
molecule containing selection-cassettes such as neo® or pur® (see Table 1) or cotransfection
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with one plasmid containing the gain-of-function construct and a second with a selection
cassette can be performed. Information on production of targeting cassettes can be found
in ref. 58.

18. In cases in which the sterility of the DNA is of concern, filter-sterilize the DNA by
passing a solution containing the DNA through a pre-wet 0.22-um filter. In the absence
of filter-sterilization, it is recommended that the plasmid be ethanol-precipitated 2 times
to minimize potential contamination.

19. To obtain the optimal PCR conditions, not only optimal Mg?* concentration, but also optimal
annealing temperatures, cycle numbers, and elongation temperatures have to be tested. To
test for optimal temperatures, dilute the template to 1 pg/uL in TE buffer. Set up the PCRs
as given in the text, but with the Mg?* concentration that gave the best results. Amplify with
different annealing temperatures: 58°, 61°, 63°C, or, if no fragment was seen in the initial
amplifications, reduce the temperatures to 48°, 51°, and 53°C. Determine which conditions
give the maximum amount of amplified product on an agarose gel. To obtain optimal cycle
number, different numbers of cycles of 24, 29, 34, and 39 have to be tested. Afterwards,
using the annealing temperature and cycle number that give the best amplification (higher
temperature and lower cycle number, if several reactions gave similar results), repeat the
amplifications with different elongation temperatures: 65°, 68°, 71°, and 75°C. Test the
products on a gel to determine what temperature gives the best amplification result.

20. Capillary transfers can be set up as follows: place a support inside a large baking dish filled
with transfer buffer (10X SSPE). Put a piece of Whatman 3MM paper on the support, and
let the two ends of the paper fall into the transfer buffer. Invert the gel, and place it on the
Whatman paper. Place a piece of Hybond-N* Nylon membrane cut to the same size on the
gel. Then, place several pieces (5—7) of 3MM paper and a stack of paper towels (5-8 cm
high), just smaller than the membrane, on top. Put a glass plate on top of the entire stack
and weigh it down with a 500—g weight. Transfer overnight (59).

21. The DNA used in the probe preparation must be taken from sequences outside (up- or
down-stream) of the targeting construct. Otherwise, it cannot differentiate between a
homologous recombination event and a random integration event.
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Cardiomyocyte Enrichment in Differentiating
ES Cell Cultures: Strategies and Applications

Kishore B.S. Pasumarthi and Loren J. Field

1. Introduction

Advances in our understanding of cardiomyocyte cell biology have been dependent
largely upon the ability to generate primary cultures from enzymatically dispersed
fetal, neonatal, or adult hearts. Primary cardiomyocyte cultures recapitulate many of
the physiologic and molecular attributes found in intact hearts at the corresponding
developmental stage. Moreover, these cultures are readily amenable to a wide variety
of physical, physiologic, and molecular analyses. Gene transfer approaches including
traditional calcium phosphate and lipofection techniques, as well as viral transduction
with recombinant retro-, adeno-, or adeno-associated viruses are also readily accom-
plished. In light of these attributes, primary cardiomyocyte cultures constitute an
extremely versatile experimental system.

Despite their tremendous experimental utility, primary cardiomyocytes cultures are
not without weaknesses. For example, it is very difficult to generate large-scale cultures
of adult cardiomyocytes which retain a differentiated phenotype. Consequently, studies
designed to address issues pertaining to adult cardiac biology frequently utilize primary
cultures of fetal or neonatal cardiomyocytes. Given the marked physiologic differences
observed in vivo between fetal-neonatal cardiomyocytes as compared to terminally
differentiated adult cells, interpretation of such experiments can be problematic.
Perhaps the greatest weaknesses of primary cardiomyocyte cultures is that they are
subject to strict temporal constraints. This is a result of the relatively rapid cell
cycle withdrawal that cardiomyocytes undergo in culture, in contrast to the sustained
proliferation observed for noncardiomyocytes (i.e., fibroblasts, vascular smooth muscle
cells, etc.). Although enriched cardiomyocyte preparations can be generated, the
resulting cultures typically will be contaminated with noncardiomyocytes. Treatments
designed to block proliferation of the contaminating cells (e.g., exposure to Ara-C or
UV irradiation) can frequently have a deleterious effect on the resident cardiomyocytes
as well. Efforts to circumvent this intrinsic limitation have typically relied on enhancing
cardiomyocyte proliferative capacity through the targeted expression of oncogenes
or proto-oncogenes. Although this approach has yielded a number of cardiomyocyte
cell lines which retained varying degrees of differentiation (reviewed in ref. I),
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Fig. 1. Structure of the MHC-neo'/pGK-hygro® transgene. The transgene comprises an
a-MHC-aminoglycoside phosphotransferase (MHC-neo") transcriptional unit and pGK-hygro*
transcriptional unit on a common pBM20 vector backbone. The a-MHC promoter consisted of
4.5 kb of 5’ flanking sequence and 1 kb of the gene encompassing exons 1 through 3 up to, but
not including, the initiation codon (19). The aminoglycoside phosphotransferase (neo") cDNA
was subcloned from pMCl-neo poly(A)(Stratagene, La Jolla, CA). The pGK-hygromycin
sequences were described previously (20).

sustained oncogene expression prohibits studies on many aspects related to the terminal
differentiation program.

In vitro differentiation of embryonic stem (ES) cells provides an alternative source
of cardiomyocytes for study in tissue culture. ES cells are derived from the inner cell
mass of preimplantation embryos and, when grown under appropriate conditions, can
be propagated in an undifferentiated state indefinitely. Culturing ES cell in suspension
and in the absence of differentiation inhibitors, such as leukemia inhibitory factor (LIF),
results in the formation of multicellular structures called embryoid bodies (EBs), which
reproducibly contain most if not all ectoderm-, endoderm-, and mesoderm-derived
cell lineages (2,3; see also other chapters in this series). In many instances, regions of
cardiomyogenesis are readily apparent, as evidenced by the presence of spontaneous
contractile activity. Numerous studies have shown that cardiogenic induction in ES cells
faithfully recapitulates the physical and molecular properties of developing myocardium
in vivo (4-11). In addition, cell cycle withdrawal and terminal differentiation in
ES-derived cardiomyocytes appears to parallel closely that which occurs during normal
development (12).

In this report, we describe a relatively simple genetic enrichment approach that
facilitates the generation of highly enriched cultures of cardiomyocytes from dif-
ferentiating ES cells (13). The approach relies on the use of two transcriptional units
introduced into undifferentiated ES cells on a common vector backbone (see Fig. 1).
The first transcriptional unit comprises a promoter expressed in undifferentiated ES
cells linked to a marker gene suitable for enrichment of cells carrying the DNA (in
our example, the phosphoglycerate kinase [PGK] promoter and a cDNA encoding
resistance to hygromycin [hygro"] were used; the transcriptional unit is designated
pGK-hygro"). The second transcriptional unit comprises a cell lineage restricted
promoter linked to a marker gene suitable for enrichment of the desired cells (in
our example, the cardiomyocyte-restricted o-cardiac myosin heavy chain [o-MHC]
promoter and a cDNA encoding aminoglycoside phosphotransferase were used; the
transcriptional unit is designated MHC-neo").
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Using this approach, the generation of highly enriched cardiomyocyte cultures is
experimentally quite simple (Fig. 2). Undifferentiated ES cells are transfected with the
MHC-neo"/pGK-hygro® construct. Cells incorporating the DNA are enriched based
on their resistance to hygromycin. Differentiation is then induced, and once evidence
of cardiomyogenesis is observed (i.e., spontaneous contractile activity), the cultures
are treated with geneticin (G418). Because the a-MHC promoter is only active in car-
diomyocytes, only these cells express aminoglycoside phosphotransferase and survive
G418 treatment (Fig. 2). Although the example presented utilizes antibiotic resistance
as the basis of the enrichment, a wide variety of analogous marker genes—enrichment
protocols can readily be used (e.g., green fluorescent protein [ GFP] targeted expression
of cell surface markers, which could be used in conjunction with fluorescence-activated
cell sorting [FACS] protocols, etc.).

The genetic enrichment approach has the advantage that very long-term cultures of
terminally differentiated cardiomyocytes can be generated, since noncardiomyocytes
are eliminated from the culture. Moreover, the approach is easily amenable to gene
transfer, either prior to differentiation or, alternatively, after the generation of terminally
differentiated cells. In addition, the genetic enrichment approach is applicable to all
cell lineages derived from ES cells, as well as to all multipotent stem cell systems.
Here, we present a detailed description of the genetic enrichment protocols used to
produce essentially pure populations of cardiomyocytes from differentiating ES cells.
The Methods section is divided into subsections describing: (/) the transfection
and selection of undifferentiated ES cells; (2) the “en mass” differentiation of the
selected cells; (3) the generation of highly enriched cardiomyocyte cultures; and (4)
the use of periodic acid Schiff’s (PAS) staining to visualize colonies of ES-derived
cardiomyocytes. In addition, we provide a practical example of the use of the system to
generate cardiomyocytes of sufficient purity for intracardiac engraftment (an emerging
protocol aimed at restoring systolic function in diseased hearts). We also provide an
example of how the system can be utilized to perform an ES-derived cardiomyocyte
colony growth assay, which provides a relatively rapid throughput system to identify
genes that impact on cardiomyocyte cell cycle regulation.

2. Materials

ES cell line ES-D3 (obtained from the American Type Culture Collection, Rockville, MD).

pMHC-neo"/PGK-hygro" plasmid.

Restriction enzymes Xhol and HindIIl.

Geneclean kit (Bio 101, cat. no. 1001-400).

Cell culture dishes (Corning, cat. no. 430293).

ES cell grade fetal bovine serum (FBS) (Gibco, cat. no. 10439-024).

Dulbecco’s modified Eagle’s medium (DMEM) (Sigma, cat. no. D-6546).

ESGRO/mLIF (murine leukemia inhibitory factors) (Chemicon International, cat. no.

ESG-1107).

9. Nonessential amino acids (Gibco, cat. no. 11140-050), L-Glutamine (Gibco, cat. no.

25030-081), and Penicillin—Streptomycin solutions (Gibco, cat. no. 15070-063).

10. 2-Mercaptoethanol (Sigma, cat. no. M-7522).

11. Phosphate-buffered saline (PBS) (Sigma, cat. no. D-8537).

12. Trypsin solution: 0.025% trypsin (1:250) (Gibco, cat. no. 27250-042), 1 mM EDTA and
1% chicken serum (Sigma, cat. no. 16110-082) in sterile PBS.

13. Electroporator (Gibco, cat. no. 71600-19).
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Fig. 2. (A) Schematic diagram of the genetic enrichment approach. (B) Hoechst epifluores-
cence of a nonselected culture of ES cells carrying the MHC-neo'/pGK-hygromycin transgene
16 d after differentiation was induced. Note the high density of cells present in the field. (C)
Antisarcomeric MHC immunofluorescence (green signal) of the same field depicted in panel B.
Note that only a small percentage of the cells are cardiomyocytes (arrows demarcate the same
group of cells in panels B and C). (D) Hoechst epifluorescence of a G418-selected culture of
ES cells carrying the MHC-neo'/pGK-hygromycin transgene 16 d postcardiogenic induction;
note the reduction in total cell number as compared to the un-selected cultures depicted in
panel B. (E) Antisarcomeric myosin immunofluorescence (green signal) of the same field
depicted in panel D. Note that all of the cells present in the G418-selected culture express
sarcomeric myosin (arrows demarcate the same group of cells in panels D and E). (See color
plate 3, following p. 254).
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14.

Hygromycin B (Calbiochem, cat. no. 400051).

15. G418 (Roche, cat. no. 1464990).

16. Falcon bacterial Petri dishes (Becton Dickinson, cat. no. 1029).

17. ES growth medium: DMEM containing 15% heat-inactivated FBS, 0.1 mM nonessential
amino acids, 2 mM glutamine, 50 U/mL penicillin, 50 ug/mL streptomycin, 0.1 mM
2-mercaptoethanol, and 10 U/mL LIF.

18. Differentiation Medium A: DMEM containing 15% heat-inactivated FBS, 0.1 mM nones-
sential amino acids, 2 mM glutamine, 50 U/mL penicillin, 50 ug/mL streptomycin, and
0.1 mM 2-mercaptoethanol.

19. Differentiation Medium B: DMEM containing 20% heat-inactivated FBS, 0.1 mM nones-
sential amino acids, 2 mM glutamine, 50 U/mL penicillin, 50 ug/mL streptomycin, and
0.1 mM 2-mercaptoethanol.

20. Differentiation Medium C: DMEM containing 20% heat-inactivated FBS, -.1 mM non-
essential amino acids, 2 mM glutamine, 50 U/mL penicillin, 50 ug/mL streptomycin,
0.1 mM 2-mercaptoethanol, and 200 ug/mL G418.

21. Formaldehyde (37%) (Sigma cat. no. F-1268).

22. Ethanol (95%).

23. Periodic acid (Sigma, cat. no. P-7875).

24. Schiff’s reagent (Sigma, cat. no. 395-2-016) stored at 4°C until expiration date.

25. Sodium metabisulfite solution: 1% sodium metabisulfite (Sigma, cat. no. S-1516), 0.05 N
HCl in distilled water; made fresh.

3. Methods

3.1. Transfection and Selection of Undifferentiated ES Cells

1. Prior to transfection of ES cells, digest the selection cassette (pMHC-neo'/PGK-hygro")
with Xhol/HindIll and isolate the 8.8-kb fragment containing the entire MHC-neo'/PGK-
hygro* sequence using a Gene cleankit.

2. ES cells are routinely maintained in an undifferentiated state by culturing them in the
ES Growth Medium.

3. Dissociate cells using trypsin, count, and resuspend 4 x 10° cells in 0.8 mL of ES Growth
Medium. Transfer the cells into an electroporation chamber and leave on ice.

4. Mix MHC-neo'/PGK-hygro* DNA (1 pg) and 25 pg sonicated salmon testes DNA in a
total volume of 70 uL, add this mixture to the cells, and leave the electroporation chamber
on ice for 15 min.

5. Electroporate the cells (180 V, 800 uF) and leave on ice for 15 min.

6. Plate the cells in 100-mm Corning dishes (6 x 10° cells/dish) in ES Growth Medium
for 24 h.

7. Aspirate the medium the next day and switch the cells to ES Growth Medium supplemented
with 200 ug/mL hygromycin B.

8. Change the medium daily and select transfected cells over a period of 7 d. Cells may be
trypsinized and replated into new dishes if a plate becomes confluent.

3.2. “En Mass” Differentiation of Transfected ES Cells

1. After 7 d of hygromycin selection, dissociate the cells using trypsin and plate 4 x 10° cells
in a 100-mm bacterial Petri dish in 10 mL of Differentiation Medium A. Cells will grow
in suspension under these conditions (see Note 1).

2. Supplement the cells with 5 mL of Differentiation Medium A on the next day, to facilitate

EB formation.



162 Pasumarthi and Field

3. On the third day, transfer the medium containing EBs using a 10-mL pipet into a sterile
50-mL cell culture tube and allow the EBs to settle by gravity. Aspirate the medium,
resuspend the EBs in 10 mL of fresh Differentiation Medium A, and plate in a new
bacterial Petri dish.

4. Supplement cells with 5 mL of Differentiation Medium A on the next day (see Note 2).

5. Collect EBs on the fifth day by gravity and resuspend in 10 mL of Differentiation Medium
B. Plate EBs in 100-mm Corning cell culture dishes at different dilutions (1:2, 1:5,
1:10 etc).

6. Change the medium daily; regions of cardiogenesis can be readily identified by the
presence of spontaneous contractile activity within 4—6 d of EB attachment.

3.3. Selection of Cardiomyocyte Restricted Lineages

1. For enrichment of cardiomyocyte restricted lineages, cultures exhibiting spontaneous
contractile activity are grown in Differentiation Medium C.

2. Cultures can be grown in Differentiation Medium C for as long as required to eliminate
noncardiomyocytes (see Note 3).

3.4. Use of PAS Staining to Visualize Colonies
of ES-Derived Cardiomyocytes

1. For a rapid visualization of areas of cardiogenic induction, the PAS reaction can be used.
Cardiomyocytes are rich in glycogen, and the PAS reaction is based on the oxidative
action of periodic acid on glycol groups present in glucose residues giving rise to aldehyde
groups. These aldehyde groups react with Schiff’s reagent producing a new complex
compound with a purple or magenta color.

2. Aspirate the medium, rinse cells in PBS, and fix with formyl alcohol (9: 1 mixture of 95%
ethanol and formaldehyde) for 15 min at room temperature.

3. Aspirate the fixative, rinse once with 95% ethanol, air-dry the plate, and rinse twice

with tap water.

Add 1% periodic acid to the plate and incubate for 10 min at room temperature.

Rinse twice with tap water.

Add Schift’s reagent and incubate for 10 min in the hood (see Note 4).

Rinse the plate with sodium metabisulfite solution for 2 min in the hood; repeat three times.

Rinse twice with tap water.

Areas with cardiogenic induction can be readily visualized by intense purple color staining

(see Fig. 3).

Lok

3.5. Practial Examples lllustrating the Utility of the Technique

3.5.1. Example 1: Generation of Intracardiac Grafts
with ES-Derived Cardiomyocytes

Many forms of cardiovascular disease are characterized by progressive loss of
cardiomyocytes, which result in decreased systolic function. The ability to increase the
number of functional cardiomyocytes in diseased hearts might have a positive impact of
systolic function (14). One approach to accomplish this relies on the physical delivery
of donor cardiomyocytes into the diseased heart, with the expectation that such cells
can form stable functional grafts. Proof of concept studies with donor cells from mouse,
dog, and rat demonstrated that fetal cardiomyocytes can form stable intracardiac grafts,
and at least in the case of the mouse model (15,16), ultrastructural analyses revealed
the presence of physical attributes necessary for force and action potential propagation
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Fig. 3. PAS staining provides rapid assessment of cardiomyocyte yield in differentiating
ES cells. (A) PAS staining of enzymatically dispersed cells prepared from a differentiating
ES cell culture. Image shows a cardiomyocyte that stained dark purple due to its high glycogen
content. In contrast, the nonmyocyte present in the same field was not stained. (B) Image of
a PAS-stained cardiomyocyte colony following the genetic enrichment protocol. (C) Image of
a PAS-stained tissue culture dish of ES-derived cardiomyocytes following the genetic enrichment
protocol. Note the presence of many independent colonies. (See color plate 4, following
p- 254).

between donor and host cardiomyocytes (i.e., fascia adherens, desmosomes, and gap
junctions).

While intracardiac engraftment of fetal cardiomyocytes holds great promise for
functional augmentation in diseased hearts, identification of a suitable source of donor
cells is quite problematic for clinical application in humans. Cardiomyocytes derived
from differentiating ES cells could constitute a suitable surrogate source of donor cells
for therapeutic intracardiac engraftment. Accordingly, a proof of concept experiment
was initiated in mice (13). Cardiomyocytes derived from ES cells using the genetic
selection approach described in this Subheading were digested with trypsin, and approx 1
x 10* cells were delivered into the left ventricular free wall of dystrophic adult muscular
dystrophy (mdx) recipient mice. The mdx mice harbor a mutation in the dystrophin gene
and show no immune reactivity to antidystrophin antibodies. Consequently, the fate
of the engrafted cardiomyocytes, which expressed a wild-type dystrophin gene, could
easily be monitored by antidystrophin immune histology. Phase contrast microscopic
examination of cryosections from the recipient hearts revealed that engrafted regions
frequently exhibited normal myocardial topography (Fig. 4A). Immune cytologic assays
with antidystrophin antibody revealed the presence of dystrophin-positive G418-selected
cardiomyocytes (Fig. 4B). Comparison of phase contrast and antidystrophin images
revealed the presence of myofibers in the engrafted ES-derived cardiomyocytes.

Additional analyses with other antidystrophin antibodies, as well as transgene-
specific polymerase chain reaction (PCR) analysis of material harvested from the graft-
bearing regions of the cryosections, confirmed that the dystrophic immune reactivity
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Fig. 4. Genetically enriched cardiomyocytes form stable intracardiac grafts. Phase contrast
image (A) and antidystrophin immune fluorescence (B) of the same field from an mdx heart
engrafted with G418-selected cardiomyocytes. Dystrophin immune reactivity appears as a green
signal in panel B. (See color plate 5, following p. 254).

corresponded to engrafted ES-derived cardiomyocytes. Grafts were observed for as
long as 7 wk post-implantation, which was the latest time point analyzed. Thus, the use
of the genetic enrichment approach provides a suitable source of donor cardiomyocytes
for intracardiac engraftment. Current research efforts are focused on enhancing
graft size in experimental models of heart disease. If this approach is successful at
restoring partial or complete systolic function in appropriate animal models, the recent
development of human ES (17) raises the possibility that the approach can be tested
therapeutically.

3.5.2. Example 2: Development of an ES-Derived Cardiomyocyte
Colony Growth Assay

Cell cycle reactivation (i.e., induced proliferation) constitutes an alternative strategy
through which to increase the number of functional cardiomyocytes in a diseased



Cardiomyocyte Enrichment 165

heart. The premise of the approach is that increased myocardial mass resulting from
the proliferation of differentiated functional cardiomyocytes will augment systolic
function. The successful application of this approach requires the identification of gene
products that are capable of reactivating the cell cycle in genetically naive terminally
differentiated cardiomyocytes. It has proven to be somewhat difficult to identify exploit-
able cardiomyocyte cell cycle regulatory genes. Although adenoviral-mediated gene
transfer in primary cultures have identified some genes that promote cardiomyocyte
growth, long-term analyses of the transfected cardiomyocytes in these cultures was
limited because of the intrinsic proliferative capacity of the resident noncardiomyocytes.
The use of transgenic mice with targeted expression in the heart or, alternatively, the
use of retroviral transfection in developing avian hearts has identified several genes
that are capable of inducing cardiomyocyte proliferation (1,18). However, these latter
approaches are both time-consuming and can incur significant expenses related to
animal husbandry charges.

By incorporating a slight modification of the genetic enrichment protocol, coupled
with the use of a muscle-specific cytologic stain suitable for tissue culture dishes, it
should be possible to generate an ES-derived cardiomyocyte colony growth assay.
Such an assay would provide a comparatively high-throughput, as compared to in vivo
gene transfer approaches, and also would not be subject to the temporal constraints
encountered with gene transfer approaches in primary cardiomyocyte cultures. As a
proof of concept, we compared the activities of simian virus 40 (SV40) Large T-Antigen
(T-Ag) vs the adenoviral E1A oncoproteins directly in the ES-derived cardiomyocyte
colony growth assay. Previous studies, performed largely in transgenic mice with
either wild-type or a conditionally active mutant T-Ag, have shown that expression of
T-Ag gene (TAG) in the atrial or ventricular myocardium during fetal life is sufficient
to induce sustained cardiomyocyte proliferation, while expression after terminal
differentiation does not induce cell cycle activation. In contrast, studies utilizing
adenoviral transduction of primary cardiomyocytes indicate that expression of E1A at
any point of cardiac development can induce cell cycle reentry (as evidenced by the
initiation of DNA synthesis), followed by a rapid apoptotic response.

To compare the activities of T-Ag and E1A directly in the same system, undifferenti-
ated ES cells were cotransfected with the MHC-neo'/pGK-hygro" and an MHC-T-Ag
expression construct or, alternatively, with the MHC-neo"/pGK-hygro® and an MHC-
E1A expression construct. Control cultures were transfected with the MHC-neo"/pGK-
hygro" transgene only. After hygromycin selection, differentiation was induced, and
cardiomyocytes were enriched as described above. Following 52 d of culture in G418
(a total of 60 d following the induction of differentiation), the dishes were rinsed, fixed,
and stained with PAS as described above. The effect of oncogene expression was
easily scored by simple visualization (Fig. 5). The density of cardiomyocyte colonies
in the control dishes (MHC-neo’/pGK-hygro® transgene only) is used for reference.
In good agreement with the data obtained via adenoviral transfection of primary
cardiomyocytes, targeted expression of E1A in the ES-derived cardiomyocyte growth
assay induced apoptosis, as evidenced by the marked reduction of cardiomyocyte
colonies, as well as the presence of pronounced DNA fragmentation (Fig. §). In
contrast, targeted expression of T-Ag in the ES-derived cardiomyocyte growth assay
resulted in fulminate proliferation, with the dish appearing as a nearly confluent
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Fig. 5. Use of the ES-derived cardiomyocyte colony growth assay to monitor the effects
of gene transfer on cardiomyocyte proliferation. Undifferentiated ES cells were transfected with
the MHC-neo'/pGK-hygro* alone or in combination with MHC-E1A or MHC-T-Ag expression
constructs. Transfected cells were processed via the genetic enrichment protocol as described
in the text, and at 60 d after differentiation, the cultures were fixed and stained with PAS.
In addition, DNA fragmentation was monitored as an indirect indication for apoptosis. DNA
prepared from parallel cultures was analyzed by agarose gel electrophoresis and visualized by
ethidium bromide staining and UV illumination. Note the marked decrease in cardiomyocyte
colonies in cells transfected with the MHC-E1A construct and the marked increase in cardio-
myocyte colonies in cells transfected with the MHC-T-Ag construct as compared to the control
dish. Note also the presence of extensive DNA fragmentation (as evidenced by the small
molecular weight species) in DNA prepared from MHC-E1A transfected cells, but not in the
control nor the MHC-T-Ag transfected cultures. (See color plate 6, following p. 254).

synchronously beating mass (Fig. §). In agreement with results obtained in transgenic
animals, T-Ag-induced proliferation was not accompanied by pronounced cardiomyo-
cyte dedifferentiation, nor was an apoptotic response apparent (Fig. 5). Thus, the
ES-derived cardiomyocyte growth assay described here faithfully recapitulates the
results of gene transfer observed in other experimental systems and appears to be
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suitable for relatively high-throughput screens of the activity of cardiomyocyte cell
cycle regulatory proteins.

3.6. Conclusions

The genetic enrichment approach described in this chapter facilitates the generation
of essentially pure cardiomyocyte cultures. Importantly, several groups have already
used the approach in cardiomyocytes (13,19), attesting to both its reproducibility and
relative ease of utilization. Moreover, it is clear that the enrichment protocol works in
other cell lineages, as evidenced by the recent generation of relatively pure cultures of
neurons (20) as well as insulin-secreting pancreatic 3-cells (21). This approach should
thus be useful for generation of a wide variety ES-derived cells suitable for both in
vitro and in vivo applications.

4. Notes

1. Test several types/batches of bacterial Petri dishes to screen for lots that exhibit minimal
EB attachment.

2. Change medium at all stages with care to avoid detachment of differentiating ES cell
clusters.

3. The genetic enrichment approach described above is highly reproducible, relatively
straightforward in nature, and can yield cardiomyocyte cultures in excess of 99% purity.
As indicated in the Introduction, it is well established that ES-derived cardiomyocytes are
highly differentiated. Similarly, molecular, immune cytologic, and ultrastructural analyses
all indicate that genetically enriched cardiomyocyte cultures share these attributes (13).
Moreover, cardiomyocytes from traditional murine ES cultures, as well as those from the
genetically enriched cultures, follow cell cycle withdrawal and terminal differentiation
programs, which are temporally similar to the programs observed during mouse embryonic
development (12). Finally, the cultures can be maintained in vitro for as long as 11 mo
while still retaining spontaneous contractile activity, thereby eliminating most of the
temporal restraints encountered with traditional primary cardiomyocyte cultures.

4. Filter Schiff’s reagent prior to use, bring it to room temperature, and take precautions not
to inhale vapors. Incubations with Schiff’s reagent and subsequent washes during PAS
staining should be performed in the hood.
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Embryonic Stem Cells as a Model for the Physiological
Analysis of the Cardiovascular System

Juyrgen Hescheler, Maria Wartenberg, Bernd K. Fleischmann,
Kathrin Banach, Helmut Acker, and Heinrich Sauer

1. Introduction

Embryonic stem (ES) cells have the potential to proliferate infinitely in vitro in an
undifferentiated and pluripotent state, thereby maintaining a relatively normal and
stable karyotype even with continual passaging. Remarkably, in vivo, ES cells can be
reincorporated into normal embryonic development by transfer into a host blastocyst
or aggregation with blastomere stage embryos. They can contribute to all tissues in the
resulting chimeras including gametes. When cultivated in vitro, ES cells differentiate
under appropriate cell culture conditions, i.e., in the absence of leukemia inhibitory
factor (LIF) into cell types of all three germ layers: endoderm, ectoderm and mesoderm
(1). However, these differentiation processes occur only when ES cells are cultivated
in suspension culture in which they grow to multicellular spheroidal tissues, termed
embryoid bodies (EBs).

In recent years, a large number of different cell types have been described to
differentiate within EBs. These include hematopoietic (2,3) and endothelial cells (4,5),
cartilage (6), neurons (7-9) as well as smooth (10), skeletal (11) and cardiac (12)
muscle cells. The capacity of ES cells to differentiate into cell types of the mesodermal
cell lineage has been extensively used by us and others to investigate the molecular and
physiological events occurring during the process of differentiation into cells of the
cardiovascular system, i.e., cardiac and endothelial cells (4,5,12—17). We have observed
cardiac development within EBs as early as 7 d after formation of the aggregates,
which correlates well with the murine embryo, where the first beating is seen on day
E8.5to E9.5 (i.e., 8.5 t0 9.5 d postcoitum) (18). It was found that the earliest detectable
cardiomyocytes (stage 0) were not beating, but expressed already voltage-dependent
L-type Ca?* channels at low density (15). During the further developmental stages
(stage 1-4), spontaneous contracting activity occurs, and the increasing number of dif-
ferent ion channels causes a diversification of cardiac phenotypes finally leading to the
known specialized cardiomyocytes that are found in the neonatal heart, i.e., ventricular-
like, atrial-like, and sinus-nodal-like, as well as Purkinje-like cardiomyocytes (19,20).
Cardiomyogenesis in EBs is paralleled by the development of vascular structures
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starting on d 5 of differentiation and resulting in the formation of hollow capillary-like
tubules within 3 to 4 d, which improves the supply of nutrients and oxygen to EBs, as
well as its export of catabolic end products (4).

The development of a primitive cardiovascular system giving the EB an embryo-
like organization has raised the idea of using the EB to screen for embryotoxic and
teratogenic agents (21,22). Furthermore, EBs have been recently introduced as a novel
in vitro assay system to study the effectiveness of anti-angiogenic agents, which
have been proven to efficiently inhibit tumor growth in in vitro as well as in vivo
anticancer trials (4). With the recent isolation of ES cells of human origin by Thomson
and coworkers (23), a renewable tissue culture source of human cells capable of
differentiating into a variety of different cell types is available. Their capacity to
differentiate into cardiac and endothelial cells may be potentially useful for tissue
transplantation and cell replacement strategies and may be exploited for the treatment
of infarcted hearts and other cardiac disorders.

Research by use of the ES cell technology requires sophisticated techniques for
tissue cultivation and physiological as well as biophysical cell analysis. In this chapter,
we describe recent advances of our laboratory in cell culture protocols and techniques
for the analysis of the function of the cardiovascular system developed in EBs. We report
on the recently developed spinner flask technique, that allows mass culturing of EBs
with highly synchronized and efficient differentiation of cardiac and endothelial cells.
For the investigation of diffusion processes via the vascular structures differentiated in
EBs, the optical probe technique was elaborated. This technique permits the quantifica-
tion of fluorescent tracers in the depth of the three-dimensional tissue by an optical
sectioning routine based on confocal laser scanning microscopy and a mathematical
algorithm to correct for the attenuation of fluorescence light in the depth of the tissue.
Furthermore, we report on electrophysiological techniques for the characterization
of the differentiation of cardiac cell lineages, i.e., the patch-clamp technique and the
micro-electrode array (MEA) technique. The patch-clamp technique has provided deep
insights into the formation of electrical activity and the underlying ion channels and
signaling cascades during cardiomyogenesis. Whole mount EBs can be plated onto
MEAs, and the electrical signals of the field potentials are recorded over several days
from a multitude of electrodes beneath the spontaneously contracting tissue. The MEA
technique has been proven fruitful for the analysis of action potential propagation, the
characterization of pacemaker activity, the development of intercellular communication,
and the analysis of arrythmia within cardiac cell areas of spontaneously beating EBs
(24,25).

2. Materials
2.1. Maintenance of Mouse ES Cells

1. Complete growth medium (1X stored at 4°C). To 760 mL Iscove’s modified Dulbecco’s
medium (Gibco BRL, Karlsruhe, Germany, cat. no. 42200-048) add: 10 mL Glutamax I
(100X) (Gibco, BRL, cat. no. 35050-038) 10 mL penicillin—streptomycin solution (Gibco
BRL, cat. no. 15070-022) 10 mL minimum essential medium (MEM) nonessential amino
acid solution (100X) (Gibco BRL, cat. no. 11140-035), 100 uM 2-mercaptoethanol (Sigma,
Deisenhofen, Germany, cat. no. M6250), and 200 mL fetal calf serum (FCS) (Gibco BRL,
cat. no. 10270106).
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2. Phosphate-buffered saline (PBS) Ca** and Mg?*-free: 137 mM NaCl, 2.7 mM KCl, 10.1 mM
Na,HPO,, 2 mM KH,PO,, pH 7 4, filter-sterilized.
3. Trypsin-EDTA in PBS (Gibco, BRL, cat. no. 45300-019).

2.2. Spinner Flasks

1. Cellspin stirrer system (Integra Biosciences Fernwald, Germany) equipped with 250-mL
spinner flasks.

2. Sigmacote® solution (Sigma, cat. no. SL-2), stored at 4°C.

3. 5 N NaOH solution.

2.3. Investigation of Fluorochrome Distributions
and Diffusion Coefficients

1. Cell culture medium: to 860 mL Nutrient Mixture Ham’s F-10 medium (Gibco BRL,
cat. no. 81200) add: 10 mL Glutamax I (100X) (Gibco BRL, cat. no. 35050-038), 10 mL
penicillin—streptomycin solution (Gibco BRL, cat. no. 15070-022), 10 mL MEM
nonessential amino acid solution (100X) (Gibco BRL, cat. no.11140-035), 100 uM
2-mercaptoethanol (Sigma, cat. no. M6250), and 100 mL FCS (Gibco BRL, cat. no.
10270106).

2. PBS, Ca?*- and Mg2+-free: 137 mM NacCl, 2.7 mM KCl, 10.1 mM Na,HPO,, 2 mM
KH,PO,, pH 7.4, filter sterilized.

3. El-buffer: 135 mM NaCl, 5.4 mM KCl, 1.8 mM CaCl,, 1 mM MgCl,, 10 mM glucose,
10 mM HEPES, pH 7.4, filter-sterilized.

4. Doxorubicin (Sigma, cat. no. D1515).

2.4. Isolation of Cardiomyocytes from EBs

1. Dissociation buffer: 120 mM NacCl, 5.4 mM KCl, 5 mM MgSO,, 0.03 mM CaCl,, 5 mM Na
pyruvate, 20 mM glucose, 20 mM taurine, 10 mM HEPES, pH 6.9, with NaOH.

2. KB buffer: 85 mM KCl, 30 mM K,HPO,, 5 mM MgSO,, 1 mM EDTA, 2 mM Na,ATP,
5 mM pyruvate, 5 mM creatine, 20 mM taurine, 20 mM glucose, pH 7.2, with KOH.

3. Collagenase B (Boehringer Mannheim, Mannheim, Germany, cat. no. 1088807).

2.5. Patch-Clamp Recording

1. Patch-clamp amplifier, model Axopatch 200A (Axon Instruments, Foster City, CA).

2. Data aquisition software, Iso2 (MFK, Niedernhausen, Germany).

3. Extracellular solution for the recording of I, : 135 mM NaCl, 5 mM KCl, 10 mM CaCl,,
2 mM MgCl,, 5 mM HEPES, 10 mM glucose, pH 7.4, with NaOH.

4. Pipet solution for the recording of I,: 55 mM CsCl, 80 mM Cs,SO,, 2 mM MgCl,, 10 mM
HEPES, 10 mM EGTA, 1 mM CaCl,, 5 mM ATP (Mg), pH 7.4, with CsOH.

5. Amphotericin B (Sigma, cat. no. A4888) solution. Dissolve amphotericin B (7.5 mg) as
stock solution in 125 uL dimethyl sulfoxide (DMSO).

6. Borosilicate glass capillaries with filament (Clark Electromedical Instruments, Reading,
UK, cat. no. GC150TF-10).

2.6. Ca?* Imaging

1. Computer-controlled monochromator (TIL Photonics, Planegg, Germany).

2. Inverted microscope (Axiovert 135M; Carl Zeiss, Jena, Germany) equipped with a 40X
oil-immersion objective (Zeiss), a fura-2 filterblock (TIL Photonics), a 470/525-nm
interference filter, and an intensified charge-coupled device (CCD) camera (Thetha,
Miinchen, Germany).
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3. Software for data recording and analysis, Fucal fluorescence software package (TIL
Photonics).
4. Fura-2,AM, fura-2-free acid (Molecular Probes, Eugene, OR, cat. no. F-1201).

3. Methods
3.1. Mass Culture Techniques for EBs: the Spinner Flask Technique

Routine screening of embryotoxic and/or anti-angiogenic agents, as well as trans-
plantation of organ-specific cells, requires large numbers of EBs differentiated from
ES cells. In most laboratories, the hanging drop method is applied, which was previ-
ously developed by Wobus and coworkers (26), and has been proven useful for the
characterization of the developmental aspects of cardiomyogenesis (27), skeletal (11),
and smooth muscle (10) development, as well as neurogenesis (8). However, this
technique is limited by the low yield of EBs, since a single hanging drop has to be
prepared manually for each EB. To achieve mass cultures of EBs with a high efficiency
of differentiation, a spinner flask culture technique was recently developed in our
laboratory. It was observed that, by using this technique, large amounts of EBs (about
1000/spinner flask) could be cultivated. EBs cultivated in spinner flask culture grew
to a significantly larger size, as compared with cultures of EBs in methylcellulose-
supplemented cell culture medium or cultivation using the liquid overlay technique,
thereby indicating an improved supply with oxygen and nutrients (Fig. 1). The spinner
flask technique proved efficient for the differentiation of cells of the endothelial cell and
the cardiac cell lineage. For the evaluation of the differentiation of the endothelial cell
lineage, EBs were fixed after different times of cultivation and immunostained using
an antibody directed against platelet endothelial cell adhesion molecule (PECAM-1).
It was demonstrated that 100% of EBs differentiated vascular structures with a more
synchronized time course of differentiation as compared to conventional cell culture
protocols (Fig. 2A). The spinner flask technique proved similarly efficient for the
differentiation of the cardiac cell lineage. When EBs were cultivated using the spinner
flask technique and were plated to cell culture dishes after 7 d, approx 90% of the
EBs developed spontaneous beating areas of cardiomyocytes, which were positive for
cardiac-specific contractile proteins (Fig. 2B).

3.1.1. Procedure for Spinner Flask Preparation Prior to the Addition of ES Cells

1. Wash clean spinner flasks with excessive Milli-Q-plus water and dry for 1 h at 60°C.

2. Siliconize spinner flasks by moistening the interior as well as the mallets with Sigmacote.
Excessive Sigmacote is removed from the flasks using a 10-mL glass pipet.

3. Dry the silicon coat in an oven for 1 h at 120°C.

4. Rinse spinner flasks three times with 250 mL Milli-Q-plus water and autoclave subse-
quently.

5. Moisten the interior of the flasks with 20 mL of complete Iscove’s medium prior to the
addition of ES cells; exchange the medium for 125 mL of complete Iscove’s medium.

3.1.2. Procedure for the Cleaning of the Spinner Flask
at the End of the Experiment

After the end of the experiment, the spinner flasks have to be cleaned prior to the
inoculation with fresh ES cells.
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Fig. 1. Growth kinetics of EBs cultivated in either spinner flask culture (O) or Petri dish
suspension culture in normal cell culture medium () or methylcellulose-supplemented medium
(®@). Reproduced with permission from (4).

Remove the old medium with residual EBs and cells.

. Wash the flasks with 70% ethanol and subsequently with 1 L water.

Remove the silicon coat by adding 250 mL 5 N NaOH to the spinner flasks for a maximum
of 12 h.

. Remove NaOH and wash the flasks with at least 5 L water. The interior of the flasks is

thoroughly cleaned with a brush. Subsequently, rinse the flasks with 1 L of Milli-Q-plus
water.

3.1.3. Inoculation of Spinner Flasks with ES Cells

1.

2.

Wash ES cells grown in 6-cm cell culture Petri dishes once with 0.2% trypsin and 0.05%
EDTA in PBS.

Remove the trypsin solution and incubate ES cells for 5 min with 2 mL 0.2% trypsin
and 0.05% EDTA.

. Triturate the cells with a 2-mL glass pipet until the ES cell clusters are dissociated and

a single-cell suspension is achieved (control under a microscope).

Prepare spinner flasks (as described under Subheading 3.1.1.) and seed ES cells at a
density of 1 x 107 cells/mL in 125 mL complete Iscove’s cell culture medium. Stir at
a speed of 20 rotations/minute. The stirring direction is reversed every 1440°.

Add 125 mL Iscove’s complete cell culture medium after 24 h to yield a final volume
of 250 mL.

Exchange 125 mL of the cell culture medium every day.

For the differentiation of cardiomyocytes, EBs are carefully removed from the spinner flask
by the use of 10-mL plastic pipets to avoid any cell injury. They are subsequently plated
to 10-cm cell culture dishes filled with 20 mL complete Iscove’s cell culture medium.
After 24-48 h, spontaneous beating activity of the EBs indicates the differentiation of
cardiac cells.
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Fig. 2. Time-course of endothelial (A) and cardiac (B) cell differentiation in EBs. Endothelial
cell differentiation was evaluated by anti-PECAM-1 immunohistochemistry and confocal laser
scanning microscopy. For cardiac cell differentiation, EBs were cultivated for 7 d in spinner

flasks. They were subsequently plated onto glass coverslips, and the EBs exerting spontaneous
contracting activity were counted.

3.2. Investigation of the Distribution of Fluorescent Molecules
in the 3-Dimensional Tissue of EBs: the Optical Probe Technique

Fluorescent tracers can be used in multicellular tissues to study diffusion processes.
Moreover, fluorescent indicators are generally applied for the evalulation of physi-
ological parameters in cell cultures and tissue slices, e.g., intracellular pH, Ca%*, Mg?*,
Na*, and CI” ion concentrations, nitric oxide, and reactive oxygen species, as well
as the membrane potential. The optical probe technique was recently developed in
our laboratory for the study of the diffusion properties of fluorochromes in thick
biological specimens, the distribution of vital-lethal fluorescence dyes, and fluorescent
anthracyclines, i.e., doxorubicin in the depth of the tissue as well as the fluorescence
distribution of fluorescent ion indicators (28,29). The optical probe technique (see
Fig. 3) is based on confocal laser scanning microscopy and an optical sectioning routine
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Fig. 3. Principle of the optical probe technique. The left side of the diagram shows a scheme
of the objective and confocal laser beam scanning 11 consecutive optical sections (dashed lines)
starting from the center of a doxorubicin-stained spherical multicellular tissue and moving towards
the periphery. The mean field fluorescence intensity is determined in ROIs of about 600 um? in
the center of each optical section (traced squares). The right side of the diagram shows tracings
of fluorescence values plotted vs the penetration depth of the laser beam in either densely
packed cell pellets (open squares) or the spherical multicellular tissue (open triangles). The
numbers following the tracings of fluorescence in the depth of the tissue denote the sequence of
optical sections. The fluorescence distribution coefficient D = I/, was calculated as the ratio of
fluorescence intensity I in a discrete depth from the periphery of the spheroid and the fluorescence
intensity I,; obtained equidistantly in the densely packed cell pellet. Note that optical sectioning
starts in the center of the multicellular object. Reproduced with permission from (28).

and allows the determination of fluorescence distributions in the tissue down to a depth
of approximately 300 um. A mathematical algorithm was elaborated, which corrects
for light absorbtion and scattering, and allows the quantification of fluorescence in the
depth of a 3-dimensional tissue. By use of the optical probe technique, we recently
determined the diffusion coefficients of the fluorescent anthracycline doxorubicin in
the vital tissue of vascularized EBs, in EBs treated with anti-angiogenic agents, and
in avascular tumor spheroids (4,30).

3.2.1. Dissociation of Single Cells from EBs and Multicellular Tumor Spheroids
and Production of Densely Packed Cell Pellets

1. Wash either EBs or multicellular tumor spheroids in PBS and place the tissues in a Petri
dish containing 1 mL 0.2% trypsin and 0.05% EDTA in PBS.

2. Incubate the objects for 10 min at 37°C and agitate every 30 s.

3. Triturate the tissues with a 1-mL Eppendorf pipet and stop the enzymatic reaction by
addition of 4 mL fresh cell culture medium.

4. Centrifugate at 80g for 5 min and resuspend the cells in cell culture medium.

5. For the preparation of densely packed cell pellets, incubate the dissociated cells for 4 h in
bicarbonate-buffered F10 medium supplemented with 10% FCS at 37°C.

6. Triturate the cells and incubate for 2 h with different concentrations of the respective
fluorescence dye ranging from 2—60 uM.
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7. After dye loading, wash the cells 3 times in serum-free HEPES-buffered F10 medium.
8. Centrifugate for 10 min at 80g and store the cell pellets at room temperature prior to
examination.

3.2.2. Determination of Fluorescence Distribution Coefficients

1. Stain either EBs or tumor spheroids for 1-2 h with the respective fluorescence dye. Wash
the culture objects in E1 buffer and transfer them in a liquid vol of 300 uL on 24 x 60
mm coverslips to the stage of an inverted confocal laser scanning microscope (LSM 410;
Carl Zeiss, Jena, Germany).

2. Adjust the motor commands of the stepper motor of the confocal setup to steps of 10 um
in z-direction. Adjust the pinhole settings of the confocal setup to achieve a full-width
half-maximum of 8 um.

3. Select a 25X oil-immersion corrected objective (Plan-Neofluar; Carl Zeiss) with a
numerical aperture of 0.8.

4. Perform single x-y-scans in selected regions of interest (ROIs) in the center of the spherical
objects and move in 10 um steps to the periphery of the object. The area of the ROIs is
selected to 600 um? (40 x 40 pixel). Each ROI is scanned once in 0.064 seconds. A whole
z-series of 16 ROIs is achieved in approx 7 s, the convolution time of the stepper motor
thereby being the rate limiting step.

5. Determine the mean field intensity of the fluorescence signal in each ROI and plot the
fluorescence intensity data as a function of the penetration depth of the laser beam in the
tissue (see open triangles in Fig. 3).

6. In order to correct the measured fluorescence intensity traces for fluorochrome and depth-
dependent light absorption and scattering, determine attenuation coefficients C using
homogenously stained densely packed cell pellets (see open squares in Fig. 3). This results
in a fluorescence distribution coefficient D = I/I,, which is calculated as the ratio of
fluorescence intensity I, at a discrete depth from the periphery of the spheroid, and
the fluorescence intensity I, obtained equidistantly in the densely packed cell pellet.
The distribution coefficients become D = 1, when the tissue is homogenously stained,
comparable to the situation in the densely packed cell pellet. When the tissue is less stained
or unstained, the distribution coefficient shows values lower than 1. In heterogenously
stained samples the coefficient D differs in every optical section z.

3.2.3. Correction Procedure for Light Attenuation in the Depth of the Tissue

The correction for light attenuation within multicellular tissues loaded with doxoru-
bicin is performed using the following algorithm:

In (I,,,) = In (I) + C*D(z2)*z

where I, is the fluorescence intensity after correction for light attenuation in a discrete
depth z within the fluorochrome containing specimen, and I is the fluorescence intensity
before correction. The fluorescence distribution coefficient D(z) = I/, is obtained by
dividing the measured fluorescence intensity I at a discrete depth z of the laser beam in
the tissue by the respective intensity value I, in the calibration function, i.e., the light
attenuation function of the densely packed cell suspension. D ranges between 0 and 1.
It approximates 1 in homogenously stained cell layers (I = I.,}) and approximates O
where consecutive optical sections reach unstained cell layers.
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Fig. 4. Diffusion coefficients D for doxorubicin as evaluated by the optical probe technique.
(A) Diffusion coefficients for doxorubicin were determined in 3-d-old avascular EBs, 8-d-old
vascularized EBs, and 8-d-old EBs treated with antiangiogenic agents. (B) Diffusion coefficients
for doxorubicin were determined in 8-d-old avascular multicellular prostate tumor spheroids
(control) and 8-d-old spheroids treated with antiangiogenic agents. Reproduced with permission
from (4).

3.2.4. Evaluation of Dynamic Processes of Fluorochrome Distribution:
Use of the Optical Probe Technique for the Study of Diffusion

By use of the optical probe technique, diffusion processes of fluorescent molecules
in 3-dimensional tissues can be determined, and diffusion coefficients can be calculated
from these data. We have recently used this approach to determine the diffusion
coefficients for doxorubicin in the vascularized tissue of EBs and EBs treated with anti-
angiogenic agents, and for comparison in the avascular tissue of multicellular tumor
spheroids (4,30) (Fig. 4). For diffusion studies, EBs and multicellular tumor spheroids
are incubated at room temperature for 10, 30, and 60 min with 10 uM doxorubicin.
They are then washed, and doxorubicin fluorescence is determined by the optical probe
technique as described in Subheading 3.2.4. The time-dependent fluorescence increase
is recorded in a depth of 80 um from the spheroid periphery.
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For the determination of diffusion coefficients, the doxorubicin distribution is evalu-
ated by use of the optical probe technique after a 60-min incubation with doxorubicin.
From the maximal diffusion distance of doxorubicin fluorescence from the tissue
periphery, diffusion coefficients are calculated according to the Einstein-Smoluchovski
equation: D = x%/2t, where D is the diffusion coefficient, x is the maximal diffusion
distance of doxorubicin from the spheroid periphery, and t is the diffusion time of
60 min.

3.3. The Patch-Clamp Technique and Ca?* Imaging
for the Single-Cell Analysis of Cardiomyocytes

One distinct advantage of the investigation of ES cell-derived cardiomyocytes is
that, unlike in mammal-derived embryonic cardiomyocytes, their functional phenotype
can be investigated starting from very early stages of cardiomyogenesis (14,20). Using
patch-clamp as well as single-cell Ca?* imaging techniques allows, for the first time, the
ability to characterize the correlation between ion channel expression and the electrical
activity of early embryonic cardiomyocytes. Thus, by using these techniques not only
the detailed development-dependent expression of ion channels could be described,
but also their possible involvement in the determination of action potential shape
and electrical activity (19). This also enables the functional characterization of
cardiomyocytes deficient in genes (i.e., p1 integrin) (31), thus resulting in early
embryonic death.

Because ion channels can be used as sensitive tools for the analysis of signaling
cascades (32,33), we have used in our studies the voltage-dependent L-type Ca>*
current (Ic,) as well as the hyperpolarization-activated nonselective cation current (Iy)
to investigate the establishment of various signaling cascades, in particular muscarinic
and B-adrenergic regulation (see Fig. 5). These studies demonstrate that the inhibitory
muscarinic regulation is present starting from early stages (stage 0 to 1), whereas
the B-adrenergic regulation is becoming only fully established at later stages (stage 3
to 4) of development (16,17,34), which is similar to findings in mammals (35).
Furthermore, we could also identify a development-dependent switch in the muscarinic
signaling cascade (16). These studies are particularly interesting because pathologically
transformed cells can recapitulate their embryonic phenotype.

To successfully perform these physiological experiments on isolated cells, however,
cell cultivation, as well as isolation procedures, need to be well established to provide
appropriate cell quality. In addition, because within the EB all different cell types are
generated, it is mandatory to have clear criteria to identify the cell type of interest or
to alter cell culture conditions for the preferential generation of one tissue type, as
shown for neuronal differentiation (36). In the past, spontaneously beating cells were
recognized as cardiomyocytes (19) and used for patch-clamp experiments. However,
this approach excluded from the analysis cardiomyocytes prior to the initiation of
beating and also differentiated ventricular cardiomyocytes known to lack spontaneous
electrical activity (19). We have, therefore, established stably transfected ES cell lines,
in which the expression of live reporter genes, such as the enhanced green fluorescent
protein (EGFP), is under control of a tissue-specific promoter, allowing recognition of
the cells of interest based on their fluorescence under excitation light (15).
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Fig. 5. Basal I, was strongly depressed upon application of the muscarinic agonist carbachol
(CCh, 1 uM) in early development stage cardiomyocytes (Aa, Ab), whereas no effect of CCh
on basal I, was detected in late stage cardiomyocytes (Ba, Bb). In contrast, the time course of
I, amplitude in a late stage cell shows that isoprenaline (0.1 uM) strongly stimulates I,, and
CCh (1 uM) depresses I, (C). I, was evoked by applying 20 ms lasting depolarizing voltage
steps to 0 mV from a holding potential of —50 mV. Reproduced with permission from (16).

While electrophysiological experiments have been performed on isolated ES cell-
derived skeletal muscle cells (11), smooth muscle cells (10), and neurons within
the whole EB (9), we will focus on cardiomyocytes, because most data have been
accumulated on this topic.

3.3.1. Isolation of Cardiomyocytes from EBs

Cardiomyocytes are derived from pluripotent ES cell lines (i.e., D3;R1). EBs are
generated by cultivating the ES cells first for 2 d in hanging drops (400 cells/20 uL), then
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for 5 d in suspension, and finally plated for 1-15 d on gelatin-coated glass coverslips.
About 12-24 h after plating, spontaneously contracting cell clusters appear.

1. For the preparation of isolated cardiomyocytes, dissect beating areas of 20—-30 EBs under
the microscope using a microscalpel.

2. Disperse the tissue by enzymatic digestion using collagenase B (0.5—-1 mg/mL dissolved

in dissociation buffer) (see also refs. 19,37).

Sediment the digested tissue by gravity and remove the supernatant.

Resuspend cells in 200 uL KB buffer and incubate for 1 h at 37°C.

Triturate the tissue until a homogenous cell suspension is achieved.

Plate the cell suspension onto gelatine-coated glass coverslips in 24-multiwell dishes filled

with cell culture medium and store in an incubator. Within the first 12 h, cells attach to

the glass surface. Ideally, the isolated cells are functionally characterized 24—48 h after

dissociation (see Note 1).

AR

3.3.2. Patch-Clamp Recording

ES cell-derived cardiomyocytes are well suited for electrophysiological experiments
since they are small (cellular capacitance ranging between 10-25 pF) and lack the
T-tubular system at least during early stages (39). This leads to an improvement of the
quality of voltage clamp conditions and facilitates intracellular dialysis. Moreover, upon
appropriate enzymatic dissociation, gigaohm-seals are relatively easily obtained even
without fire-polishing the pipet tip. In order to preserve the biophysical characteristics
and the function of the ion channels of interest, it is recommended to perform the
experiments at a temperature of 35-37°C. The pipets are made on a DMZ Universal Puller
(DMZ, Miinchen, Germany) from 1.5-mm borosilicate glass capillaries with filaments
yielding a resistance between 2—4 MQ. The composition of the different recording
solutions varies in dependence of the ion channel of interest. For the recording of I,
the solutions described in Subheading 2.5. are used. The series resistance reaches a
steady-state level of 10—20 M within 5—15 min after obtaining the gigaohm seal. For
the recording of I, voltage-clamped cells are held at =50 mV, and trains of depolarizing
pulses lasting 20 ms are applied to a test potential of 0 mV at a frequency of 0.2 Hz (see
Note 2). Current—voltage (I/V) relationships are determined by applying 150 ms lasting
depolarizing voltage steps from test potentials of —40 mV to +40 mV in 10-mV steps.

3.3.3. Ca®* Imaging

For the recording of changes in the intracellular Ca®>* concentration of ES cell-
derived cardiomyocytes, different approaches can be taken. Our group has had good
experience with single-cell Ca?* imaging techniques using a monochromator as the
fluorescence excitation source. For the exclusion of movement artifacts, we have
preferentially used the ratiometric dye fura-2 (41).

1. Load cardiomyocytes on coverslips either with fura-2-acid (50 uM, equilibration after
3-5 min dialysis) via the patch-pipet or with the cell permeate form fura-2,AM (1 uM)
for 12—15 min at 37°C in cell culture medium. In case organelle loading is observed,
fura-2,AM loading at room temperature for about 30 min is recommended.

2. Transfer the coverslips to a temperature-controlled recording chamber and superfuse for
10 min by gravity at a rate of 1 mL/min with extracellular solution (see Subheading 2.5.).
A 90% volume exchange should be achieved within approx 10 s.
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3. For monitoring changes of the intracellular Ca** concentration ([Ca®*];) use oil immersion
objectives, preferentially 40X. Monochromic excitation light (340, 380 nm) is generated
by the monochromator at a frequency of 50 Hz. The emitted fluorescence is imaged
through a 470-nm interference filter using an intensified CCD camera connected to the
TV port of the microscope. Fluorescence images (50—100 ms exposure time) are acquired
at different rates.

4. For conversion of the ratiometric data into (Ca?*),, in situ calibration is performed
according to Grynkiewicz (41). R, is obtained in the presence of ionomycin and 10 mM
Ca®, and R, is in the presence of excess EGTA. Representative values are determined
in a series of experiments and these average values are used to calculate [Ca®*];. Average
values used for R, ., Ryin, and F380,,,,/F380,,, are 4.3, 0.44, and 3.94, respectively, for
embryonic stem cells, and 2.18, 0.33, 3.57, respectively, for EBs and the dissociation
constant is assumed to be 224. When changes of [Ca?*]; during spontaneous contractions
are monitored, fast acquisition rates (50—100 Hz) are required for temporal resolution. To
avoid dye bleaching at these high acquisition rates, we have used neutrodensity filters or
defocusing of the excitation light source.

3.3.4. Experiments Using Intracellular Dialysis of Various Substances

For the investigation of the modulation of ion channels and/or the functional expres-
sion of inositoltriphosophate (IP5)-sensitive Ca* stores, substances such as cAMP,
cGMP, protein kinase inhibitor, catalytic subunit of protein kinase A, GTP-y-S, as well
as IP; are added to the patch pipet. After obtaining a gigaohm seal, the modulation,
for example, of I, or I; can be monitored separately or in combined voltage protocols
using appropriate solutions (16,17). In order to observe changes occurring during
intracellular dialysis with the above mentioned substances, it is mandatory to initiate
current recordings immediately upon obtaining the whole cell conformation.

When changes of [Ca?*]; are monitored while dialyzing the cell with fura-2-acid,
excitation wavelengths of 360/390 nm are used. The ensuing changes of the dye
concentration are taken into account by monitoring the fluorescence emission intensity
at the isobestic wavelength (360 nm), which is independent of [Ca®*], (41).

3.4. MEAs to Monitor the Development of Excitability
in Clusters of Cardiomyocytes Differentiating from ES Cells

MEAs find broad application in the study of excitable multicellular preparations.
In rat hippocampus slice preparations, local field potentials and spike measurements
allow the analysis of network activity with high spatiotemporal resolution (42). It
enables a tissue-dependent description of long-term potentiation or the long-term
effect of drug application.

Different techniques were applied up to now to describe the excitation spread in
preparations of cardiac muscle cells. Rohr and coworkers (43), for example, examined
the excitation spread in monolayer cultures of neonatal cardiomyocytes on a cellular
level by the help of voltage-sensitive dyes and multisite optical mapping. With this
approach, they analyzed the dependence of excitation spread on tissue geometry and
excitability (44). In whole organ preparations (45), excitation spread can be monitored
by optical mapping, thereby resolving the involvement of the cardiac structure in the
occurrence of arrhythmia or reentrant phenomena.
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In the approach described in this chapter, an in vitro system is used to differentiate
ES cells into beating clusters of cardiomyocytes and cultivation on substrate-integrated
microelectrodes allows for the long-term recordings on a single preparation. Electro-
physiological studies on single cells isolated from these clusters of cardiomyocytes
(19,24) could demonstrate that the cells express ion channels characteristic for cardiac
muscle cells. The action potentials recorded with the current clamp technique correlate
with those described for sinus node, atrium, or ventricle, underlining the ability of
ES cells to differentiate into various tissue forms (27). Cultivation of the ES cells on
MEAs will enable us to combine long-term culture of differentiating cardiomyocytes
with the characterization of their electrical activity.

3.4.1. Tissue Culture

In culture, ES cells are maintained on feeder layers with the addition of LIF. For the
preparation of EBs, a cell suspension is prepared and then cultivated in hanging drops
as described previously (26). After 2 d, the drops are washed off the lid of the culture
dish, and the 3-dimensional cell aggregates are maintained in suspension for another
5 d. A schematic drawing of the cultivation steps is shown in Fig. 6. After 7 d, the
EBs are transferred into the culture dishes containing the MEA recording system. The
culture dishes are filled with Iscove’s medium, and, by careful manipulation with a pipet,
the EBs are placed in the middle of the electrode array. After 1 d of incubation, the EBs
attach to the bottom of the dish and start to grow out, they form a 3-dimensional tissue
layer on top of the electrodes. At d 9, spontaneously beating areas of cardiomyocytes
can be observed, and field potentials can be recorded.

3.4.2. Electrophysiological Recording by Using MEAs

We use the recording system of Multi Channel Systems (Reutlingen, Germany),
which consists of electrode arrays integrated in a culture dish, a heated recording
system, a pre- and filter-amplifier, an A/D board (MC_Card), and a computer program
(MCRack) for the acquisition and analysis of data.

The MEA consists of 60 substrate-integrated Ti/TiN electrodes with a diameter
of 30 wm, arranged in an 8 x 8 array with an interelectrode spacing of 200 um (see
Fig. 6). The array is integrated in a reusable culture dish with an insulating cover of
silicon nitrite. The system can be used for recordings from acute tissue preparations as
well as for long-term culture. The data are sampled (up to 50 kHz) and can be analyzed
on-line from all 60 channels with a PC-based acquisition system (MC_Rack).

3.4.3. What Do We Learn from MEA Recordings?

The MEA electrodes record a field potential that reflects the electrical activity of
the cluster of cells growing on top of the electrode. Action potentials can be detected
as negative spikes. In Fig. 7 on the left, original voltage traces, representing a 2-s
recording from cardiomyocytes, differentiated from ES cells can be seen. Each voltage
trace represents the recording from one microelectrode. A large area of spontaneously
active cells covered the electrode field. Corresponding to the location of this area,
electrical activity could be detected on almost 3/4 of the electrodes. Two areas with
distinct beating frequencies can be distinguished. By the analysis of the delay in the
occurrence of the spike at the different electrodes, the direction of excitation spread can
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Fig. 6. Cultivation of ES cell in the hanging drop technique. After 7 d of differentiation in the
3-dimensional embryo-like structure of the EB, the EBs are plated for further differentiation. On
the lower left, the MEA is shown with additional magnification of one single Ti/TiN electrode.
Besides using the whole 3-dimensional tissue for MEA analysis, differentiated cardiomyocytes
can be dissociated and used for patch-clamp analysis.

be determined. The origin of excitation, as well as the direction of excitation spread,
is stable in the differentiated clusters of cardiomyocytes. Moreover, Igelmund and
coworkers (25) could show that failures of propagation occur at narrow tissue pathways
and by the Ca?* channel blocker nimodipine.

On the left side of Fig. 7, the original voltage trace of one electrode is magnified.
The different components of the spike, representing the excitation or action potential of
the cells covering the electrode can be seen. By the application of specific ion channel
blockers, the different components of the spike can be characterized. Whereas the
negative spike amplitude depends on the voltage-dependent Na* current, the duration
of the spike plateau can be modulated by Ca?* and K* channel blockers. The careful
characterization of the signal will allow us to determine the effect of pharmacological
agents on multicellular preparations of cardiomyocytes at the ion channel level. Besides
the analysis of wild-type cells, the ES cell technique also allows us to examine cells
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Fig. 7. Electrical activity recorded from cardiomyocytes differentiated from ES cells. On the
right, original voltage traces recorded with the MEA system are shown. Each trace represents the
recording from one microelectrode. On the left, a voltage trace is shown in higher magnification.
The different components of the spike, like the maximum negative and the following maximum
positive deflection, can be identified. These two components determine the plateau length
of the spike.

that are genetically manipulated. In this way, we could also follow up the development
of beating clusters of cardiomyocytes that are homozygous negative for the expression
of Connexin 43, which is the major gap junction protein of ventricular muscle cells.
These experiments are of special interest, since homozygous mice of this type are
not viable (46).

Since the MEA system is noninvasive, the cells in culture are not damaged by the
experimental procedure. This enables us to follow up a single culture for several days
and weeks and to monitor the excitability and excitation spread under developmental
aspects or under the long-term influence of pharmacologic agents. Therefore, the ES
cells in combination with the MEA provide an ideal system for the description of
excitability and excitation spread in 3-dimensional preparations of cardiomyocytes.

3.5. Conclusion

There is an increasing number of techniques to evaluate the fundamental properties
of ES cells differentiating within EBs. It should be mentioned that the functional
analysis of differentiating ES cells is of increasing importance, since functionally
intact cells are needed in approaches that use organotypic cells derived from ES cells
as a source for cell or tissue transplantation. Scientific emphasis should, therefore,
be drawn, not only on cell culture protocols that yield specific cell lineages with
reproducible efficiency, but also on the basic physiological characterization of the ES
cell-derived organotypic cells.

4. Notes

1. Since the functional characteristics of the isolated cardiomyocytes critically depend on their
differentiation stage, the time after plating defines the stage of the development of the cells
(for detail see ref. 38). For the preparation of very early stage (stage 0—1) cardiomyocytes,
cells are plated for 2 d, for early stages 3 to 4 d and for the differentiated stage in which
cells display action potentials typical of nodal-, atrial-, or ventricular-like cardiomyocytes,
a plating time of 9-15 d is required. Although after longer plating times, cardiomyocytes
can be still detected, enzymatic dispersion is increasingly complicated by the accumulation



ES Cells to Study the Cardiovascular System 185

of interstitial tissue requiring longer digestion periods with collagenase. This results in a
significant deterioration of cell quality and poorer quality of electrophysiological data.
Under the above described conditions, pronounced run-down of I, is observed. We have,
therefore, used the perforated patch-clamp technique (40) using amphotericin B. The
pipet is backfilled with amphotericin B containing intracellular solution, and the pipet
tip is shortly put into amphotericin-free intracellular solution. The final concentration of
amphotericin B in the pipet solution is 1 mg/mL.
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Isolation of Lineage-Restricted Neural Precursors
from Cultured ES Cells

Tahmina Mujtaba and Mahendra S. Rao

1. Introduction

Embryonic stem (ES) cells are derived from undifferentiated cells present at the
inner cell mass at the blastula stage of development (1,2). In the normal course of
development, these cells give rise to the primitive ectoderm, which in turn gives rise
to the ectoderm, mesoderm, and endoderm through the process of gastrulation. Under
the influence of the mesoderm, the midline ectoderm differentiates into the nervous
system (3). Undifferentiated epiblast cells can be obtained from dissociated blastulas
and cultured on mitotically arrested mouse embryonic fibroblast feeder layers and/or in
the presence of the cytokine leukemia inhibitory factor (LIF). The epiblast cells expand
and give rise to colonies of stem cells that are undifferentiated, nontransformed, have
stable diploid karyotype and can proliferate indefinitely. They can integrate within
blastocysts or with morulas to generate chimeric animals (4). These cell lines, called
ES cells, are pluripotent and generate all embryonic derivatives including germ cells
(except the trophoblast—placenta). Similar cells can also be generated from primordial
germ cells (PGC) present in the fetus. Though the initial culture conditions are
slightly different, the resulting stem cells, termed embryonic germ (EG) cells are
indistinguishable from ES cells in most of their properties (5,6).

ES cells grown in the absence of LIF on nonadhesive substrates form embryoid
bodies (EBs), i.e., ball-like multicellular aggregates. If the aggregates, after a few days
in culture, are plated onto adhesive substrates, they give rise to multiple cell types,
which include muscle-like, neuron-like, and hematopoietic-like cells (2,7-9). This
suggests that the pathways instituted during normal development can be mimicked to
some extent in vitro and allows access to early precursor populations normally found
during development. The idea that ES cells can be used as a reservoir of cells from
which differentiated cells can be harvested as required has been validated in rodent
models. Several groups have shown that cell surface markers (10), manipulation of
culture conditions (11), or utilizing tissue-specific promoters (12) can be used to isolate
neural stem cells or more restricted precursors. Recently, oligodendrocyte precursor
cells, isolated from ES cells, have been shown to be functionally useful in a rat model
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of demyelination (13). McKay and colleagues (11) have manipulated culture conditions
to isolate multipotent stem cells from ES cell cultures, and Li and colleagues (12) have
used an elegant selection strategy to isolate neural precursor cells.

In this chapter, we describe methods for isolating neural precursor cells from ES
cell cultures.

2. Materials

All reagents and materials in ES cell culture must be sterile. All culture medium
supplemented with growth factors should be used within 2 wk of preparation or as
stated otherwise.

2.1. Feeder Layers Culture

1. Mouse fibroblast line STO (ATTC, accession no. CRL-1503).

2. STO fibroblast media (SFM) store at 4°C). The following obtained as stock solutions are
added to Dulbecco’s modified Eagle media (DMEM) (Gibco BRL, cat. no. 10564) to give
final indicated concentrations: 10% fetal calf serum (FCS), 1% pen—strep.

3. Feeder layer media (FM) store at 4°C). The following are added to DMEM to give a final
concentration of the following: 10% FCS, 1% pen—strep (Gibco BRL, cat. no. 15070-063),
1 ug/mL mitomycin C (Sigma, cat. no. M-4287) (see Note 1).

4. Passaging cells: phosphate-buffered saline calcium- and magnesium- free (PBS-CMF),
pH 7.4, trypsin (0.05% trypsin and 0.53 mM EDTA).

5. Freezing media: 90% SFM media, 10% dimethyl sulfoxide (DMSO) (Sigma, cat. no.
D2650).

2.2. Undifferentiated ES Cells

1. ES-D3 cell line (ATCC, accession no. CRL-1934). J1, CJ7, and R1 cell lines have also
been used with similar results (see Note 2).

2. ES cell media (ES media) store at 4°C. The following are added to DMEM to give the final
indicated concentrations: 20% fetal bovine serum (FBS), 0.1% 2-mercaptoethanol (Sigma,
cat. no. M-3148), 1000 U/mL LIF (Gibco BRL, cat. no. 13310-016), 1% pen—strep.

3. Gelatin-coated tissue culture dishes: prepare 0.1% (w/v) solution of gelatin (Type A;
Sigma cat. no. G-1890) in distilled water. Incubate the dishes for 1 h at room temperature,
aspirate the gelatin, and rinse with medium once before use.

4. Freezing media: 90% ES media plus 10% DMSO.

2.3. Formation of EBs

1. ES media: as described in Subheading 2.2.

2. Neuroepithelial stem cell (NEP) basal media (store at 4°C): add the following to
DMEM/F12 (Gibco BRL, cat. no. 11320-033) to the final indicated concentrations: B27
(50X stock) (Gibco BRL, cat. no. 17504-010), N2 (100x stock) (Gibco BRL, cat. no.
17502-014), 1 mg/mL BSA (Sigma, cat. no. A-2153), 20 ng/mL fibroblast growth factor-2
(FGF-2) (PeproTech, cat. no. 100-B). The FGF-2 solution is made without the addition
of heparin, 1% pen—strep.

3. Fibronectin-coated tissue culture dishes: make 20 wg/mL Fibronectin (Sigma, cat. no.
F-1141) solution in distilled water. Coat the dishes with fibronectin and leave overnight at
4°C. Rinse the dishes with medium once before use.
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2.3.1. For Isolation of ES-Derived Neuron-Restricted Precursors
and Glial-Restricted Precursors by Immunopanning

1.

8.

NEP basal media: as described in Subheading 2.3. with the following additional supple-
ments for neuronal-restricted precursors (NRPs): neurotrophic factor-3 (NT-3) (20 ng/mL)
and FGF-2 (10 ng/mL, in addition to the 20 ng/mL that is present in the basal medium) and
FGF-2 (10 ng/mL) alone for glial-restricted precursors (GRPs).

100-mm Bacteriological Petri dishes.

. Coating antibody: anti-mouse IgM unlabeled (Southern Biotechnology, cat. no. 1020-01):

make 10 ug/mL solution of the antibody in 50 mM Tris-HCI, pH 9.5.

PBS-CMF.

Cell scrapers.

Embryonic neural cell adhesion molecule (E-NCAM) hybridoma supernatant (Develop-
mental Studies Hybridoma Bank), A2B5 hybridoma supernatant (Developmental Studies
Hybridoma Bank).

Poly-L-lysine-laminin-coated tissue culture dishes: coat the culture dishes with 15 ug/mL
solution of poly-L-lysine (Sigma, cat. no. P-1274) (make up the solution in distilled water
and store at 4°C) for 30 min to 1 h at room temperature. Remove the poly-L-lysine, rinse
the dish once with distilled water, and incubate with laminin (20 ng/mL in distilled water;
Gibco BRL, cat. no. 23017-015) overnight at 4°C. Rinse the dishes with medium once just
before plating the cells (see Note 3).

Fibronectin-coated dishes: as described in Subheading 2.3.

2.3.2. Magnetic Bead Sorting

w

® NNk

9.

. Magnetic cell separators, such as Mini/MidiMACS (Miltenyi Biotec, 425-01).

Positive selection column MS*/LS* column (Miltenyi Biotec, cat. no. 422-01/424-01).
Buffer 1 (elution buffer): PBS-CMF, pH 7.2, supplemented with 0.5% bovine serum
albumin (BSA) and 2 mM EDTA.

Buffer 2 (blocking buffer): PBS-CMF, supplemented with 1% BSA.

Primary antibodies: E-NCAM and A2BS.

Rat anti-mouse IgM microbeads (Miltenyi Biotec, cat. no. 473-02)

0.02 mM EDTA-Hank’s balanced salt solution (HBSS): to dissociate the cells.
Poly-L-lysine—laminin double-coated dishes for NRPs and GRPs.

Fibronectin-coated dishes: as described in Subheading 2.3., step 3.

2.3.3. Maturation of ES-Derived NRPs

1.

2.

NEP basal media: as mentioned in Subheading 2.3., except FGF-2 is omitted from the
media.

All-trans retinoic acid (RA) (Sigma, cat. no. R-2625) light sensitive, store at —20°C): Prepare
a 1000X stock solution in 95% ethanol. Add the stock solution directly to the culture medium
to obtain a final concentration of 1 uM. The shelf life of the stock solution is 10 d.

. Poly-L-lysine—laminin double-coated dishes: prepare the dishes as described in Subhead-

ing 2.3.1.

2.3.4. Maturation of ES-Derived GRPs

1.
2.

NEP basal media: As described in Subheading 2.3.
Platelet-derived growth factor BB (PDGF) (Upstate Biotechnology, cat. no. 01-305): make
5 ug/mL of stock solution in 10 mM acetic acid containing 1 mg/mL BSA for maximum
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recovery. Store the stock solution as single use working aliquots at —20°C. Add the stock
solution directly to the culture medium to get a desired concentration of 10 ng/mL. The
shelf life of the stock solution is 1 yr at —20°C.

3. 3,3,5-Triiodo thyronine (T3) (Sigma, cat. no. T-6397): Make 20 ug/mL stock solution in
DMEM. Store the stock solution at —20°C. Use at a final concentration of 30 ng/mL.

4. FBS (Gibco BRL, cat. no. 26140-079): use 10% FBS to induce astrocytic differentiation.
Serum quality is critical for ES cells and varies from lot to lot. Test different serum lots
by running several experiments in parallel and ordering in bulk the most suitable sera lot.
Serum can be stored as working aliquots for a period of up to 2 yr at —20°C.

5. Ciliary neurotrophic factor (CNTF) (PeproTech, cat. no. 450-50): make 5 ug/mL stock
solution and store as single use working aliquots at —20°C. Add the stock solution directly
to the culture dish to get the desired concentration of 10 ng/mL. The shelf life of the stock
solution is 3 mo at —20°C.

6. Poly-L-lysine—laminin double-coated dishes: prepare the dishes as described in Subhead-
ing 2.3.1.

2.4. For Inmunocytochemistry

1. Primary antibodies

a. E-NCAM, A2B5, 04 (Chemicon, cat. no. MAB345), galactocerebroside (Gal-C)
(Boehringer Mannheim, cat. no. 1351 621).

b. B-III Tubulin (Sigma, cat. no. T-8660), microtubule-associated protein-2 (MAP-2)
(Sigma, cat. no. M-4403), neurofilament-150 (Chemicon, cat. no. AB1981), polyclonal
glial fibrillary acid protein (GFAP) (DAKO, cat. no. Z-0334) (see Note 4).

¢. Gamma amino butyric acid (GABA) (Signature Immunologics, cat. no. YY 100), GAD
(Chemicon, cat. no. AB 108), Glycine (Signature Immunologics, cat. no. G 100).

2. Secondary Antibodies:

a. Goat anti-mouse IgM ((fluorescein isothiocyanate [FITC], cat. no. 1020-02, or tetra-
methylrhodamine isothiocyanate [TRITC]-conjugated, cat. no. 1020-03, from Southern
Biotechnology).

b. Goat anti-mouse IgG (FITC, cat. no. 115-096-062 or TRITC-conjugated, cat. no.
115-026-062, from Jackson ImmunoResearch). [gG1 (FITC, cat. no. 1070-02, or TRITC-
conjugated, cat. no. 1070-03, from Southern Biotechnology) and IgG2b (FITC, cat. no.
1090-02, or TRITC-conjugated, cat. no. 1090-03, from Southern Biotechnology).

c. Goat anti-rabbit IgG (FITC, cat. no. 4030-02, or TRITC-conjugated, cat. no. 4030-03,
from Southern Biotechnology).

d. Horseradish peroxidase (HRP)-conjugated goat anti-mouse IgG (cat. no. 115-036-062,
from Jackson Immunochemicals).

e. Peroxidase substrate kit diaminobenzidine tetrahydrochloride [DAB] (cat. no. SK-4100,
from Vector Laboratories) (see Note 5).

3. Blocking Buffer To PBS-CMF, add the following to give the final indicated concentrations:

0.1% Triton X-100, 1 mg/mL BSA, 5% goat serum (see Note 6).

4. Fixatives

a. 4% Paraformaldehyde in phosphate buffer (see Note 7).

b. Glutaraldehyde fix: make 2.5% glutaraldehyde (G-5882, grade 1; Sigma) in 1%
paraformaldehyde solution. The solution can be kept for 15 d at 4°C. This fixative is
used for small molecules, for example neurotransmitters (see Note 8).

3. Methods

The stem cells are grown exclusively on feeder layers of mitotically inactive
fibroblasts. The most commonly used are mouse embryonic and STO fibroblasts. The
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cells can be rendered mitotically inactive either by exposure to gamma irradiation or
mitomycin C treatment (for more details on feeder layers see ref. 14).

3.1. Routine Culture of STO Fibroblasts

STO fibroblasts have simple growth requirements and are easy to grow.

1.

3.1.

. Aspirate the medium from confluent STO cells and replace the medium with the freshly

Thaw out the ATCC vial and plate the cells on 10-cm tissue culture dishes (Falcon) in
10 mL of SFM. Within 2 d, the dishes should be confluent. Ideally, one 10-cm dish yields
around 6-8 x 106cells.

. Aspirate the medium and wash the cells once with 5 mL PBS-CMF.
. Add 3 mL of trypsin-EDTA and incubate the dish at 37°C for 5 min. Neutralize the trypsin

with medium containing 5% FCS. Vigorously triturate the cells by pipetting up and down
to get single-cell suspension.

. Resuspend the cells in 50 mL of SFM medium and dispense the cell suspension into

five 10-cm dishes.

. Subculture the cells again upon confluence by splitting them 1:5 (approximately 1.5 x 10°

cells/dish). Keep track of passage number (see Note 9).

1. Preparation of Feeder Layers from STO Cells

prepared FM for a minimum of 2 h.

. Meanwhile, coat 10-cm tissue culture dishes with 10 mL of 0.1% gelatin solution for 1 h

at room temperature.

. Aspirate the SFM from STO cells. Wash the dishes 3 times with 5 mL of PBS-CMF.

Trypsinize the cells with 3 mL trypsin-EDTA for 5 min and collect the cells in DMEM
containing 10% FCS.

. Collect the cells into 15-mL plastic centrifuge tubes and spin them at 183g for 5 min.

Resuspend the cells in FM and count using a hemocytometer.

. Dispense the cell suspension onto the gelatin-coated dishes at a plating density of 5 x 103

cells/cm?. Incubate the dishes at 37°C.

. The cells should attach within 20 min and spread out to give a monolayer 12 h later. If the

cultures look too sparse, then additional mitomycin-treated cells can be added. The feeder
layers can be maintained for 10 days after preparation.

3.2. Maintenance of Undifferentiated ES Cells

The stem cells grow rapidly, dividing every 18-24 h. It is advisable to keep the
cells at relatively high densities to ensure a high rate of cell division, which minimizes
spontaneous differentiation.

3.2.1. Subculturing of Undifferentiated ES Cells

1.
2.

4.

Passage the cells when the dishes are confluent. Passage of a 60-mm dish is given below.
Aspirate the medium and wash the dish with 3 mL PBS-CMF. Add 2 mL trypsin-EDTA
to the dish and incubate it at 37°C for 3—5 min. Check the dish to see if the cells are
coming off.

. Neutralize the trypsin with ES medium and remove the cells from the dish by gently

triturating with a 1-mL pipet tip. Observe the cells under the microscope to ensure you
have single cells. If you see aggregates, then triturate the cells with a fire-polished glass
pasteur pipet.

Collect cells in a sterile plastic centrifuge tube and spin at 183g for 5 min.
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ES cells growing in ES medium
containing LIF are dissociated and
aggregated in suspension dishes.

. e ——
1. Formation of Aggregates m
known as Embryoid Bodies
(EBs).

After 4 days, plate the EBs on fibronectin coated dishes in NEP basal
medium,

Attached EBs

2. Induction of EBs. <‘
D Nestint, A2BS-, E-NCAM-, GFAP-

After 5-7 days, dissociate the EBs and plate them on poly-L-lysine/laminin coated
dishes in NEP basal medium,

3. Differentiation of EBs. — @ Dissociated EBs

AR aRaRah Nestin+, E-NCAM+, A2B5+
4, Isolation Of ES-derived NRPs Immunopan OR Magnelic Bead Sort
and GRPs. for NRPs and GRPs.
-FGF, *I:/ \iGF
5. Maturation Of
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NF+ GalC+/04+ GFAP+/A2B5- and GFAP+/A2B5+
Synaptophysin+ Oligodendrocytes ~ Type 1 and Type 2 Astrocytes

Chat+, GABA+ ,GAD+

Fig. 1. Differentiation of ES cells: The process of generating purified populations of cells
from undifferentiated cell cultures is summarized.

. Discard the supernatant and resuspend the pellet in I mL ES medium and plate the cells on

feeder layers containing 2 mL ES medium. Add approx 1 x 10° cells/dish.
Change the medium every other day.

. The cells will be confluent within 3 to 4 days. At this point, you can either freeze them,

repassage them, or allow them to differentiate into EBs.

3.3. Formation of EBs

1.

2.

Detach the undifferentiated cells from the feeder layers by using 0.05% trypsin-EDTA
solution.

Trypsinize the cells for 3 min; neutralize the trypsin with medium containing serum (see
Note 10). Spin the cells at 183¢ for 5 min.

. Discard the supernatant and resuspend the pellet in a small amount of medium to which

no LIF has been added.

Seed approximately 5 x 103 cells/mL in suspension dishes or in nonadhesive dishes in ES
medium. Under these conditions, cells do not attach to the dish surface and readily form
floating aggregates known as EBs (see Fig. 1).

. Observe these aggregates under a light microscope. During the first 2 d, the aggregates

are small with irregular outlines. By day 4—6, the aggregates become larger and spherical
with smoother outlines (see Note 11).

After the aggregates become larger and spherical, spin the EBs at 183g for 3 min, aspirate
the medium gently and resuspend the aggregates in 500 uL of ES medium. The aggregates
are now ready to be plated on fibronectin-coated dishes.

. Within 24 h, the EBs attach to the substratum (see Note 12). At this point, the aggregates

look like tightly packed epithelial cells.
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8.

9.

3.4.

The next day, replace the ES medium with NEP basal medium and change 70% of the
medium every 2 d.

After 5-7 days in culture, a large proportion of cells change their morphology to small
elongated cells, which resemble the native neuroepithelial precursor cells.

Differentiation of EBs into NRPs and GRPs

Stain the 5- to 7-d-old EBs for nestin, a marker for undifferentiated stem cells,
and for E-NCAM and A2BS5, the lineage markers for NRPs and GRPs, respectively.

The

small elongated cells should be positive for nestin and negative for the other

markers tested. The cells can now be induced to differentiate into NRPs and GRPs
by the following protocol.

1.

Add 1 mL trypsin to the 5- to 7-d-old EBs for 2 min at 37°C.

. Neutralize the trypsin using excess medium and gently triturate to a single-cell suspension.

Plate the cells on poly-L-lysine and laminin-coated dishes in 1 mL. NEP basal medium.
The density of the cells should be approx 2000-5000 cells/35-mm dish.

Change the medium every 2 d.

5-7 d later, stain for E-NCAM and A2B5. Around 30-35% of the cells will express
E-NCAM, and approx 40% of the cells will express A2B5.

At this point, the ES cultures can be enriched for neuronal (E-NCAM) and glial (A2B5)
populations. The 2 enrichment procedures; immunopanning and magnetic bead sorting
are described below in Subheadings 3.4.1. and 3.4.2., respectively. In addition to these
2 isolation protocols, the cells can also be isolated by fluorescence-activated cell sorter
(FACS) sorting and retroviral labeling (see Note 13).

3.4.1. Isolation of ES Derived NRPs by Immunopanning (Fig. 2)

3.4.1.1. PreParATION OF PANNING DisHES

One night before use (see Note 14):

L.

Preincubate panning dishes (100-mm polystyrene bacteriological Petri dishes) with
coating antibody. For E-NCAM, goat anti-mouse IgM (10 ug/mL in 50 mM Tris-HCl,
pH 9.5) is used.

. Add 12 mL of the coating solution to the panning dish. This volume is sufficient to cover

the 100-mm dish.

Incubate the dishes overnight at 4°C.

2 h before use:

Rinse dishes 3 times with 4 mL PBS-CMF.

Incubate the washed dishes with 1:1 dilution of E-NCAM hybridoma supernatant in
NEP basal medium.

Incubate for 1 h at room temperature. Just before use, rinse 3 times with PBS-CMF. Do
not allow the dish to dry between washes.

. Add 8 mL NEP basal medium to the 100-mm panning dish. The dish is now ready for

the cells to be immunopanned.

3.4.1.2. PANNING PROCEDURE

1.

2.

Triturate the cells into a single-cell suspension and add the cell suspension to the culture
medium. Swirl the panning dish to distribute the cells evenly.

Allow to stand for 1 h at room temperature. Observe on a phase contrast microscope. When
the dish is lightly tapped, unbound moving cells should be observed.
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Coat Bacteriological Petri dish (panning dish) with anti-mouse IgM (unlabeled).
Ovemight at 4°C

Remove the unlabeled IgM,

Rinse the dish 3X with PBS-CMF.

Incubate the panning dish with primary antibody.

l 1 hour atRT
Remove the primary antibody.
Rinse 3X with PBS-CMF.

Add 8.0 ml NEP basal medium to the panning dish.

Add single cell suspension of ES cells containing

Use the cells r.rom the.supematan NRPs and GRPS.
do sequential panning. l 1 hour atRT

Remove the supematant.

Wash the dish 8X with PBS-CMF.

;

Gently scrape the bound cells in 2.0 ml NEP basal medium.

!

Plate the bound cells on substrate coated dishes in NEP basal medium.

Fig. 2. Immunopanning of cells: A flowchart summarizing the process of panning is shown.
Cells are harvested, dissociated into a single cell suspension and selected by allowing them
to adhere to a plate coated with an antibody that will recognize a epitope specific to the cell
type of interest.

3.

4.

Wash the dish gently 8 times with PBS-CMF (see Note 15). The desired cells are bound to
the dish. Gently scrape the cells off with a cell scraper in 2 mL NEP basal medium.

Plate out the cells at desired density on poly-L-lysine—laminin-coated 35-mm dishes in
NEP basal medium. The medium is further supplemented with NT-3 (10 ng/mL) for the
survival of neurons.

. Check the efficiency of the panning by staining with E-NCAM antibody. At this stage,

cells have the morphology of immature neurons, i.e., cells with small cell bodies and short
processes. They divide rapidly in response to the mitogen (FGF-2) in the medium and
form tightly packed clusters.

3.4.2. Isolation of ES-Derived NRPs by Magnetic Bead Sorting

1.

Nk e

Incubate the cells with 1:1 dilution E-NCAM antibody with NEP basal medium for 1 h
at room temperature (see Note 16).

Rinse the cells with buffer 1.

Add 1 mL of 0.02 mM EDTA-HBSS solution to the cells. Incubate for 5-7 min at 37°C.
Spin the cells at 183g for 5 min.

Resuspend approximately 107 cells in 80 uL of buffer 1.
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6.

13.

14.

15.

Add 20 uL of magnetic cell sorting (MACS) rat anti-mouse IgM microbeads per 107 cells.
Mix well by gentle trituration 4 to 5 times.
Incubate the cells for 15 min at 4°C (see Note 17).

. Mix the cells well by gentle trituration, bring the sample volume to 500 uL with buffer 1,

and separate on MiniMacs separation system (see Note 18).

. Place the MS*/LS* column in magnetic field.
10.
11.
12.

Incubate the column for 1 h with ice-cold buffer 2 to block nonspecific binding sites.
Wash the column 3 times with 3 mL of buffer 1. Discard the effluent.

Load magnetically labeled cell suspension (10% cells/500 uL) to the column (see Fig. 3),
allow the negative cells to pass through at a rate of 1 vol/3 min (see Note 19).

Wash the column 3 times with 1 mL of the buffer each time at a faster elution rate:
5 vol/min. Always allow the entire amount of the buffer to flow through the column before
adding the new buffer. Collect the total effluent as negative fraction.

Remove the column from the separation unit and place the column on a 15-mL centrifuge
tube and firmly flush out the positive fraction with 5 mL ice-cold bufferl, using the plunger
supplied with the column (see Note 20).

Plate the negative and positive fractions on poly-L-lysine—laminin double-coated dishes.
Let them grow for 3 to 4 h and then stain them with FITC or TRITC-conjugated anti-mouse
IgM to ascertain the efficiency of sorting.

3.5. Maturation of ES-Derived NRPs

To enhance neuronal differentiation, the mitogen FGF-2 is withdrawn and all-trans
RA is added to the cultures. The cultures can be maintained without significant cell
death in NEP basal medium for more than 2 wk.

1.

2.
3.

Let the panned NRPs grow to subconfluency (40-50% confluency is sufficient) on poly-
L-lysine-laminin-coated dishes in NEP basal medium.

Withdraw the FGF-2 from the cultures and add RA (1 uM).

Add RA and NT-3 every day and change 70% of the medium every 2 d.

By d 3, the cells have small cell bodies with comparatively longer neurites emerging
from them.

By d 6, the cell bodies become bigger and form an extensive neuritic network.

Stain these neuronal-looking cells with antibodies specific to neurons, i.e., -III tubulin,
MAP-2, NF-150. To check the specificity of neuronal staining, it is recommended to stain
a dish of ES cell-derived GRPs with these neuron-specific antibodies. In the NRP dish, the
anti-MAP-2 will stain short thick dendritic processes and cell bodies, while the NF-150
will stain the longer and thinner axons. This will confirm that both classes of neurites are
present. In the GRP dish, there will be no staining, as the culture conditions do not support
the survival and maturation of neurons.

. To see if these neuronal cells can synthesize neurotransmitters culture the cells for an

additional 4 d, fix, and stain for glutamate, GABA, and glycine. There will be a large
subset of glutamate-positive neurons with smaller subsets of glycine- and GABA-positive
neurons present in these cultures.

3.6. Isolation of ES-Derived GRPs

The protocol described below is for a single 35-mm tissue culture dish.

1.

2.

Trypsinize the 5-d-old EBs growing in NEP basal medium by using 500 uL of trypsin-
EDTA.
Incubate for 3 min at 37°C.
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Mixed population — .
ol cells

Magnelic stand Lo
retain labeled cells ——*

Flow through- -
unlabeled cells

Flow through- ——
labeled cells

Fig. 3. Magnetic bead sorting: A flowchart summarizing the process of magnetic bead sorting
is shown. Note: Cell clumps need to be avoided and the flow rate needs to be calibrated to
ensure purity. (See color plate 7, following p. 254).

3. Neutralize the trypsin with excess medium.

Spin the cells at low speed 183g for 5 min.

5. Resuspend the cells in 500 uL. of NEP basal media (see Note 21). Triturate the cells
gently to get a single-cell suspension and plate the cells on poly-L-lysine—laminin-coated
dishes.

6. Add 1 mL NEP basal medium containing PDGF (10 ng/mL) and additional FGF-2
(10 ng/mL).

7. Feed the cells daily with FGF-2 and PDGF and change the medium every 2 d.

8. The cells can be subpassaged and expanded in culture by splitting 1:4 (approx 2000-5000
cells/35-mm dish).

9. After 7-14 d in culture, an isomorphous population of round to bipolar cells are seen.
Stain these cells with the monoclonal A2BS5 antibody (see Subheading 3.8.1. for staining).
This particular antibody recognizes a membrane epitope typically expressed by glial cells.
These conditions yield approx 30—40% A2B5-positive cells. At this point, the cultures can
be enriched for the A2B5-positive cells by immunopanning or magnetic bead sorting.

&
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3.6.1. Isolation of ES-Derived GRPs by Immunopanning

Follow the panning protocol described for E-NCAM panning with the following
changes.

1.

Pan for E-ENCAM (see Subheading 3.4.1.).

2. Coat a bacteriological Petri dish with 10 ug/mL of unlabeled IgM antibody in 12 mL

—_

12.

13.

moO 0 XN

of Tris buffer overnight.

On the next morning, rinse the dish 3 times with PBS-CMF and incubate with monoclonal
A2BS diluted 1:1 with NEP basal media.

After 1 h, remove the A2B5 antibody (see Note 22) and rinse the dish 3 times with
PBS-CMF.

. Add 8 mL of NEP basal medium to the new A2B5 panning dish and then add the

supernatant containing unbound cells from the E-NCAM panned dish. The supernatant
from E-NCAM panning is used because it is depleted of neuronal precursors and enriched
for glial precursors. It is also essential to perform sequential panning because a small subset
of A2B5 cells is also B-III tubulin positive (a neuronal marker). Thus, sequential panning is
recommended to get rid of A2B5-positive cells that might also be neuronal.

Incubate at room temperature for 1 h (see Note 23).

Wash the dish 8 times with 3 mL PBS-CMF.

Scrape the bound cells gently with a cell scraper in 3 mL of media.

Collect the cells in plastic centrifuge tube and spin at 183g for 5 min.

Resuspend the bound cells in small volume of media.

Plate approx 2000-5000 cells/35-mm fibronectin-coated dishes containing 1 mL. NEP
basal media supplemented with FGF and PDGFE.

Check the panning efficiency by staining both the bound and unbound fractions with
A2BS5 antibody.

Cells at this stage are bipotential and can differentiate into oligodendrocytes and astrocytes
with growth factor withdrawal. They can be frozen and thawed without losing their
potential for differentiation.

3.6.2. Isolation of ES-Derived GRPs by Magnetic Bead Sorting

Follow the protocol for E-NCAM magnetic bead sorting (see Subheading 3.4.2.)
with the following changes.

1.
2.

Use 1:1 dilution of monoclonal A2B5 with NEP basal media instead of E-NCAM.
Plate the positive and negative fractions on fibronectin-coated dishes.

3.7. Maturation of ES-Derived GRPs

The procedure described below is for a 35-mm tissue culture dish.

A S

Add 500 uL yrypsin-EDTA to the dish containing A2B5-positive cells.

Incubate the dish for 3 min at 37°C.

Neutralize the trypsin by adding excess medium and spin at 183g for 5 min.

Resuspend the cells by gentle trituration in 100 uL of the medium.

Plate the cells on poly-L-lysine—laminin-coated dishes in 1 mL NEP basal media.

For differentiation into mature oligodendrocytes, FGF-2 is withdrawn and T3 (30 ng/mL)
is added to the medium.

7-14 d after growth factor withdrawal and addition of T3, around 40% of the cells are O4
and Gal-C positive (antibodies recognizing oligodendrocyte-specific glycolipids). These
cells look multipolar with large cell bodies and short processes.
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8. For astrocytic differentiation, withdraw growth factors from two 35-mm dishes and add
10% serum to one dish and CNTF (10 ng/mL) to the other. After 7-14 d, the cells in the
serum-treated dish will differentiate almost entirely into fibroblast-looking flat cells. Stain
these cells with A2B5 and GFAP. Almost all cells will be A2B5~ and GFAP* astrocytes,
a characteristic of Typel astrocytes. Stain the CNTF dish for A2B5 and GFAP. Fifty
percent of the cells will be positive for both A2B5 and GFAP (Type 2 astrocytes). These
double-positive cells bear processes and appear different from the other 50% of the cells,
which are Typel astrocytes.

3.8. Inmunocytochemical Stainings

The protocol described below is for a 35-mm tissue culture dish.

3.8.1. Cell Surface Stainings

1. E-NCAM, A2BS5, Gal-C, and O4 are cell surface markers.

2. Dilute the antibodies in NEP basal medium (dilute the hybridoma supernatants 1:1 or 1:2,
and the other antibodies as per the manufacturer’s recommendation) (see Note 24).

3. Aspirate the medium from the dishes and incubate the cells with 1 mL of primary antibodies
diluted in NEP basal media for 1 h at room temperature.

4. After 1 h, remove the primary antibody and wash the dish gently three times with
DMEM.

5. Dilute the appropriate secondary antibody (1:200-1:500) in NEP basal media and
incubate the cells for 20 min at room temperature.

6. Rinse the dish three times and observe the staining under fluorescent microscope with
the appropriate filter set.

3.8.2. Cytoplasmic Stainings
The following procedure is for one 35-mm dish.

3.8.2.1. FLUORESCENCE STAININGS

1. Rinse the dish once with DMEM.

2. Fix the cells with either 2% paraformaldehyde or glutaraldehyde depending upon the

type of antigens used. The glutaraldehyde fix is used for the neurotransmitter stainings

(see Note 25).

Rinse the dish three times with blocking buffer.

4. Incubate the dish with the primary antibody diluted in blocking buffer for 4 h at room
temperature or overnight at 4°C.

5. Rinse the dish three times with blocking buffer.

6. Incubate the dish with appropriate secondary antibody (1:100-1:200) diluted in blocking
buffer for 20 min at room temperature.

7. Remove the secondary and rinse the dish three times with the blocking buffer and observe
the staining under a fluorescent microscope with the appropriate filter set.

3.8.2.2. HRP StaiNnINGs

1. Follow steps 1-5 as detailed in Subheading 3.8.2.1.

2. Incubate the dish with HRP-conjugated secondary for 1 h at room temperature.

3. Remove the secondary, rinse the dish thoroughly with blocking buffer first and then with
Tris-imidazole buffer, pH 7.2.

4. Develop the reaction using the DAB substrate kit as per the manufacturer’s directions. The
actual duration of this step is quite variable, and is determined by direct evaluation of cells
under a microscope for optimal coloration.

»
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5. Rinse the dishes 3 times with Tris-imidazole buffer and observe the chromogen reaction
under a light microscope (see Note 26).

3.8.2.3. DouBLE AND TRIPLE LABELINGS

In many cases, localizing a single antigen is not sufficient. Double or triple labeling is
done to further confirm the phenotype of an antigen. Double labeling can be performed
with either cell surface markers or with a combination of cell surface and cytoplasmic
markers. An example of each is given below.

1. Double labeling with cell surface markers:

a.

Remove the media from the dish and incubate the dish with a 1:1 dilution of Gal-C
for 1 h at room temperature.

b. Rinse the cells 3 times with DMEM.

—.

Add FITC-labeled, anti-mouse IgG secondary (1:100 dilution) for 30 min at room
temperature.

. Remove the secondary and rinse the dish 3 times with DMEM.

Observe the dish under the fluorescent microscope to see the FITC-labeled, Gal-C
positive cells.

Incubate the dish with an appropriate dilution of the second primary antibody, e.g.,
O4 for 1 h at room temperature.

. Rinse the dish three times with DMEM.
. Add TRITC-labeled, anti-mouse IgM secondary for 30 min at room temperature (see

Note 27).
Rinse the dish three times with DMEM.
Fix the cells with fixative of choice.

. Take double exposures, using the appropriate filter set to record the results of the

stainings.

2. Triple labeling with cell surface and cytoplasmic markers.

a.

b.

Perform the live cell labeling with a mouse monoclonal as primary antibody and with
TRITC as the secondary (to the monoclonal).

Fix the dish and incubate with a second monoclonal antibody with subtype specificity
with respect to the secondary antibody. For example, if your first secondary is IgG,
use a FITC-labeled IgG2b.

Incubate the cells with the third primary, such as a rabbit polyclonal antibody and
use a secondary, which excites at a different wavelength from FITC and TRITC, such
as Alexa 350.

. Take double or triple exposures using the appropriate filter set to record the results

of double and triple stainings.

4. Notes

1. Dissolve 2 mg of mitomycin C in 1 mL of PBS, and add 1 mg of mitomycin C to
100 mL of medium. The mitomycin C solution should be made fresh each time and added
to medium just prior to use.

2. All experiments in this chapter have been performed with ES-D3 cell line. If contamination
of feeder cells is a problem in running some assays, then a feeder-independent subline
of CCE line of ES cells is available. This line is capable of differentiating into cells of
hematopoietic lineage and therefore has extensive developmental potential.

3. The substrate solutions can be reused for at least 15-20 d, if stored immediately after
use at 4°C.
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4. Freeze the primary antibodies in working aliquots to avoid excessive freeze-thaw cycles,
which deteriorates the antibody and results in increased background. Avoid frost-free
freezers.

5. DAB is a potential carcinogen. Care must be taken in handling of this material. Neutralize
the used DAB solution with concentrated bleach and discard the solution in labeled
containers for later disposal.

6. For blocking, use normal serum from host species providing the secondary antibodies.

7. Dissolve 4 g of paraformaldehyde in 100 mL 0.2 M phosphate buffer. Stir the solution at
60°C, clear the solution by adding 200 uL of 5 M NaOH. Filter through Whatman no. 1
paper and store in aliquots at —20°C. Paraformaldehyde will dissolve in approx 20 min
with heating and stirring. Make the solution in a fume hood.

8. Depending upon the amount of native antigen in the cells, lower the levels of glutaraldehyde
with concomitant increase in paraformaldehyde. The lower levels of glutaraldehyde often
yield excellent signals. Exercise caution when preparing.

9. Overconfluence will select for cells that have lost contact-mediated growth inhibition.
These cells rapidly overgrow and will not serve as good feeder layers.

10. The neutralization ratio is normally one volume of trypsin to two volumes of neutralization
media.

11. Successful inductions can be done by culturing the aggregates at this stage, as the cells
are still totipotent.

12. It should be noted that some of the aggregates will not attach to the substrate, and the
proportion of unattached aggregates varies.

13. Induced cells can be selected by either using live cell labeling as described or directing
expression of a reporter gene (cell surface marker, fluorescent label, or antibiotic resistance)
and subsequently isolating by FACS sorting, immunopanning, magnetic bead isolation,
immunodepletion, or killing uninfected cells. We have chosen to use immunopanning or
magnetic bead sorting, as these methods work well with small numbers of cells. For larger
numbers of cells, FACS sorting is more efficient. ES cells tend to be fragile, and we have
noted a 50% or greater loss after FACS sorting. Retrovirally driven expression of GFP or
an antibiotic under a cell type-specific promoter works well for cell isolations but involves
several additional steps.

14. Panning dishes can also be prepared a week in advance. Seal the dishes with parafilm
and store at 4°C until further use.

15. The panning dish is washed a number of times to get rid of loosely bound cells. The
number of washes is important as each wash increases the efficiency of purification. We
consistently get approx 90% purification after eight washes.

16. The primary antibody should be titrated carefully. If the dilution is too high, magnetic
labeling will not be sufficient to retain the wanted cells on the column. On the other hand,
if too concentrated a dilution is used, nonspecific binding will occur.

17. To avoid capping of antibodies on the cell surface during labeling, it is recommended to
work fast, keep the cells cold, and use only cold solutions. Higher temperatures and longer
incubation times at this step lead to nonspecific cell labeling.

18. Use a maximum of 108/500 uL of the buffer. The volume of the buffer should be adjusted
if a higher number of cells are used.

19. The rate of flow can be adjusted by varying the amount of pressure applied on the plunger,
which is supplied with the column.

20. To increase the purity of the magnetic separation, cells can be passed over a second
freshly prepared column.

21. Resuspension in lower volumes is recommended to get better single cell dissociation.

22. Store the used antibody at 4°C. It can be reused 3 to 4 times.
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23. Always pan at room temperature. Never pan at 37°C, as this promotes activation of cell
adhesion mechanisms and allows unwanted contaminating cell types to adhere to the
panning dish.

24. If background is a problem, check the dilution of your hybridoma supernatant; a higher
dilution may help reduce the background while still retaining the specific staining.

25. Never use gluteraldehyde with FITC label, as it gives high background.

26. Sometimes it is useful to add tap water to the final colored product, because ions present
in the water can help intensify the color.

27. To avoid cross reaction of the secondaries, it is recommended to do sequential stainings
with IgG first and then IgM. Fixation with fixatives such as 2% paraformaldehyde between
steps also helps reduce the cross reactivity of the immunoglobulins. Finish the IgG staining,
incubate the cells with second primary antibody, fix, and then perform the secondary
IgM staining.
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Lineage Selection for Generation and Amplification
of Neural Precursor Cells

Meng Li

1. Introduction

Embryonic stem (ES) cells are derived from the epiblast of mouse blastocyst. They
can repopulate all cell lineages in vivo and can differentiate into a wide variety of
cell types in vitro during embryoid body (EB) formation (). ES cells have been
shown to generate both neurones and glial cells (2,3). During the course of ES cell
differentiation, neural precursors that express nestin and/or sox1 and sox2 appear
first, these are followed by Ptubulin 3 and neurofilament-expressing neurons and,
subsequently, glial fibrillary-acid protein (GFAP) or O4 positive glial cells (4-8).
These results suggest that ES cell-derived neural system can be used for experimental
dissection of various aspects of mammalian neural development. If extended to humans,
in vitro-generated neural cells could also be used as source for transplantation-based
cell therapy.

However, at the present time, the process of ES cell differentiation can not be
directed into a single lineage. EB differentiation is disorganized and heterogeneous in
nature, and the cultures contain a large number of non-neural cell types. This presents
significant problems. First, inductive or trophic signals may be masked or suppressed
in such a complex cellular environment and, therefore, limit the use of this system to
define the controls of neural cell commitment. Second, the presence of inappropriate
cells may compromise the differentiation of desired neurochemical phenotypes in grafts
following transplantation. We have, therefore, developed a method by which highly
purified neural precursors can be isolated (5). Unlike many cells of the hematopoietic
system, which can be isolated by immmunopurification, no surface markers have
been identified to date to be specifically expressed by neural precursors. Therefore,
we adopted a genetic approach. Although it is described in this chapter as a specific
application for neural cells, lineage selection is in principle applicable as a general
approach for isolation of other cell types.

The strategy is based on targeted integration of a selection marker, fgeo, into the
sox2 gene (Fig. 1) (Avilion, A., Nicolis, S., Perez, L. P., Vivian, N. and Lovell-Badge,
R., unpublished), the expression of which is largely restricted to the developing
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Fig. 1. Neural stem cell selection strategy. (I) To target a promoter-less reporter—selection marker
into a neuroepithelial-specific gene by homologous recombination. In this application, Pgeo,
alacZ-neo fusion is integrated into the sox2 locus, the expression of which is largely restricted to the
developing neuroepithelium. (II) To apply either drug selection or fluorescence-activated cell sorter
(FACS) sorting as positive selection of cells of interest. (See color plate 8, following p. 254).

neuroepithelium. In targeted cells, fgeo is expressed in neural precursors but not other
differentiated ES cell progeny. By applying G418 to the EBs, we isolated a population
of morphologically immature cells that express neural precursor markers; sox1, sox2,
and nestin. Subpopulations of these cells express region specific marker genes such
as mash-1, math genes, and pax genes, suggesting that they may include distinct
classes of neural progenitors corresponding to their normal counterpart during embryo
development (5). Sox-selected cells differentiate into neurons and glia efficiently in
the absence of mitogen. If, on the other hand, mitogen such as FGF2 is provided in
the culture medium, these cells proliferate in culture while retaining their capacity for
neuronal and glial differentiation (Fig. 2).

The ability to generate and culture pure populations of neural precursors via in vitro
differentiation, combined with genetic manipulation of ES cells, provide the foundation
for novel assays for analyzing inductive molecules and gene function in neural stem
cell fate determination and differentiation. This model also offers a new route for the
isolation of novel genes governing neural commitment. In a human setting, ES cell
differentiation and lineage selection strategy may ultimately offer means to generate
potentially limitless numbers of well-defined neural cells for clinical transplantation.

In this chapter, the protocols we use to isolate and manipulate ES cell-derived
neural precursors are detailed. Procedures to identify those precursor cells and their
differentiated progeny are also described. The basic differentiation protocol is derived
from that of Bain et al. with some modifications (2). In our hands this protocol can
yield more than 50% neuronal differentiation even without lineage selection. We have
used several sox2-targeted ES cell lines for lineage selection, either derived from
E14TG2a or CCE parental ES cells. These lines gave comparable results in terms of
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Fig. 2. ES cell-derived neurons and glia following Sox2 selection. ES cells with a targeted
insertion of Bgeo into the Sox2 gene were induced to differentiate in EBs and selected by
exposure to G418 for 48 h. EBs were dissociated and plated in DMEM/F12 plus N2 supplement.
The Ptubulin3 staining shown was a 4-d culture. GFAP, O4, and S100f staining were performed
in 10-d cultures, which contain 5% FCS in the culture medium. The same magnification was
used for all staining. (See color plate 9, following p. 254).

the B-galactosidase (f-gal) reporter, neuronal, and glial marker expression pattern
following EB differentiation.

2. Materials

2.1 ES Cell Maintenance
1. ES cell complete growth medium. To make 440 mL of 1X complete medium, add the

following components to 335 mL of sterile ultrapure water (Elgastat prima 4 system,
Elga):

a.

b.
c.
d.

40 mL of 10X Glasgow modified Eagle’s medium (GMEM (Gibco BRL, cat. no.
12541-025), store at 4°C).

13.2 mL of 7.5% Sodium bicarbonate (Sigma, cat. no. S-5761), store at 4°C).

4 mL of 100 mM glutamine (Gibco BRL, cat. no. 25030-123), store at —20°C).

4 mL of 50 mM sodium pyruvate mixture (Gibco BRL, cat. no. 11360-039), store
at —20°C).

. 4 mL of 100X nonessential amino acids (Gibco BRL, cat. no. 11140-035), store at

4°C).
400 uL of 0.1 M 2-Mercaptoethanol (Sigma, cat. no. M-7522), store up to 4 wk at
4°C).

. 40 mL of fetal calf serum (FCS), store at —20°C (see Note 1).
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2. Leukaemia inhibitory factor (LIF) (see Note 2). Store at —20°C.

3. Phosphate-buffered saline (PBS), calcium- and magnesium-free (Oxoid, cat. no. BRO14G).
0.17 M NaCl, 3.4 mM KCl, 4 mM Na,H PO,, and 2.4 mM KH,PO,, pH 7.4. Dissolve 10 PBS
tablets in 1 L ultrapure pure water, filter-sterilize, and store at room temperature.

4. 1X Trypsin solution: 0.25% (w/v) trypsin (Gibco BRL, cat. no. 25090-028). 1 mM
ethylenediamine tetracetic acid (EDTA) (Sigma, cat. no. E-6758), 1% chicken serum in
PBS (Sigma, cat. no. C-5405). Filter-sterilize, aliquot into 20 mL, and store at —20°C.
Once thawed, keep up to 4 wk at 4°C.

5. Gelatin (Sigma, cat. no. G-1890): make 1% sterilized stock solution in ultrapure water and
dilute to 0.1% with PBS. Store at 4°C.

6. 25-cm? plastic culture flasks (Nunc); 2—, 5—, 10—, and 25-mL pipets and centrifugation
tubes.

2.2. In Vitro Differentiation and Culture of Neural Cells

1. All-trans retinoic acid (RA) (Sigma, cat. no. R-2625). Make stock solution in dimethyl
sulfoxide (DMSO) at 10 mM. Aliquot into 50 uL and store at —20°C. Thaw and use only
for a single experiment. Protect from light at all times.

2. ES cell complete medium as described in Subheading 2.1., step 1.

3. Geneticin (G418) (Roche, cat. no. 1 464 973). Make 200 mg/mL stock in PBS. Aliquot
into 1 mL and store at —20°C.

4. 90-mm Diameter bacteriological grade Petri dishes.

5. Dulbecco’s modified Eagle medium (DMEM)/F12 (1:1) with L-glutamine (Gibco BRL,
cat. no. 32500-019). Prepare from powder according to manufacturer’s instructions using
ultrapure H,O. Filter-sterilize and store at 4°C up to 1 mo.

6. Modified N2 supplement. 1X solution contains: 25 ug/mL bovine insulin (Sigma, cat. no.
1-1882), 100 ug/mL human apo-transferrin (Sigma, cat. no. T-1147), 6 ng/mL progesterone
(Sigma, cat. no. P-8783), 16 ug/mL putrescine (Sigma, cat. no. P-5780), 30 nM selenium
chloride (Sigma, cat. no. S-5261), and 50 ug/mL bovine serum albumin (BSA) (Gibco
BRL, cat. no. 15260-011). Make 100X N2 stock and store in 1-mL aliquots at —20°C.
When required, dilute the stock to 1X into DMEM/F12 basal medium. This medium
should be stored at 4°C and used within 2 wk.

7. Neurobasal medium (Gibco BRL, cat. no. 21103-049).

B27 supplement (Gibco BRL, cat. no. 17504-044).

9. Trypsin 4X: 1% trypsin, 4 mM EDTA, 4% chicken serum in PBS. Aliquot into 20 mL and

store at —20°C. Once thawed, keep at 4°C.

10. Fibroblast growth factor 2 (FGF2) (PeproTech, cat. no. 100-18B). Reconstitute lyophilized

protein in complete medium at 1 mg/mL. Store in 10-20 uL aliquots at —20°C.

11. Chick embryo extract (CEE) (Gibco BRL, cat. no. 15115-017). Rehydrate with 10 mL

sterile deionized distilled water. Store in 1-mL aliquots at —20°C.

12. Poly-D-lysine (PDL) (30-70 kDa; Sigma, cat. no. P-7280). Make stock solution of

1 mg/mL with PBS. Store in 200-pL aliquots at —20°C.
13. Laminin (Sigma, cat. no. L-2020). Store in 20-uL aliquots at —20°C. Use once.
14. Tissue culture plates (Nunc)