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Enforced Bcl-2 expression overrides serum and feeder
cell requirements for mouse embryonic stem

cell self-renewal
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Leukemia inhibitory factor (LIF) is required, but not sufficient, for
pluripotent mouse embryonic stem (ES) cell expansion in vitro in
the absence of serum or a feeder cell layer, suggesting that
additional signals are provided by serum or feeders that are
necessary to support self-renewal. Here we show that transgenic
ES cell lines expressing Bcl-2, an antiapoptotic protein, continue to
self-renew in serum- and feeder-free conditions when supple-
mented with LIF; even in the absence of bone morphogenic
proteins. Bcl-2-expressing clones sustain the characteristics of un-
differentiated, pluripotent ES cells during long-term culture, and
maintain their potential to differentiate into mature cell types.
These results suggest that LIF and Bcl-2 overexpression are suffi-
cient to expand these mouse pluripotent stem cells in vitro.

leukemia inhibitory factor | antiapoptotic protein | pluripotency

S tem cells are defined as cells that, at the single-cell level, are
capable of self-renewal and differentiation to specialized cell
types (1). ES cells are pluripotent stem cells derived from the
inner cell mass of blastocysts (2) and can self-renew indefinitely
in vitro in the presence of leukemia inhibitory factor (LIF) and
FBS or mouse feeder layer cells, resulting in daughter cells that
maintain their potential for multilineage differentiation (3, 4).
When ES cells are maintained in serum- and feeder-free con-
ditions, the number of undifferentiated cells quickly reaches a
plateau and begins to decline after only a couple of passages (5),
and cells with a non-ES cell morphology quickly arise in culture
(6) despite the presence of LIF. Thus, additional factors pro-
vided by serum or feeders appear to be required to fully support
the self-renewal of mouse ES cells.

Bone morphogenic proteins (BMPs) have been implicated as
the factor contained in serum or provided by feeder layers that
acts in concert with LIF to maintain undifferentiated mouse ES
cells in vitro (7). It was recently suggested that BMPs can replace
serum and feeder cell requirements in ES cell culture by
activating the Smad pathway and inducing expression of the Id
gene, a common target of Smad signaling (8) that appears to
block differentiation by negatively regulating basic helix—loop-
helix proteins (5). Although the exact mechanism by which BMP
promotes self-renewal of ES cells is not certain, recent work
suggests that it might also inhibit the mitogen-activated protein
kinase (MAPK) pathway independent of Smads (7). Impor-
tantly, inhibition of p38 MAPK facilitates derivation of ES cells
from blastocysts lacking Alk-3 (BMPRIA) (7), and ES cells can
be derived from blastocysts lacking Smad4 (the common partner
of all Smads; ref. 9), supporting the hypothesis that BMP acts by
means of different mechanisms depending on the presence or
absence of serum and feeders.

Considering the possibility that serum and feeder cells provide
cell survival signals manifest as growth factors and cytokines (10)
and that extrinsic survival signals are especially critical in low cell
density conditions, where stimulation through autocrine and
paracrine factors are minimal, ES cells likely become apoptotic
in suboptimal culture conditions (i.e., in the absence of serum
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and feeder cells). At low cell density, ES cells infrequently
generate pluripotent colonies. To analyze the effect of single
cytokines, growth factors, and other molecules on the self-
renewal and differentiation of ES cells, it would be optimal if
cells could be protected from apoptotic cell death in serum- and
feeder-free conditions. Although the use of N2- and B27-
supplemented media to expand ES cells in serum- and feeder-
free conditions improves viability and, thus, allows their survival
even at low cell density conditions, LIF plus these supplements
cannot support the self-renewal of ES cells unless the culture is
further supplemented with BMP (5). Because N2 and B27
supplements contain hormones (corticosterone, progesterone,
and T3) and retinyl acetate (a precursor of retinoic acid; refs. 11
and 12) and some of these components are used in ES cell
differentiation protocols (13, 14), their presence complicates the
analysis of the effects of single cytokines, growth factors, and
other molecules on the self-renewal and differentiation of ES
cells.

To prevent ES cells from undergoing apoptosis and to simplify
the analysis of exogenous factors on the self-renewal and dif-
ferentiation in the absence of serum and feeders, we established
ES cell clones constitutively expressing human Bcl-2. The Bcl-2
family of antiapoptotic proteins has been implicated in the
prevention of cell death by sequestering BH3-only proapoptotic
proteins on the mitochondrial surface, thus antagonizing mul-
tidomain proapoptotic proteins (10). In the context of hemato-
poietic stem and progenitor cells, enforced expression of Bcl-2
helped separate the survival effects of certain cytokines from
their roles in growth and differentiation (15-18) and enabled the
examination of the effects of single growth factor and cytokine
on the self-renewal and differentiation in vitro (19, 20).

Here we show that ES cells constitutively expressing Bcl-2
have a survival advantage in serum- and feeder-free conditions,
and, interestingly, these Bcl-2 clones expand in an undifferen-
tiated state in the absence of serum and feeders when supple-
mented with LIF.

Materials and Methods

Cell Culture. D3 ES cells (21) were maintained as described in ref.
22, and clones expressing human Bcl-2 were established by
cotransfecting parental D3 ES cells with the human Bcl2-
internal ribosome entry site—GFP transgene under control of the
CAG promoter and a puromycin-resistance gene cassette. Bcl-2
ES cell clones were selected and expanded in the presence of
puromycin. For serum-free cultures, ES cells were maintained in
X-VIVO 15 (Cambrex, East Rutherford, NJ) supplemented with
2 mM GlutaMax-1 (GIBCO)/0.1 mM 2-mercaptoethanol/1,000

Abbreviations: LIF, leukemia inhibitory factor; BMP, bone morphogenic protein; MAPK,
mitogen-activated protein kinase; ERK, extracellular signal-regulated kinase.
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units/ml ESGRO (LIF; Chemicon International)/100 units/ml
penicillin (GIBCO)/100 pg/ml streptomycin (GIBCO) on
gelatin-coated dishes. Alternatively, Iscove’s modified Dulbecco
medium/F12 (1:1) (GIBCO) supplemented with 2 mM Glu-
taMax-1/0.1 mM 2-mercaptoethanol/0.1% polyvinyl alcohol
(Sigma)/1X insulin-transferin-selenium-X (GIBCO)/1,000
units/ml ESGRO/100 units/ml penicillin/100 ug/ml streptomy-
cin was used where indicated. Cells were dissociated with
enzyme-free, Hanks’-based cell dissociation buffer (GIBCO).
For MAPK inhibitors, 1 uM SB203580 (Calbiochem) and 12.5
M PD98059 (Calbiochem) were used as described in refs. 7 and
23. To induce hematopoietic differentiation in vitro, cells were
placed on ST2 (24) in MEM alpha media (GIBCO) supple-
mented with 10% FCS. On day 6 of differentiation, colonies were
dissociated with 0.25% trypsin/0.5 mM EDTA (GIBCO) and
replated onto freshly confluent ST2 cells. On day 14 of differ-
entiation, nonadherent cells were harvested by gentle pipetting
and replated onto OP9 feeder cells (25). On day 21, cells were
harvested and analyzed by flow cytometry. For neuronal induc-
tion, cells were placed on AC11 stromal cells (26) and cultured
in Iscove’s modified Dulbecco medium supplemented with 2
mM GlutaMax-1/0.1 mM 2-mercaptoethanol/0.1 uM dexa-
methasone (Sigma)/15% FCS/100 units/ml penicillin/100 pg/ml
streptomycin, and cells were analyzed for neuronal markers after
2 weeks of culture.

Flow Cytometry. For intracellular staining, cells were fixed in 1%
paraformaldehyde/PBS for 20 min and then permeabilized and
blocked by using 0.1% saponin/10% FCS for 20 min. Cells were
then incubated with primary antibodies against human Bcl-2
(DAKO) or Oct-3/4 (BD Biosciences) for 1 h, washed, and then
stained with phycoerythrin-conjugated secondary antibodies for
30 min. For hematopoietic analysis, cells were blocked with rat
IgG for 20 min and then incubated with a mixture of the
following phycoerythrin-conjugated antibodies for 20 min:
M1/70 (Mac-1), 8C5 (Gr-1), and Ter119. Annexin V labeling
was performed with allophycocyanin-conjugated annexin V
(Molecular Probes) antibodies according to the manufacturer’s
instruction.

Immunocytochemistry. Cells were fixed in 4% paraformaldehyde
for 15 min, permeabilized with 0.1% Triton X-100 in PBS for 5
min, and then blocked with 1% BSA in PBS for 15 min. Cells
were incubated with primary antibodies against Oct-3 /4, class 111
B-tubulin (TuJ1, Covance, Princeton), neuron-specific nuclear
protein (Chemicon), or microtubule-associated protein-2
(Chemicon) overnight, washed, and then incubated with phyco-
erythrin- or Cy3-conjugated goat anti-mouse IgG secondary
antibodies for 1 h.

PCR. Quantitative RT-PCR was performed by using total RNA
isolated from parental murine D3 or Bcl-2 ES cells by using the
RNeasy procedure (Qiagen, Valencia, CA), after treatment with
DNase I for 15 min at room temperature. Reverse transcription was
performed by using poly(dT) primers and the SuperScript first-
strand synthesis system (Invitrogen). Amplification was performed
by using the Nanog forward 5'-TCTGGGAACGCCTCAT-
CAAT-3" and reverse 5'-GGAGAGGCAGCCTCTGTGC-3’
primers, Rex-1 forward 5'-GCGACATTTTCTGGTGCACA-3’
and reverse 5'-TCGAACGTGCACTGATACGG-3' primers, and
GAPDH forward 5'-GGCAAATTCAACGGCACAGT-3' and re-
verse 5'-TCGCTCCTGGAAGATGGTGAT-3' primers with 40
cycles of two-step PCR (15 s at 95°C and 60 s at 60°C) after initial
denaturation (95°C for 10 min) with a Prism 7000 Sequence
Detector system (Applied Biosystems). Amplification of GAPDH
mRNA was used to normalize reactions internally. Each sample was
analyzed in duplicate, and results are expressed as the mean mRNA
expression level = SEM relative to parental D3 cells (n = 3). For
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genomic PCR, genomic DNA was isolated by using a DNeasy tissue
kit (Qiagen). Amplification was performed by using the Sry forward
5'-CAGCCCTACAGCCACATGAT-3" and reverse 5'-TTTAGC-
CCTCCGATGAGGC-3' primers and Actin forward 5'-GTACCA-
CAGGCATTGTGATG-3' and reverse 5'-TAGTGATGACCTG-
GCCGTCA-3' primers with 36 cycles of PCR (45 s at 94°C, 60 s at
56°C, and 90 s at 72°C) after initial denaturation (94°C for 5 min).

Chimeric Mice. Blastocysts were collected from superovulated
C57BL/K, females at embryonic day 3.5. Injected or noninjected
blastocysts were transferred into the uterus of embryonic day 2.5
pseudopregnant BCBA /F1 females. All mice were maintained in
Stanford University’s Research Animal Facility in accordance
with Stanford Administrative Panel for Laboratory Animal Care
guidelines.

Western Blots. Cells were lysed in 50 mM Tris'HCI, pH 7.5/150
mM NaCl/1% Triton X-100/1% protease inhibitor mixture set
III (Calbiochem)/1 mM EDTA/1 mM sodium orthovanadate/1
mM NaF, and proteins were separated by SDS/PAGE under
denaturing conditions and transferred to an Immobilon-P mem-
brane (Millipore). After blocking with 5% milk, the membrane
was incubated with primary antibodies against phospho-Smad1/
5/8 (Cell Signaling Technology, Beverly, MA), actin (Sigma),
Bcl-2 (DAKO), BelxL (BD Biosciences), Mcl-1 (Abgent, San
Diego), or Bax (BD Biosciences); washed; and then incubated
with horseradish peroxidase-conjugated secondary antibodies.
Immunoreactive bands were visualized by using enhanced
chemiluminescence (ECL, Amersham Pharmacia).

Results

Serum- and Feeder-Independent Growth of ES Cells Overexpressing
Bcl-2. To facilitate examination of cytokine, growth-factor and
small-molecule effects on self-renewal and differentiation of ES
cells in the absence of serum and feeders, we established ES cell
clones overexpressing human Bcl-2. In these clones, human Bcl-2
expression was driven by the CAG promoter (human cytomeg-
alovirus immediate-early enhancer and a modified chicken
B-actin promoter) (27) and visualized by using bicistronic ex-
pression of EGFP (Figs. 1 A and B). In conventional culture
conditions containing serum, ES cell clones expressing Bcl-2 and
the parental ES cell line grew with similar kinetics. To confirm
that Bcl-2 overexpression provides a survival advantage to the
cells, parental and Bcl-2 ES cells were cultured in serum- and
feeder-free conditions in X-Vivo media, which contains insulin,
transferrin, and albumin as basic supplements for serum-free
cultures but contains no other proteins or hormones. Apoptotic
cells were then detected by annexin V staining. As shown in Fig.
1C, less Bcl-2 cells were positively labeled with annexin V versus
parental ES cells, suggesting that Bcl-2 provides a survival
advantage normally supported by factors included in serum or by
feeder cells.

Interestingly, Bcl-2 clones continued to proliferate in the
presence of LIF alone in X-Vivo media, as demonstrated in Fig.
1D. In contrast, expansion of parental ES cells was not possible
beyond a couple of passages, despite the presence of LIF.
Although Bcl-2 transgenic ES cells grew slowly in the absence of
serum and feeder layers compared with culture conditions
containing serum, they expanded indefinitely (for at least 2
months). Bcl-2 clones expanded independent of serum, and
feeders formed tightly packed colonies with indistinct cell
boundaries (Fig. 1E), a hallmark of undifferentiated ES cells.
Even at low cell density (50 cells per cm?), Bel-2 cells could form
tightly packed colonies with an undifferentiated appearance in
the presence of LIF alone (Fig. 1F). After the input of 200 Bcl-2
ES cells per well, 9.5 £ 4.2 undifferentiated colonies were
formed after 7 days of culture without serum and feeders (Fig.
1G), whereas parental ES cells never formed colonies at this
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Fig. 1. Serum- and feeder layer-independent growth of ES cell clones overexpressing Bcl-2. (A) Construction of CAG-human Bcl-2—-internal ribosome entry site
(IRES)-GFP plasmid. (B) (Right) Expression of human Bcl-2 (y axis) and GFP (x axis) in a representative Bcl-2 clone. (Left) The parental clone is shown as a control.
(C) Annexin V staining. Parental (Upper) or Bcl-2 (Lower) ES cells were cultured in serum- and feeder-free conditions for 3 days, and the percentage of annexin
V* cells as visualized by flow cytometry is denoted. (D) Growth curve of three independent Bcl-2 ES cell clones in serum- and feeder-free conditions in X-Vivo
media. (E) Colonies of a Bcl-2 clone growing independent of serum and feeders. (F) A representative colony formed under low-cell-density conditions. (G) Colony
formation activity of parental (p) and Bcl-2 ES cells plated at a density of 200 cells per well (12-well plate). Colonies were counted 7 days later, and values are
expressed as means * SD. (H) Growth curve of two independent Bcl-2 clones in Iscove’s modified Dulbecco medium/F12-based media.

clonal density (Fig. 1G), suggesting provision of survival signals
by serum or feeders is critical at low cell density. Not only did
Bcl-2-expressing ES cell clones expand in X-Vivo media, but they
also grew in Iscove’s modified Dulbecco medium/F-12 media
containing insulin and transferrin but not containing other
proteins or hormones other than LIF (Fig. 1H), which indicates
that growth of Bcl-2 ES cell clones in serum- and feeder-free
conditions was not specific to X-Vivo media.

Serum- and Feeder-Free Expansion of Bcl-2 ES Cells Cultured with LIF.
The tightly packed morphology of Bcl-2 ES cell clones in serum-
and feeder-free conditions suggested maintenance in an undif-
ferentiated state. To verify their “undifferentiated” status, mo-
lecular markers of undifferentiated ES cells were examined after
extended serum- and feeder-free culture. Oct-3/4, the POU
transcription factor required for the formation and maintenance
of ES cells (28, 29), was detected by immunocytochemistry in
Bcl-2 ES cell clones cultured in serum- and feeder-free condi-
tions (Fig. 24) and was comparable to parental ES cells cultured
in serum as detected by FACS (Fig. 2B). Oct-3/4 gene expres-
sion, as determined by quantitative RT-PCR verified this finding
(data not shown). Furthermore, gene expression of Nanog, a
homeodomain protein required for ES cell pluripotency (30, 31),
and Rex-1, a zinc-finger protein specifically expressed in pluri-
potent cells (32), was also similar in the parental ES cell line in
conventional conditions and Bcl-2 ES cells cultured in the
absence of serum and feeders (Fig. 2C). Bcl-2 clones cultured in
serum- and feeder-free conditions also contained alkaline phos-
phatase activity (another marker of pluripotent cells of embry-
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onic origin) (33) in the presence of LIF, but the clones lost this
characteristic after the removal of LIF (Fig. 2D). These prop-
erties all suggest that Bcl-2-expressing ES cell clones expanded
in the absence of serum and feeder layers are maintained in an
undifferentiated state and that the requirement for supplemen-
tal LIF remains intact.

Pluripotency of Bcl-2 ES Cells Is Maintained in Serum- and Feeder-Free
Conditions. To determine whether the multilineage potential of
ES cells was sustained in Bcl-2 clones grown in the absence of
serum and feeders, ES cell differentiation potential was inves-
tigated in vitro. Bcl-2 ES cells efficiently generated hematopoi-
etic colonies when sequentially cultured on ST2 and OP9 stromal
cell lines (22, 34) (Fig. 34), and flow-cytometric analysis dem-
onstrated the generation of cells with mature myeloid cell
lineage markers (Fig. 3B). In addition, Bcl-2 ES cells efficiently
generated neurons, as identified by staining with antibodies
against class III B-tubulin, microtubule-associated protein-2, and
neuron-specific nuclear protein after culture on AC11 stromal
cells in the presence of dexamethasone, a synthetic corticoste-
roid (T.Y. and I.L.W., unpublished data) (Fig. 3C). These results
indicate that Bcl-2 ES cell clones proliferating in serum- and
feeder-free conditions maintain their multipotency.

To definitively determine whether Bcl-2-expressing ES cells
expanded in the absence of serum and feeders fully maintain
their pluripotency, we checked whether they could contribute to
chimeric animals after being injected into blastocysts. Cells from
a Bcl-2 clone cultured in the absence of serum and feeders were
injected into blastocysts and transferred to the uteri of pseudo-
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Fig. 2. Expression of undifferentiated ES cell markers. (A) Cells cultured for
44 days after serum removal were stained with Oct-3/4 (Right) or isotype
control antibody (Left). Shown are fluorescent (Upper) and phase contrast
(Lower) images, respectively. (B) Bcl-2 ES cells cultured 45 days without serum
and feeders (red line) or parental ES cells cultured with serum (blue line and
dashed line) were stained with Oct-3/4 (red and blue lines) or isotype control
antibody (dashed line). (C) The expression levels of nanog and Rex-1 were
analyzed in parental D3 cells with serum [p(s+)] and Bcl-2 ES cells cultured for
49 daysin serum- and feeder-free conditions (Bcl-2). Gene expression levels are
shown after internal normalization with GAPDH and normalization against
parental ES cells (value = 1). Values are expressed as means = SEM. (D) Alkaline
phosphatase activity was assessed in Bcl-2 ES cells grown in serum- and
feeder-free conditions for 43 days before culture with (Upper) or without LIF
(Lower) for 6 days in serum-free conditions before staining.

pregnant mice. Mice on embryonic day 11.5 were checked for
contribution of Bcl-2 ES cell-derived cells to the embryo by GFP
expression, wherein green fluorescence was detected throughout
the chimera (Fig. 3D). In addition, chimeric mice brought to
term had Bcl-2 ES cell-derived (i.e., 129 background) agouti coat
color (Fig. 3E). Tissue chimerism was investigated in female
offspring (because Bcl-2 ES cells have male genotype), wherein
the contribution of Bcl-2 ES cells was examined by quantification
of Y chromosome genes on the female background. Semiquan-
titative PCR analysis for presence of the Sry gene (a Y chro-
mosome gene) with genomic DNA from various tissues demon-
strated an ~30% contribution to all tissues analyzed, including
the heart, spleen, bone marrow (mesoderm), lung, liver
(endoderm), and brain (ectoderm) (Fig. 3F). To date, Bcl-2
chimeric mice have not developed tumors (6 months of age).
Together, these results demonstrate the pluripotentiality of Bcl-2
ES cells maintained in the absence of serum and feeders.

BMP-Independent Self-Renewal of Bcl-2 ES Cells. Ying et al. (5)
recently reported that BMPs or growth and differentiation
factors (GDFs) substitute serum and feeder requirements during
the maintenance of ES cells (5); however, Bcl-2 ES cell clones
can be maintained in serum- and feeder-free media containing
only LIF, insulin, transferrin, and albumin as protein compo-
nents. One possible explanation for the above discrepancy is that
Bcl-2 clones secrete these effectors in an autocrine manner. Ying
et al. (5) reported that BMP2, BMP4, and GDF6, but not
TGF-B1 or activin, support the self-renewal of ES cells (5) and
suggested that Smad1/5/8 are likely downstream targets of these
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Fig. 3. Pluripotency of Bcl-2 ES cells growing independent of serum and
feeders. (A) Phase contrast image of a hematopoietic cell cluster derived from
Bcl-2 ES cells and generated on OP9 feeders after 41 days in serum- and
feeder-free conditions. (B) Expression of hematopoietic markers (Lin), includ-
ing Mac-1, Gr-1, and Ter119, as determined by flow cytometry. The dotted line
shows isotype control antibody staining levels. (C) Bcl-2 ES cells were induced
to differentiate on AC11 after 49 days of serum- and feeder-free culture and
then analyzed for neuronal markers by immunofluorescence. MAP2, micro-
tubule-associated protein-2; TuJ1, monoclonal antibody against neuronal
class Ill B-tubulin; NeuN, neuron-specific nuclear protein. (D) Embryos derived
from uninjected blastocysts (Left) or those injected with Bcl-2 ES cells (Right)
cultured for 45 days without serum and feeders were analyzed for GFP
expression (ES cell origin) on embryonic day 11.5. Photos of the head (Upper)
and trunk (Lower) region were taken, and each image shows a fluorescentand
bright field image. (E) Picture of a chimeric mouse generated from Bcl-2 ES
cells cultured for 31 days without serum and feeders. Agouti coat color
denotes Bcl-2 ES cell origin. (F) A female chimeric mouse was used to examine
Bcl-2 ES cell contributions in various tissues. The Sry gene was used to detect
male Bcl-2 ES cell-derived contribution. Standards are 0-100% male genomic
DNA diluted in female genomic DNA, and actin is shown as a control.

effectors (8, 35, 36). To test whether BMP/GDF signaling acts
in an autocrine fashion in our culture conditions, Western blot
analysis was performed for phosphorylated Smadl/5/8. As
shown in Fig. 44, the activated forms of Smad1/5/8 were not
detected in Bcl-2 ES cells in either serum- or feeder-free
conditions, although they could respond to BMP4 stimulation
(Fig. 4A4). These results suggest that ES cells overexpressing
Bcl-2 self-renew in the presence of LIF independent of BMP
activity.

BMP and Serum Do Not Regulate Bcl-2 Family Expression. BMP-
independent self-renewal of Bcl-2 clones prompted us to exam-
ine whether Bcl-2 family proteins are downstream targets of
BMP signaling. Western blots were done to determine whether
expression of antiapoptotic or proapoptotic Bcl-2 family mem-
bers were up- or down-regulated upon BMP/GDF stimulation,
respectively; however Bcl-2, Bcel-xL, and Mcl-1 antiapoptotic
proteins were not up-regulated by BMP stimulation, nor was the
Bax proapoptotic protein down-regulated by BMP stimulation
(Fig. 4B). Importantly, addition of BMP did not improve the
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Fig.4. Western blot analysis of Smad proteins and Bcl-2 family members. (A)
(Upper) Cell lysates of parental cells cultured in conventional conditions with
serum [p(serum)] and a Bcl-2 clone in serum- and feeder-free conditions
untreated (Bcl-2) or treated with BMP4 for 90 min (Bcl-2+BMP4) were ana-
lyzed for the presence of phospho-Smad1/5/8 by Western blotting. (Lower)
The same membrane was stripped and reprobed with anti-actin antibody. (B)
Western blot analysis of Bcl-2 family members was performed for parental ES
cellsin conventional conditions with serum and parental ES cells in serum-and
feeder-free conditions without (Non) or with BMP4 for 6 h.

viability of the parental cell line cultured in serum- and feeder-
free conditions. Thus, it appears unlikely that BMP confers a
survival advantage to ES cells, and other factors in serum likely
control ES cells survival by a mechanism independent of regu-
lating the expression of Bcl-2 family members, because the
removal of serum neither down-regulated Bcl-2, Bel-xL, or Mcl-1
nor up-regulated Bax (Fig. 4B). It is more likely that factors in
serum regulate Bcl-2 family members posttranslationally (e.g., by
phosphorylation) to protect ES cells from apoptosis (10).

Does Bcl-2 Have Apoptosis-Independent Effects? LIF alone has been
reported to be insufficient to block differentiation of ES cells,
but BMPs in combination with LIF can efficiently block differ-
entiation of ES cells (5). However, LIF is sufficient to support the
self-renewal of Bcl-2 ES cells. One passage before unsuccessful
propagation of parental ES cells we recognized differentiated
cells (noncompact, round, or fibroblastic cells) appearing at the
periphery of each colony (Fig. 54). This phenomenon supports
the possibility that Bcl-2 blocks differentiation; however, Bcl-2
ES cells differentiated in the absence of LIF (Fig. 2D), developed
normally in in vitro differentiation assays (Fig. 3 4A-C), and
integrated normally during embryogenesis (Fig. 3 D-F). Silenc-
ing of the Bcl-2 transgene in these assays is unlikely, because
GFP expression was always observed (Fig. 3D). Thus, if Bcl-2
actively blocks differentiation of ES cells, it must inhibit differ-
entiation very specifically and may be contingent on LIF.

LIF is known to stimulate not only the signal transducer and
activator of transcription (STAT) pathway but also the MAPK
pathways (37). Although the signal transducer and activator of
transcription 3 (STAT3) pathway mediates self-renewal of ES
cells (38), the extracellular signal-regulated kinase (ERK)-
MAPK pathway has been demonstrated to promote differenti-
ation of ES cells (23, 39). LIF also activates p38 MAPK in ES
cells (5), but the effect of this pathway on the self-renewal and
differentiation of ES cells is not known. Qi et al. (7) recently
reported that BMP4 supports self-renewal of ES cells by inhib-
iting ERK and p38 MAPK pathways. To investigate the role of
these pathways in ES cell maintenance in serum- and feeder-free
conditions, we blocked them by using specific inhibitors. Sup-
pression of p38 function by SB203580 did not show any effect on
the self-renewal and differentiation of ES cells in serum- and
feeder-free conditions, suggesting that the p38 MAPK pathway
does not affect self-renewal of ES cells. Intriguingly, inhibition
of the ERK pathway in parental ES cells with the MAPK
kinase-1/2 inhibitor PD98059 dramatically reduced the appear-
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Fig. 5. Effect of MAPK inhibitors on ES cell self-renewal. (A) Phase contrast
image of parental ES cells cultured for 8 days (Left), Bcl-2 ES cells cultured for
14 days (Center), and parental ES cells cultured with PD98059 for 14 days
(Right) in serum- and feeder-free conditions. (B) Growth curve of Bcl-2 ES cells
(0J) and parental ES cells cultured with 12.5 uM PD98059 (O) in serum- and
feeder-free conditions. (C) Colony formation activity of parental (p) ES cells
cultured without (Non) or with PD98059 and Bcl-2 ES cells at low cell density.
Cultures were initiated with 200 cells per well (12-well plate), and colonies
were enumerated 7 days later.

ance of differentiated cells during culture (Fig. 54) and sup-
ported extended growth in serum- and feeder-free conditions in
the presence of LIF (Fig. 5B). Proliferation of Bcl-2 ES cells was
slower than the parental cell line cultured in the presence of
PD98059 (Fig. 5B); however, PD98059 could never support
colony formation at low-cell-density conditions (Fig. 5C). These
results suggest that ERK signaling promotes differentiation of
ES cells and that the inhibition of this pathway allows self-
renewal, but ES cells require Bcl-2 overexpression to survive at
low cell density in the absence of extrinsic survival-promoting
factors not yet identified.

Discussion

By generating ES cell lines overexpressing Bcl-2 that can be cultured
in vitro in serum- and feeder-free conditions, we can effectively
assess the effect of single growth factors, cytokines, and small
molecules on the proliferation and differentiation of ES cells. In this
study, we demonstrated that LIF is sufficient to support the
self-renewal of ES cells in the absence of serum and feeders if cells
are protected from apoptosis by Bcl-2 overexpression, thus indi-
cating that survival, proliferation, and inhibition of differentiation
can be maintained by signaling cascades initiated by LIF and
mediated by Bcl-2 family members, respectively. Of course, it is
possible that Bcl-2 has effects in addition to its known antiapoptotic
functions that could allow our Bcl-2 ES clones to retain full ES
activity in the absence of serum and feeder layers.

Bcl-2 ES cells survive well in the absence of serum and feeders,
whereas parental ES cells become apoptotic and cannot be prop-
agated in vitro (Fig. 1C). ES cells cultured in the presence of serum
are likely protected from apoptosis through posttranslational phos-
phorylation modifications of Bcl-2 family members (10) rather than
through transcriptional regulation of Bcl-2 family genes, because
the gene expression (data not shown) and protein levels of Bcl-2
family members (Bcl-2, Bel-xL, Mcl-1, and Bax) did not change
significantly after the removal of serum (Fig. 4B). Importantly,
Mcl-1 deficiency results in periimplantation embryonic lethality
(40), and Mcl-1-null ES cells cannot be derived in vitro (J. Opferman
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and S. Korsmeyer, personal communication). Thus, Mcl-1 is likely
to be the essential endogenous Bcl-2 family member expressed in
ES cells, which is supported by our observation by quantitative
RT-PCR that Mcl-1 expression is robust in mouse ES cells, whereas
Bcl-2 and Bcl-xL expression is minimal. Nevertheless, endogenous
Mcl-1 is not sufficient to support survival in serum- and feeder-free
conditions.

The phosphatidylinositol 3-kinase (PI3K) pathway has been
implicated in ES cell survival and proliferation largely based on
studies of ES cells lacking PTEN, a lipid phosphatase that
functions as negative regulator of the PI3K pathway. These cells
have enhanced viability and proliferative activity (41). PTEN-
null ES cells survive even in the absence of serum (41), and
PTEN-null cells contain higher levels of inactive (phosphory-
lated) Bad, a BH3-only proapoptotic Bcl-2 family protein (41).
Thus, activation of the PI3K pathway may enhance viability
through inactivating proapoptotic Bcl-2 family members. This
pathway might be a critical target of growth factors or cytokines
present in serum or feeder layers (10). With regards to prolif-
eration, LIF is presumably not important because Bcl-2 ES cells
still proliferate in the absence of LIF in serum- and feeder-free
conditions, although they also differentiate (Fig. 2D).

Our results suggest that LIF is sufficient to block the differ-
entiation of ES cells under the condition that ES cells are
protected from apoptosis. This contrasts the report of Ying et al.
(5), which shows that LIF is not sufficient to keep ES cells
undifferentiated. If Bcl-2 does act to block differentiation, it may
do so very specifically under serum- and feeder-free conditions,
because Bcl-2 ES cells differentiated normally in in vitro exper-
iments and in vivo (Figs. 2D and 3). Interestingly, blocking the
ERK pathway by using PD98059 reduced differentiation in
wild-type ES cell culture and supported continuous growth in
serum- and feeder-free conditions in the presence of LIF,
although there was a crisis during early passages and PD98059
could not support colony formation at low cell density (Fig. 5).
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Whether the antiapoptotic activity of Bcl-2 is sufficient to
support the self-renewal of ES cells will require careful exami-
nation, including the possibility that Bcl-2 blocks the ERK
signaling pathway at some point.

Our results were recapitulated by two additional mouse ES cell
lines overexpressing Bcl-2. and it would be intriguing if these
results could be applied to ES cells of other species, including
human. Although increased expression of Bcl-2 appears to
predispose some cell types to neoplasia, increased expression of
Bcl-2 alone is not oncogenic (42). Chimeric mice generated from
human Bcl-2-expressing ES cells appear normal and remain
tumor-free despite ubiquitous expression of the transgene as
determined by GFP expression. Whether Bcl-2 ES cell-derived
chimeras are more susceptible to tumors or whether the xeno-
geneic origin of the transgene is important regarding tumori-
genesis is not known; however, previous human Bcl-2 transgenics
generated in our laboratory (e.g., H2K-Bcl-2 mice) are also
tumor-free and require additional hits before oncogenesis (43).
Here, we clearly demonstrate that mouse ES cells overexpressing
human Bcl-2 can be expanded in serum- and feeder-free con-
ditions and maintain their pluripotentiality both in vitro and
in vivo. These lines will allow precise dissection of the growth
factors, cytokines, and other molecules that not only regulate
self-renewal of ES cells themselves but also delineation of the
factors that dictate differentiation toward specific lineages.
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