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Abstract. In mouse embryonic stem (mES) cells, the ex-
pression of p27 is elevated when differentiation is in-
duced. Using mES cells lacking p27 we tested the impor-
tance of p27 for the regulation of three critical cellular
processes: proliferation, differentiation, and apoptosis.
Although cell cycle distribution, DNA synthesis, and the
activity of key G1/S-regulating cyclin-dependent kinases
remained unaltered in p27-deficient ES cells during
retinoic acid-induced differentiation, the amounts of cy-
clin D2 and D3 in such cells were much lower compared
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with normal mES cells. The onset of differentiation in-
duces apoptosis in p27-deficient cells, the extent of
which can be reduced by artificially increasing the level
of cyclin D3. We suggest that the role of p27 in at least
some differentiation pathways of mES cells is to prevent
apoptosis, and that it is not involved in slowing cell cycle
progression. We also propose that the pro-survival func-
tion of p27 is realized via regulation of metabolism of 
D-type cyclin(s).
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Mouse embryonic stem (mES) cells are a unique cell type
derived from the inner cell mass of pre-implantation blas-
tocysts [1, 2]. The defining feature of mES cells is their
ability to follow multiple differentiation pathways both in
vivo and in vitro [3]. Such differentiation is underlined by
the coordinated induction and repression of many genes
[4] with concomitant changes in cell phenotype. The
most prominent effect of differentiation is reduced prolif-
eration and altered cellular morphology.
The cyclin-dependent kinase (CDK) inhibitor p27Kip1

(here referred to as p27) is one of the proteins induced
when mES cells enter a differentiation pathway [5]. This
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up-regulation of p27 occurs in all differentiating mES
[and also in closely related embryonal carcinoma (EC)
cells], regardless of cell line or differentiation conditions
[5–12]. Because p27 up-regulation invariably occurs, it is
likely to be of specific importance for the differentiation
of cells of early embryonic origin. In such cell types, p27
is responsible not only for halting proliferation [5, 6, 8,
13] but also for affecting other aspects of differentiation
[6, 11, 13], as well as apoptosis [8, 13]. However, with
one exception [5], all p27 functional studies have been
performed in mouse EC cells rather than mES cells. Since
EC cells differ from mES cells in some aspects of their bi-
ology, the relevance of such data for mES cells may be
limited.
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In this study, newly established p27-deficient mES cell
lines were used to explore the role of p27 in three distinct
components of the differentiation process: i) changes in
proliferation; ii) expression of differentiation markers,
and iii) occurrence of apoptosis. In vitro differentiation
into extraembryonic endoderm was induced by with-
drawal of leukemia inhibitory factor (LIF) combined with
treatment with retinoic acid (RA) in the presence of
serum [14] to analyze these specific processes in both
normal and p27-deficient mES cells. The data demon-
strate that p27 is not required for either the arrest of pro-
liferation or the expression of differentiation markers.
However, as p27-deficient mES cells undergo massive
apoptosis, we infer that p27 is crucial for some responses
to differentiation-inducing conditions, such as cell sur-
vival following differentiation-inducing conditions.

Material and methods

Cell lines
Blastocysts resulting from crossing males and females of
the same p27+/– genotype [15] were used for establishing
p27-deficient mES cells using a standard protocol [16]. 
A polymerase chain reaction designed by Fero and col-
leagues [15] was used to determine the genotype of the
established mES lines. Mouse ES cell line D3 derived by
Doetschman et al. [17] was used for comparison.

Cell culture
Undifferentiated mES cells were propagated in Dul-
becco’s modified Eagle medium supplemented with 20%
fetal calf serum, 100 mM nucleosides, 0.05 mM b-mer-
captoethanol, 100 I.U./ml penicillin, 0.1 mg/ml strepto-
mycin, and 1000 U/ml LIF, on gelatinized tissue culture
dishes with or without mitomycin C-treated mouse em-
bryonic fibroblasts (MEFs) as feeder layers. 

Growth curves
Cells were seeded at a density of 5000 cells/cm2 on MEFs
and analyzed daily. Dishes with only MEFs were used as
a blank for each day of the experiment.

Differentiation protocol
Cells were induced to differentiate as described by Sa-
vatier and colleagues [5]. Briefly, cells were seeded at a
density of 10,000 cells/cm2, LIF was withdrawn, and after
1 day they were treated with 10–6 M RA for 2 days. Cul-
ture medium was exchanged at day 1 and day 3. RA was
prepared as a 5 mM stock solution in ethanol, then diluted
in culture medium to a final concentration of 10–6 M.

Treatment with caspase inhibitors
The following inhibitors of caspases were used: Z-Val-
Ala-DL-Asp(OMe)-fluoromethylketone (Z-VAD-fmk,

general caspase inhibitor; Bachem, Bubendorf, Switzer-
land), Z-Asp(OMe)-Glu(OMe)-Val-DL-Asp(OMe)-fluo-
romethylketone (Z-DEVD-fmk, caspase 3 inhibitor;
Bachem, and Z-Val-Glu(OMe)-Ile-Asp(OMe)-fluoro-
methylketone (Z-VEID-fmk, caspase 6 inhibitor; Sigma,
St. Louis, Mo.). The inhibitors were added at day 1 of dif-
ferentiation (described above) at a final concentration of
25 mM. For Western blot analysis, cells were harvested at
day 3 of differentiation (following 48 h treatment).

Growth rate
The increase in total cellular protein was used as a mea-
sure of cell growth. Cells on culture dishes were washed
twice with phosphate-buffered saline (PBS, pH 7.4) and
lysed in 100 mM Tris/HCl (pH 6.8), 20% glycerol, and
1% SDS. Protein concentrations determined by a DC
Protein Assay kit (Bio-Rad, Hercules, Calif.) were used to
calculate the total amount of protein per dish.

Analysis of cell cycle distribution and DNA synthesis
Cells were harvested by trypsinization and fixed in 70%
ethanol. DNA was stained by incubation (37°C, 30 min)
with Vindelov’s solution (10 mM Tris buffer, pH 8, 
0.7 mg/ml RNase, 50 mg/ml propidium iodide, 0.1% Tri-
ton-X 100; 10 mM NaCl) [18]. For the analysis of DNA
synthesis, the cells were labeled with 10 mM 5-bromo-2¢-
deoxy-uridine (BrdU) for 60 min under standard culture
conditions (37°C, 5% CO2, 95% humidity). After label-
ing, the cells were trypsinized and fixed in 70% ethanol
at 4°C overnight. Following fixation, the cells were
washed with PBS and incubated in 2 M HCl with 0.5%
Triton X-100 at 37°C for 1 h. The cells were pelleted by
centrifugation at 500 g for 10 min, resuspended in 0.1 M
sodium borate (pH 8.5), and incubated at room tempera-
ture (RT) for 10 min. After another round of centrifuga-
tion, the cells were resuspended in PBS supplemented
with 1% bovine serum albumin (BSA), 0.5% Triton X-
100 to 106 cells/100 ml. The anti-BrdU antibody conju-
gated with fluorescein isothiocyanate (FITC; BD
Pharmingen 556028, San Diego, Calif.) was added to the
cell suspension at a 1:10 ratio and incubated overnight at
4°C. The samples were washed in PBS with 1% BSA and
DNA was labeled with propidium iodide (50 mg/ml pro-
pidium iodide, 0.7 mg/ml RNase). DNA content and syn-
thesis were analyzed using flow cytometry (argon ion
laser, 488 nm for excitation, FACSCalibur; Becton Dick-
inson, San Jose, Calif.). For each sample, 1.5 ¥ 104 cells
were acquired. The percentages of cells in the individual
cell cycle phases were analyzed using ModFit 2.0 soft-
ware (Verity Software House, Topsham, Me.). CellQuest
3.1 (Becton Dickinson) software was used for DNA syn-
thesis analysis. Single cells were identified and gated by
pulse-code processing of the area and width of the signal.
Cell debris was excluded by appropriately raising the for-
ward scatter threshold.



Alkaline phosphatase staining
Colonies of mES cells grown on MEFs were washed with
PBS and fixed with 4% paraformaldehyde in PBS 
(pH 7.4) for 15 min. After washing with distilled water 
(5 min), the cells were incubated in 0.45-mm-filtered 
100 mM Tris/HCl (pH 8.5) with naphthol-AS-BI phos-
phate (250 mg/ml) and Fast Red Violet LB (250 mg/ml).
The reaction was stopped by washing with distilled water,
and samples were analyzed immediately.

Western blotting
For Western blot analysis, cell samples were prepared as
follows. Cells on a culture dish were washed twice with
PBS (pH 7.4) and lysed in 100 mM Tris/HCl (pH 6.8),
20% glycerol, and 1% SDS. Protein concentrations were
determined by a DC Protein Assay kit (Bio-Rad, Hercules,
Calif.). Equal amounts of total protein were subjected to
10% SDS PAGE, electrotransferred onto Hybond-P mem-
brane, immunodetected using appropriate primary and
secondary antibodies, and visualized by ECL+Plus
reagent according to the manufacturer’s instructions
(Amersham, Aylesbury, UK). When required, membranes
were stripped in 62.5 mM Tris/HCl (pH 6.8), 2% SDS,
and 100 mM b-mercaptoethanol, washed, and reblotted
with another antibody. When required, the intensities of
signals were assessed by densitometry using Intelligent
Quantifier software (BioImage, Ann Arbor, Mich.). After
immunodetection, each membrane was stained with ami-
doblack to confirm equal protein loading. The antibodies
used were as follows. Mouse monoclonal antibody to cy-
clin D1 (sc-450), rabbit polyclonal antibodies to Bcl-2 (sc-
492), Bcl-XL (sc-7195), Oct-4 (sc-9081), PARP (sc-7150),
and p21 (sc-397), and goat polyclonal antibody to lamin B
(sc-6217) were purchased from Santa Cruz Biotechnology
(Santa Cruz, Calif.); mouse monoclonal antibodies to p27
(K25020) and Bad (B31420) were purchased from Trans-
duction Laboratories (Lexington, Ky.); mouse monoclonal
antibodies to cyclin A (Ab-1, E23), cyclin D2 (Ab-4,
DCS-3.1 + DCS-5.2), and Bag-1 (Ab-1, 3.9F1E11) were
purchased from Neomarkers (Fremont, Calif.); rabbit
polyclonal antibody to Bak (556396) was purchased from
Pharmingen (San Diego, Calif.); mouse monoclonal anti-
body to alpha tubulin (Tu-01) was provided by Dr P.
Draber (Institute of Molecular Genetics, Prague, Czech
Republic); mouse monoclonal antibody to a C-terminal
part of cyclin D3 (DCS-22) was provided by Dr J. Lukas
(Danish Cancer Society, Copenhagen, Denmark), and
mouse monoclonal antibody to p21 (Waf1) was provided
by Dr B. Vojtesek (Masaryk Memorial Cancer Institute,
Brno, Czech Republic). The hybridoma TROMA-I devel-
oped by Drs P. Brulet and R. Kemler was obtained from
the Developmental Studies Hybridoma Bank developed
under the auspices of the NICHD and maintained by The
University of Iowa, Department of Biological Sciences,
Iowa City, Iowa.

Immunoprecipitation and kinase assays
For these assays, cells were extracted for 30 min in ice-
cold lysis buffer [50 mM Tris/HCl, pH 7.4, 150 mM
sodium chloride, 0.5% Nonidet P-40, 1 mM ethylenedi-
aminetetraacetic acid (EDTA), 0.1 mM dithiothreitol, 
50 mM sodium fluoride, 8 mM b-glycerophosphate, 
100 mM PMSF, 1 mg/ml leupeptin, 1 mg/ml aprotinin, 
10 mg/ml soybean trypsin inhibitor, 10 mg/ml tosylphen-
ylalanine chloromethane]. Extracts were cleared by cen-
trifugation at 15,000 g for 15 min at 4°C and stored at
–80°C until use. Concentrations of total protein were de-
termined using a DC Protein Assay Kit (Bio-Rad). The
extracts were first subjected to initial absorption with
Protein G agarose beads and then incubated with appro-
priate antibodies for 1 h in an ice bath. Rabbit polyclonal
antibodies to cyclin A (sc-751), cyclin E (sc-481), CDK4
(sc-260), and p27 (sc-528) and goat polyclonal antibod-
ies to CDK 2 (sc-163-G), and CDK 4 (sc-601-G, for ki-
nase assay only) were purchased from Santa Cruz
Biotechnology and used in immunoprecipitation studies.
Immunoprecipitates were collected on Protein G agarose
beads by overnight rotation, washed four times with lysis
buffer, resuspended in 2¥ Laemmli sample buffer and
subjected to SDS-PAGE followed by Western blot analy-
sis. For kinase assays, immunoprecipitates were prepared
as above, except that the last two washes were done using
kinase assay buffer (50 mM HEPES, pH 7.5, 10 mM
MgCl2, 10 mM MnCl2, 8 mM b-glycerophosphate; 1 mM
dithiothreitol). For CDK2, kinase reactions were carried
out for 30 min at 37°C in a total volume of 25 ml in ki-
nase assay buffer supplemented with 100 mg/ml histone
H1 (type III-S) and 40 mCi/ml [32P]ATP. For CDK4, ki-
nase reactions were carried out for 30 min at 30°C in a to-
tal volume of 25 ml in kinase assay buffer supplemented
with 160 mg/ml GST-pRb (type III-S) and 40 mCi/ml
[32P]ATP. Reactions were terminated by addition of 2¥
Laemmli sample buffer, and each reaction mix was sub-
jected to SDS-PAGE and autoradiography. When re-
quired, signal intensities were assessed by densitometry
using Intelligent Quantifier software (BioImage, Jack-
son, Mich.).

Indirect immunofluorescence
For indirect immunofluorescence (IIF), cells were grown
on glass cover slips and fixed in 95% ethanol/1% acetic
acid for 30 min on ice, then slowly rehydrated, quenched
with 1% BSA in PBS for 1 h at RT, incubated with the ap-
propriate primary (overnight at 4°C) and FITC-conju-
gated secondary (1 h, RT) antibodies and mounted to
Mowiol (Hoechst, Frankfurt, Germany). The antibodies
used were as follows: rat monoclonal antibody to cyto-
keratin Endo-A (TROMA-I; see Western blotting), mouse
monoclonal antibody to SSEA-1 (Tec-1) provided by Dr
P. Draber (Institute of Molecular Genetics, Prague, Czech
Republic), and mouse monoclonal antibody to E-cad-
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herin (C20820; Transduction Laboratories). Microscop-
ice analysis was performed using an upright Olympus
BX60 microscope equipped with a Fluoview confocal
laser scanning system.

DNA fragmentation analysis
One million cells were washed in PBS (pH 7.4), resus-
pended in 400 ml lysis buffer (100 mM NaCl, 25 mM
EDTA, pH 8.0, 10 mM Tris/HCl, 0.5% SDS) and incu-
bated overnight with proteinase K (0.5 mg/ml). The next
day, RNase (100 mg/ml) was added for 2 h at 37°C, and
the sample was precipitated with 400 ml of 5 M NaCl and
subsequently cleared by centrifugation. DNA in super-
natant was precipitated with 560 ml isopropanol, diluted
in TE buffer (10 mM Tris/HCl, pH 8.0, 1 mM EDTA) and
analyzed on a 1.5% agarose gel.

TUNEL assay
Cells were trypsinized, washed with PBS (pH 7.4), and
collected by centrifugation. The cell pellet was resus-
pended in culture medium (0.5 ml), added dropwise 
to cold 1% paraformaldehyde (5 ml), and incubated for
15 min on ice. After another wash with PBS (pH 7.4), the
cells were transferred to 70% ethanol and stored at
–20°C until use. For the TUNEL assay, fixed cells were
washed with PBS+0.1% BSA (pH 7.4), resuspended in
50 mL of TUNEL reaction mixture (In Situ Cell Death
Detection Kit, Fluorescein, Roche, Basel, Switzerland),
and incubated overnight in the dark. After washing once
with 1.5 ml rinsing buffer (0.1% v/v Triton X-100 + 5 mg/
ml BSA in PBS, pH 7.4), the cells were resuspended in 
1 ml of freshly prepared propidium iodide (PI) staining
solution (5 mg/ml PI + 200 mg/ml RNase in PBS, pH 7.4)
and incubated for 30 min at RT in the dark. The samples
were analyzed using flow cytometry as described in
Analysis of cell cycle distribution and DNA synthesis.

Transient transfection and analysis of mitochondrial
membrane potential
Cells were electroporated as described previously [19]
with a mixture (1:8) of pEGFP-C1 (BD Biosciences
Clontech, Palo Alto, Calif.) and pNeoCycD3 [10] expres-
sion vectors. The effect of the transfection on apoptosis
was evaluated by measuring changes in mitochondrial
membrane potential (DYm). Briefly, cells were washed
twice with Hank’s balanced salt solution without calcium
and magnesium ions (HBSS), resuspended in 100 mM
tetramethylrhodamine ethyl ester perchlorate (TMRE;
Molecular Probes, Eugene, Or.) in HBSS (approximately
106 cells/ml), and incubated for 20 min at RT in the dark.
At the end of the incubation period, cells were washed in
HBSS, resuspended in a total volume of 500 ml HBSS,
and at least 105 cells were analyzed using a FACSCalibur
flow cytometer and CellQuest 3.1 software (Becton Dick-
inson). Data are expressed as the percentage of cells with
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a negative TMRE fluorescence from a GFP-positive pop-
ulation.

Results

Characterization and growth properties 
of p27-deficient mES cells

Wild-type and p27-deficient blastocysts were obtained by
crossing mice that were heterozygous for p27 [15]. As de-
termined by PCR, two independent p27+/+ and three in-
dependent p27–/– mES cell lines were established. Each
line had a normal male karyotype (not shown) and dis-
played the markers of undifferentiated mES cells: high
levels of alkaline phosphatase activity (fig. 1A), expres-
sion of SSEA-1 (fig. 1B), and high levels of Oct-4 pro-
tein (fig. 1C). There was no apparent variability in these
characteristics between the cell lines. The presence or ab-
sence of p27 protein was confirmed by Western blotting
(fig. 1D). Experiments described here used two p27–/–
cell lines (numbers 16 and 22), p27+/+ cell line number
10, and p27+/+ cell line D3 (described previously [17]).
To characterize their growth parameters, the cell lines
were seeded at low density onto MEF feeder layers and
the increase in total protein was monitored daily for 3
days. Along with the lack of any difference in their mor-
phology, no difference between the p27+/+ and p27–/–
cell lines was observed with respect to the rate of increase
in the protein content accompanying their proliferation
(fig. 1E). Therefore the absence of p27 does not influence
a basal proliferation rate of mES cells.

p27-deficient mES cells respond aberrantly to the
induction of differentiation
To induce differentiation, mES cells were grown in the
absence of LIF from day 0 (D0), and then exposed to RA
for 48 h beginning on day 1 (D1) (see fig. 2A for the
schematic). As expected, the amount of p27 was very low
in undifferentiated normal mES cells but gradually in-
creased following induction of differentiation (fig. 2B).
To assess the functional significance of this p27 accumu-
lation, differentiation-associated changes were monitored
in both normal and p27-deficient mES cells. First, while
normal mES cells flattened (by D2) and produced a con-
fluent monolayer (by D4), no such progression was ob-
served in p27–/– mES cells (fig. 2C). Instead, p27–/–
cells became loosely attached to the dish (by D2) and
eventually underwent massive cell loss, resulting in only
individual cells and/or very small colonies (by D4) at the
end of the incubation period. Flow cytometric analysis of
detached cells showed that this population consisted pre-
dominantly of apoptosing cells and some cellular debris
(not shown). Therefore, such floating cells were not sub-
jected to further analyses except for the assays addressing
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their apoptotic status (lamin B and PARP cleavage, ge-
nomic DNA fragmentation, TUNEL analysis and analy-
sis of mitochondrial membrane potential).
This difference in viability between normal and p27-de-
ficient mES cells was also demonstrated by their growth
properties (fig. 2D). Although some cell death was ob-
served in non-mutant cells at days 3 and 4 of differentia-
tion, the cell death observed in p27–/– mES cells was sig-
nificantly greater, with an almost complete loss of viable
cells (between 80 and 95%) at day 4. This precluded
analyses of p27–/– cells at day 4 of differentiation.

p27-deficient cells are able to slow cell cycle 
progression
The results described above suggest that some processes
normally associated with the commencement of RA-in-
duced differentiation do not proceed normally in the ab-
sence of p27. Because the inhibitory activity of p27 toward
cyclin-CDK complexes is well established, we first exam-
ined the ability of p27-deficient mES cells to slow their cell
division cycle. Surprisingly, differentiation-induced alter-
ations in the percentages of cells in the G1 and S phases of
the cell cycle were similar in normal and p27-deficient mES
cells (fig. 3A). This result was confirmed by metabolic la-
beling of newly synthesized DNA with BrdU followed by

Figure 1. Characterization of established mES cell lines. The
newly derived mES cell lines were examined for various markers of
undifferentiated mES cells. The activity of alkaline phosphatase
(red) (note surrounding feeder cells with lack of activity) (A), the
expression of SSEA-1 cell surface antigen (green) on mES cells (B)
as visualized by fluorescence microscopy. (C) The expression of
Oct-4 protein in MEFs and mES cells as determined by Western
blot. Cell line no. 22 deficient for p27 is shown in A–C. (D) The ex-
pression of p27 protein in differentiating p27-deficient mES cells
and normal controls as determined by Western blot. (E) The total
amount of protein from two p27+/+ (no. 10 and D3) and two p27–/–
(nos 16 and 22) mES cell lines grown on an MEF feeder layer for 3
days was measured. The averages and standard deviations from
three independent replicates are shown.

Figure 2. Effects of the absence of p27 on the differentiation of
mES cells. (A) A schematic diagram of the differentiation protocol
used. At day 0 (D0), LIF was withdrawn from the mES cells. The
cells were treated with RA from day 1 (D1) through day 3 (D3).
Cells were monitored daily through day 4 (D4). (B) The level of p27
protein expressed in normal mES cells during differentiation as de-
termined by Western blot. (C) The morphology of normal and p27-
deficient cells was monitored by microscopy during differentiation.
(D) The total amount of protein from two p27+/+ (no. 10 and D3)
and two p27–/– (nos 16 and 22) mES cell lines during RA-induced
differentiation was analyzed. The mean and standard deviations
from three independent replicates are shown.
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Figure 3. Cell cycle progression of normal and p27-deficient cells. (A) The percentage of normal and p27-deficient mES cells in individ-
ual cell cycle phases (G0/G1, filled circle; S, open circle; G2, triangle) as determined by flow cytometry. The averages and standard devi-
ations from at least three independent replicates are shown. (B) Normal and p27-deficient mES cells at various stages of differentiation
were metabolically labeled with BrdU. The cells were stained with PI and FITC-conjugated anti-BrdU antibody and then scored by flow
cytometry. The typical plots and the percentage of cells in individual areas are presented.
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flow cytometric analysis (fig. 3B). In both normal and p27-
deficient mES cells, the percentage of BrdU-labeled cells
decreased during differentiation. Although we were unable
to quantify DNA synthesis in p27–/– cells at day 4, the de-
crease that occurs between day 0 and day 2 (from 61.4 to
29.3% BrdU-positive cells) demonstrates that DNA syn-
thesis is down-regulated in p27-deficient mES cells. There-
fore, p27 activity is dispensable for inhibition of prolifera-
tion in differentiating mES cells.

The absence of p27 affects levels of cyclins D2 and D3 
As demonstrated above, the absence of p27 had no sig-
nificant effect on the proliferation of mES cells. How-
ever, the absence of p27 can affect the organization of cell
cycle machinery in differentiating mES cells. To address
this issue, we analyzed the levels and kinase activities of
cyclins and CDKs, their physical associations, and the be-
havior of p27-related CKI p21. As shown in figure 4, the
kinase activities associated with CDK2, cyclin E, and cy-

Figure 4. Effects of the absence of p27 on cyclin A/E-CDK2 complexes in differentiating mES cells. Cell lysates from differentiating nor-
mal and p27-deficient mES cells were used to immunoprecipitate CDK2, cyclin E, and cyclin A. The kinase activity toward histone H1 was
determined by autoradiography and quantified by densitometry. A p27+/+ sample from day 0 (D0) without antibody or histone H1 served
as negative controls. The amount of p27 in immunoprecipitates was determined by Western blotting. A sample of thymus proteins served
as a positive control in immunoprecipitation studies. The total amount of CDK2, cyclin E, and cyclin A in cells as determined by Western
blotting is also presented. The average density of p27+/+ samples from day 0 was defined as 1.0, and from this value all other values were
calculated. Data represent the means with standard deviations indicated by error bars. Data are representative of at least three independent
replicates. 
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clin A were similarly decreased in both p27+/+ and
p27–/– mES cells following the induction of differentia-
tion. While the levels of cyclin E protein dropped precip-
itously following the addition of RA (D2 and D3), its lev-
els were restored after RA removal (D4). In contrast, cy-
clin A protein levels decreased continually, and the levels
of CDK2 protein remained essentially unchanged
throughout differentiation. 
Immunoprecipitation analysis demonstrated detectable
amounts of p27 associated with cyclin E only at later
stages of differentiation (D3 and D4) (fig. 4). Given that
down-regulation of cyclin E-associated kinase activity
does not require p27 protein (fig. 4), the levels of cyclins
A and E, rather than the inhibitory activity of p27, are
likely to be responsible for down-regulation of CDK2 ki-
nase activity in differentiating mES cells. 
The patterns of expression of individual D-type cyclin
family members differ during differentiation of mES
cells (fig. 5A). In undifferentiated, normal mES cells, D1
and D3 but not D2 cyclins were detectable. However, as
early as day 2 of differentiation, cyclin D2 protein
reached detectable levels. In contrast, differentiation in-

duced a slight decrease in the level of cyclin D1, while no
change occurred in the level of cyclin D3. Although p27-
deficient mES cells followed a similar pattern of D-type
cyclin expression dynamics, the absolute levels of ex-
pression were different from those observed in normal
mES cells. Specifically, the amounts of cyclins D2 and
D3 were much lower in mutant mES cells compared to
their normal counterparts. A prototypical partner of D-
type cyclins, CDK4, was not subject to any differentia-
tion-associated changes in expression in either normal or
mutant mES cells. However, the absence of p27 resulted
in abnormalities in activity of CDK4. Compared to nor-
mal mES cells, the activity of CDK4 in p27–/– mES cells
was generally lower and lacked its transient (although sta-
tistically non-significant) surge invariably observed in
normal ES cells at days 2 and 3 of differentiation (fig.
5B). Correspondingly, the physical association of cyclin
D3 with CDK4, observed in normal mES cells, was ab-
sent from their mutant counterparts (fig. 5B). This loss of
cyclin D3/CDK4 interaction is likely due to the physical
association of cyclin D3 with p27, which occurred in
mES cells under normal conditions (fig. 5C). The finding

Figure 5. Effects of the absence of p27 on cyclin D-CDK4 complexes in differentiating mES cells. (A) Levels of cyclin D1, cyclin D2, cy-
clin D3, CDK4, and p21 in differentiating normal and p27-deficient mES cells as determined by Western blotting. (B) CDK4 was specif-
ically immunoprecipitated from extracts of differentiating normal and p27-deficient mES cells. pRb-specific kinase activity was deter-
mined by autoradiography and quantified by densitometry. p27+/+ sample from day 0 (D0) without antibody or GST-pRb served as nega-
tive controls. The average density of p27+/+ samples from day 0 was defined as 1.0, and from this value all other values were calculated.
Data represent the means with standard deviations indicated by error bars. The amounts of p27, p21, and cyclin D3 in immunoprecipitates
were analyzed by Western blots. (C) The amount of p27-associated cyclin D was determined by the specific immunoprecipitation of p27
followed by Western blot for cyclin D3. Data are representative of three independent replicates.
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that cyclin D3/CDK4 complexes do not form properly in
the absence of p27, together with the demonstration that
p21 is present in appreciable amounts in p27–/– mES
cells (fig. 5A), suggests that p21 cannot fully compensate
for loss of p27 function. These data demonstrate that the
absence of p27 indeed causes aberrations in the organiza-
tion of the cell cycle regulating machinery in mES cells.
Specifically, when p27 is unavailable, the activity of
CDK4 is lowered, most likely due to the reduced levels of
cyclins D2 and D3 altering the amount and/or structure of
cyclin-CDK complexes.

p27-deficient mES cells do achieve a differentiated
phenotype
As shown above, p27 is not required for mES cells to reg-
ulate their proliferation (fig. 3). Here we asked whether or
not mES cells are also able to develop a differentiated
phenotype in the absence of p27. The morphology of sur-
viving p27-deficient cells (day 4) closely resembled that
of normal mES cells as determined by phase contrast mi-
croscopy (fig. 6A) and following E-cadherin staining
(fig. 6B). Additionally, p27-deficient cells expressed cy-
tokeratin Endo A (TROMA-I antibody), a differentiation
marker of mouse trophoblast and primitive endoderm
[20] typical for derivatives of non-mutant mES cells (fig.
6C). When cytokeratin Endo-A protein levels were quan-
tified by Western blotting, there was no difference be-
tween normal and p27-deficient cells (fig. 6D). Further-
more, differentiation-associated down-regulation of Oct-
4 had the same dynamics in normal and p27-deficient
mES cells (fig. 6D). Taken together, the absence of p27
does not prevent mES cells from developing a fully dif-
ferentiated phenotype. 

p27-deficient mES cells are susceptible to differentia-
tion-associated apoptosis
Cellular differentiation is a complex process requiring
considerable restructuring of the intracellular space. The
integrity of this process is controlled by the elimination of
defective cells via apoptosis, while cells that differentiate
properly are protected. To examine the role of p27 in the
regulation of apoptosis, we first compared the level of
apoptosis in normal and p27–/– cells using the cleavage
of nuclear lamin B and the fragmentation of genomic
DNA as apoptotic markers. In normal cells, some cleav-
age of lamin B was transiently detected only at day 3 (fig.
7A). In contrast, by day 2, cleaved lamin B could be de-
tected in p27-deficient cells, and by day 3, most lamin B
was cleaved (fig. 7A). Similarly, a DNA ladder, reflect-
ing the fragmentation of genomic DNA, was detected
only in p27-deficient cells at D2 and D3 (fig. 7B). This
observable increase in apoptosis in p27-deficient mES
cells was further analyzed statistically by TUNEL assay
applied on populations of attached and attached+floating
mES cells. At D3 of differentiation, the proportion of in-

tact (PI-positive) TUNEL-positive cells was almost four
times higher in p27-deficient cells than in controls (fig.
8). Together, the results of all three assays clearly demon-
strate that the lack of p27 leads to increased apoptosis of
mES cells induced to differentiate by RA.

Initiation of differentiation is sufficient for the 
increased apoptosis to occur in p27-deficient cells 
RA is known to induce differentiation at very low con-
centrations (down to 1 ¥ 10–9 M) but can be toxic to some
cell types at higher levels [21]. We tested whether the
above-described effect of p27 deficiency on apoptosis
could be ascribed to RA toxicity rather than RA-mediated
induction of differentiation. Cells were treated with RA at
concentrations ranging from 1 ¥ 10–9 to 2 ¥ 10–6 M. Al-
though there was a detectable difference in cellular mor-

Figure 6. Effects of the absence of p27 on the expression of differ-
entiation markers in mES cells. Mouse ES cells grown on glass
cover slips were treated according to the protocol outlined in figure
2A and analyzed at day 4 (D4) (A). Cell morphology was analyzed
by phase contrast microscopy. The expression of E-cadherin (B) and
cytokeratin Endo-A (TROMA-I) (C) was visualized by indirect im-
munofluorescence. The amount of cytokeratin Endo-A (TROMA-I)
and Oct-4 in differentiating p27+/+ and p27–/– mES cells was ana-
lyzed by Western blotting (D).
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phology (fig. 9A) and cleavage of lamin B (fig. 9B) be-
tween normal and p27-deficient mES cells at all concen-
trations of RA used, there was no detectable difference in
the overall degree of apoptosis in either cell line in re-
sponse to increasing RA concentrations (fig. 9A, B). As
shown in figure 9C, more apoptosis was detected in dif-
ferentiated p27-deficient cells even in the absence of RA.
These data suggest that the observed increase in apopto-
sis in p27-deficient cells is a result of the onset of differ-
entiation rather than being due to the toxicity of RA.
Because p27-deficient cells grow more slowly than nor-
mal cells during differentiation (see fig. 2C), a phenom-
enon which could lead to reduced cell-cell contacts and
the production of intrinsic signals, we next determined if
the above-described differences in apoptosis could be an
indirect effect of the different growth properties of nor-
mal and p27-deficient cells. Cells were seeded at densi-
ties between 2 ¥ 104 and 1.5 ¥ 105/cm2 and treated as pre-
viously described (see fig. 2A). While the extent of cleav-
age of lamin B differed between p27+/+ and p27–/–mES
cells, it was not influenced by cell density within each re-

spective cell line (fig. 9D). Therefore, the induction of
differentiation per se rather then sensitivity to RA or
overall cell density is responsible for the observed in-
creased apoptosis in p27-deficient cells. Thus, we infer
that the role of up-regulated p27 during differentiation of
mES cells involves protection of mES cells from differ-
entiation-associated apoptosis.

Caspase inhibitors fail to prevent apoptosis in mES
cells
At least under certain conditions, caspase-dependent
pathways are involved in driving apoptosis in mES cells
[22, 23]. To address whether or not the activity of cas-
pases is also essential for the observed increase in apop-
tosis in differentiating p27-deficient mES cells, both nor-
mal and p27-deficient cells were treated with a general
caspase inhibitor (zVAD-fmk), a caspase 3-specific in-
hibitor (z-DEVD-fmk), and a caspase 6-specific inhibitor
(zVEID-fmk). None of these inhibitors caused signifi-
cant changes in morphology and/or growth parameters of
mES cells when analyzed at day 3 of differentiation (not

Figure 7. Effects of the absence of p27 on the level of apoptosis in differentiating mES cells. (A) Mouse ES cells were treated according
to the protocol outlined in figure 2A. Both floating and attached cells were lysed, and the cleavage of lamin B was determined by Western
blotting. Cleavage products at day 3 (D3) were quantified by densitometry. The cumulative density of both bands representing cleaved and
uncleaved lamin B in the p27+/+ sample was defined as 1.0, and from this value all other values were calculated. Data represent the means
with standard deviations indicated by error bars. (B) Genomic DNA from both floating and attached cells was isolated and analyzed on
1.5% agarose gels. Data are representative of three independent replicates.
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shown). Correspondingly, such treatments did not affect
the cleavage of lamin B and PARP, both of which are sub-
strates for caspases (fig. 10). 

p27–/– mES cells do not show major abnormalities 
in the metabolism of specific anti- and pro-apoptotic
proteins
The progression of apoptosis in cells is modulated by the
activities of several anti- and pro-apoptotic proteins [for a
review see ref. 24]. To identify those molecular pathways

responsible for the enhanced apoptosis observed here, the
levels of some of these proteins were determined in nor-
mal and p27-deficient mES cells. From the total of eight
proteins analyzed, only Bcl-2, Bcl-XL, and Bag-1 (all
anti-apoptotic), and Bak and Bad (both pro-apoptotic)
were detectable in mES cells. Another three proteins, pro-
apoptotic Bid (sc-6538) and Bax (B31420), and anti-
apoptotic protein Mcl-1 (M8434) were undetectable un-
der any assay condition (not shown). Most important,
these proteins showed no p27 genotype-related anomalies

Figure 8. TUNEL analysis of differentiating normal and p27-deficient mES cells. Mouse ES cells were treated according to the protocol
outlined in figure 2A. At day 3 (D3), both attached and attached+floating (all) cells were subjected to TUNEL assay followed by flow cy-
tometric analysis. The typical plots and the percentages of cells in individual areas are presented. PI- and TUNEL-positive cells (upper right
quadrant) were considered to be intact apoptotic cells and their quantification is presented in the graphs below as the means plus standard
deviation. 
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in their respective amounts during mES cell differentia-
tion (fig. 11). Although a slight increase in the amounts
of Bcl-XL and Bad in p27–/– cells was observed in some
experiments, we were unable to statistically prove such
accumulations to be significant.

Overexpressed cyclin D3 guards p27-deficient mES
cells against increased apoptosis
Down-regulation of cyclin D3 has previously been shown
to be involved in driving apoptosis in various cell types
[25–28]. Here, p27-deficient mES cells, which were
highly prone to apoptosis, were characterized by dramat-
ically reduced levels of cyclins D2 and D3 (see fig. 5).
This raises the question as to whether down-regulation of

D-type cyclin contributes to the pro-apoptotic phenotype
of p27–/– mES cells, and plasmid-driven expression of
cyclin D3, the most abundant D-type cyclin in mES cells,
was used to address this question. Cells were cotrans-
fected with a mixture (1:8) of pEGFP-C1 and pNeo-
CycD3 expression vectors [10]. EGFP-positive cells were
considered to express also exogenous cyclin D3 from
pNeoCycD3. After 2 days of RA-induced differentiation
as above, the level of apoptosis in GFP-positive cells was
determined by flow cytometry, using the mitochondrial
membrane potential (DYm) as a marker. As shown in fig-
ure 12, overexpression of cyclin D3 resulted directly in
reduced apoptosis in p27–/– mES cells, as well as in their
normal counterparts. These data provide a functional link

Figure 9. The effect of RA concentration and cell density on apoptosis in differentiating normal and p27-deficient mES cells. Mouse ES
cells were treated according to the protocol outlined in figure 2A with different concentrations of RA and then analyzed by phase contrast
microscopy at day 3 (D3) (A). Both floating and attached cells were lysed at day 3, and the cleavage of lamin B was determined by West-
ern blotting (B). Mouse ES cells were differentiated in the absence of LIF for 3 days. The cleavage of lamin B was determined by Western
blotting (C). Mouse ES cells were seeded at densities from 2000 to 15,000 cells/cm2 and treated according to the protocol outlined in fig-
ure 2A. Both floating and attached cells were lysed and the cleavage of lamin B was analyzed by Western blotting (D).
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between the levels of D-type cyclins and the promotion of
apoptosis in mES cells.

Discussion

The differentiation of cells of early embryonic origin is a
complex process by which highly proliferating, self-re-
newing cells switch their developmental program to dif-
ferentiation. This critical event is usually accompanied by
reduced proliferation. One common feature of differenti-

ated early embryonic cells is elevated Cip/Kip inhibitor
p27 protein [5–13]. To assess the role of p27 in embry-
onic differentiation, we used adherent cultures of both
normal and p27-deficient mES cells in which differentia-
tion was induced by withdrawal of LIF combined with the
RA treatment [14]. Using this system, we analyzed the ef-
fects of p27 on several well-established characteristics of
mES cell differentiation. The extent to which p27 is re-
quired for differentiation signal-associated inhibition of
proliferation and differentiation sensu stricto was exam-
ined. Because the formation of tissues and organs within

Figure 10. The effect of caspase inhibitors on apoptosis in normal and p27-deficient mES cells. mES cells were treated according to the
protocol outlined in figure 2A. At D1, cells were treated with DMSO (control solvent), a general a caspase inhibitor (zVAD-fmk), caspase
3-specific inhibitor (z-DEVD-fmk), and a caspase 6-specific inhibitor (zVEID-fmk). Both floating and attached cells were lysed at D3 and
the cleavage of lamin B and PARP was analyzed by Western blot.

Figure 11. Expression of proteins regulating apoptosis in differentiating normal and p27-deficient mES cells. Extracts were prepared from
normal and p27-deficient mES cells at various stages of differentiation and the levels of Bcl-2, Bcl-XL, Bag-1, Bak, and Bad proteins were
analyzed by Western blotting. Alpha-tubulin was used as a loading control. HL-60 cells were used as a positive control for Bag-1.
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Figure 12. The effect of overexpressed cyclin D3 on apoptosis in differentiating normal and p27-deficient mES cells. Normal and p27-de-
ficient mES cells were electroporated with pEGFP-C1 with or without pNeoCycD3 expression vector. Transfected cells were differenti-
ated according to the protocol outlined in figure 2A. At day 2 (D2) of differentiation, the apoptosis in EGFP-positive cells was quantified
using flow cytometric analysis of mitochondrial membrane potential (TMRE). Marker 1-gated cells were considered to be apoptotic.



the early mammalian embryo is tightly associated with
programmed cell death, we also analyzed the level of
apoptosis in normal and p27-deficient mES cells stimu-
lated to differentiate.
We have demonstrated that the absence of p27 does not
affect the ability of mouse ES cells to properly slow cell
cycle progression. When compared to normal mES cells,
cell cycle distribution, DNA synthesis, and the activity of
the key CDKs that regulate G1/S entry are unaffected in
differentiating p27-deficient mES cells. Cip/Kip family
members inhibit active cyclin-CDK [29] complexes re-
sulting in a suspension of cellular proliferation. Although
p27 becomes increasingly associated with cyclin E and
CDK4 during differentiation, the absence of p27 does not
significantly alter their associated kinase activities.
Therefore, the activities of CDK2 and CDK4 seem to be
regulated predominantly at the level of cyclin availability.
Savatier and colleagues [5] have shown that overexpres-
sion of p27 in both proliferating and differentiated mES
cells leads to cell cycle arrest. Correspondingly, artificial
down-regulation of p27 in human NTERA-2 EC cells in-
duced to differentiate by hexamethylene-bisacetamide
(HMBA) [13] or RA [6] causes defects in cell cycle
breaking. However, here, p27 was not required for the in-
hibition of proliferation of mES cells associated with dif-
ferentiation induced by LIF withdrawal combined with
RA treatment. The biological role of p27 in differentiat-
ing cells of early embryonic origin thus seems to differ
depending on the differentiation pathway. The differences
between individual cell lines can represent another source
of variability. Savatier and colleagues [5] showed that the
levels of D-type cyclins and CDK4-associatied kinase ac-
tivity are very low in CGR8 mES cells. In contrast, in our
newly established mES cells and also in the D3 line of
mES cells (not shown), CDK4-associated kinase activity
as well as the levels of cyclin D1 and D3 are quite high.
The p27-deficient mES cells progressively die after LIF
withdrawal combined with RA treatment. However, sur-
viving p27-deficient cells have a comparable phenotype
to differentiated normal cells. Our results thus differ from
the conclusions of others that elevated p27 in EC cells
contributes to the regulation of differentiation [6, 11, 13].
However, the process of differentiation may differ be-
tween individual EC and mES cell lines, and the role of
p27 may differ depending on the differentiation signal
and/or manner. Currently, studies where p27-deficient
mES cells are induced to differentiate using other proto-
cols are in progress to clarify the general role of p27 in
early development. 
Analyses of nuclear lamin B, fragmentation of genomic
DNA (DNA ladder and TUNEL assay), and mitochondrial
membrane potential demonstrate that differentiating p27-
deficient mES cells are dying via apoptosis. The extent of
apoptosis did not increase with increasing concentrations
of RA or cell density, suggesting that the onset of differen-

tiation itself is a sufficient signal for cells to enter the apop-
totic pathway. Importantly, while mES cells are able to
fully compensate for the lack of p27 with respect to cell cy-
cle regulation, they cannot compensate for the function of
p27 required to protect against cell death. These data sug-
gest that p27 is the crucial component of the apoptosis pro-
tection mechanism in differentiating mES cells.
The up-regulation of p27 in cancer cells is typically con-
nected with its ability to induce cell cycle arrest and pro-
mote apoptosis [for reviews see  ref. 30, 31]. In contrast,
p27 has been found to be anti-apoptotic in other cellular
models [32–41]. There were two previous studies on the
role of p27 in mouse teratocarcinoma-derived EC cells.
Using a p27 antisense oligonucleotide strategy, Glozak
and Rogers [8] demonstrated that RA- and bone morpho-
genetic protein 4 (BMP-4)-induced apoptosis in P19 EC
cells required p27. In contrast, Baldassarre and col-
leagues [13] showed that down-regulation of p27 by spe-
cific antisense oligonucleotides leads to massive pro-
grammed cell death of human NT2/D1 EC cells induced
to differentiate by HMBA. Important to note is that three-
dimensional cell culture was used by Glozak and Rogers
while monolayer culture was employed in this study and
in the study of Baldassarre. Recently, we observed ab-
normal development in embryoid bodies produced from 
p27–/– ES cells, with one cell lineage being eliminated
due to increased apoptosis, while the other was expanded,
possibly thanks to its lower sensitivity to the absence of
p27 [unpublished data]. Therefore, cell type-specific
functioning of p27 may well explain the occurrence of
both pro- and anti-apoptotic effects of p27 in differentiat-
ing pluripotent cells.
Two specific molecular events that were previously
shown to result from the absence of p27, hyperactivation
of CDK2 and CDK4 kinases [42] and down-regulation of
D-type cyclins [43–45], were also found to be associated
with the induction of programmed cell death in many cell
types [25–28, 35, 36, 46–51]. In this study, neither
CDK2- nor CDK4-associated kinase activities were al-
tered in the absence of p27, and therefore could not con-
tribute to elevated apoptosis in p27-deficient mES cells.
In contrast, the levels of both cyclin D2 and cyclin D3
were lowered dramatically in p27-deficient mES cells
compared to their wild-type counterparts. Moreover,
over-expression of cyclin D3 significantly reduced differ-
entiation-associated apoptosis both in wild-type and p27-
deficient mES cells. A similar protective effect was ob-
served following overexpression of cyclin D2 and D3 in
WEHI 231 and Jurkat cells, respectively [25, 26]. Taken
together, although our study does not provide a specific
molecular mechanism or pathway by which p27 protects
mES cells from differentiation-associated apoptosis, the
data suggest that the role of p27 in maintaining appropri-
ate levels of cyclin D3 (and cyclin D2) is at least in part
responsible for its anti-apoptotic activity.
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Joza and colleagues [52] recently demonstrated that the
activity of apoptosis-inducing factor (AIF) is required for
programmed cell death in embryoid bodies produced
from mES cells. Crucially, this AIF-dependent apoptotic
pathway, which is essential for cell death occurring nor-
mally during early development in mammals, does not in-
volve the action of caspases. When in this study the ac-
tivity of caspases was chemically inhibited in apoptosing
p27-deficient mES cells, none of the parameters of apop-
tosis was significantly affected. Correspondingly, the ab-
sence of p27 caused no disturbances in the metabolism of
the selected pro- and anti-apoptotic proteins functionally
linked to the caspase-dependent pathway. We infer that
caspase-independent apoptotic pathway(s) are responsi-
ble for the massive cell death of differentiating p27-defi-
cient mES cells, with the AIF-dependent pathway being
the most likely candidate.
Our study on p27-deficient mES cells stimulated to differ-
entiate expands the current understanding of cell cycle reg-
ulation in cells of embryonic origin. Our data indicate that
p27 plays a greater role in differentiating mES cell survival
than in regulating cell cycle progression. We propose that
the processes that control cell cycle regulation and apopto-
sis in mES cells are linked via p27 and cyclin D3.
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