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The ubiquitin-proteasome system is a major proteolytic system 
for nonlysosomal degradation of cellular proteins. Here, we in-
vestigated the response of mouse embryonic stem (ES) cells un-
der proteotoxic stress. Proteasome inhibitors induced expression 
of heat shock protein 70 (HSP70) in a concentration- and 
time-dependent manner, and also induced apoptosis of ES cells. 
Importantly, more apoptotic cells were observed in ES cells 
compared with other somatic cells. To understand this phenom-
enon, we further investigated the expression of HSP70 and plu-
ripotent cell markers. HSP70 expression was more significantly 
increased in somatic cells than in ES cells, and expression levels 
of pluripotent cell markers such as Oct4 and Nanog were de-
creased in ES cells. These results suggest that higher sensitivity 
of ES cells to proteotoxic stress may be related with lower ca-
pacity of HSP70 expression and decreased pluripotent cell 
marker expression, which is essential for the survival of ES cells. 
[BMB reports 2012; 45(5): 299-304]

INTRODUCTION

Embryonic stem (ES) cells are derived from remnant embryos 
after in vitro fertilization and are specifically established from 
the inner cell mass of blastocysts. ES cells have the ability to 
self-renew, maintaining their stemness on mouse embryonic fi-
broblast (MEF) cells (1) and have pluripotent ability of differ-
entiation to multiple tissue lineages in certain conditions (2, 3). 
Understanding of the molecular mechanisms underlying 
self-renewal and differentiation of these pluripotent cells is crit-

ically important in basic stem cell biology and future applica-
tions, and studies on ES cells may provide general information 
to understand pluripotent cells (4). 
　The ubiquitin-proteasome system is a major proteolytic sys-
tem for non-lysosomal degradation of damaged and abnormal 
proteins. The ubiquitin-proteasome system is also responsible 
for the degradation and proteolytic processing of cellular pro-
teins essential for the regulation of basic cellular processes, such 
as development, differentiation, proliferation, and cell cycling 
(5, 6). In addition, it is known to be involved in apoptosis (7).
　Heat shock proteins (HSPs) are a family of evolutionarily 
conserved chaperone proteins and induced by various stimuli 
such as infection, high temperature, free radicals, and mechan-
ical stress (8). HSP70 is involved in the protein folding process 
and translocation of proteins through the intracellular mem-
brane and in the interactions with signal transduction proteins 
(9-11). Another function of HSP70 is to inhibit cellular apopto-
sis induced by various stresses. HSP70 prevents cell death by 
interaction with apoptosis regulators such as cytochrome c and 
Apaf-1 and AIF (12, 13). 
　According to previous studies, a number of processes and 
molecular components that regulate self-renewal, proliferation, 
and differentiation in ES cells are regulated by the ubiq-
uitin-proteasome system (14). ES cells have unique molecular 
properties compared with adult cells, including a unique tran-
scriptional hierarchy, a poised epigenetic state, and a short cell 
cycle transit time (15). Furthermore, ES cells are known to be 
more sensitive to environmental stress than adult cells (16). In 
this study, we treated mouse ES cells with proteasome in-
hibitors and investigated HSP70 expression and survival of 
mouse ES cells. We also compared the sensitivity of ES cells to 
proteotoxic stress with other somatic cells. 

RESULTS AND DISCUSSION

Expression of HSP70 by proteasome inhibitors in mouse ES 
cells
Proteotoxic stress inhibiting regular protein processing is kno-
wn to activate the transcription factor HSF1 and induce ex-
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Fig. 1. Expression of HSP70 induced 
by proteasome inhibitors in mouse ES 
cells. Expression levels of HSP70 
mRNA and protein were examined. 
(A) ES cells were treated with MG132, 
Lactacystin, and Epoxomicin for 24 h. 
(B) ES cells were treated with MG132 
and Epoxomicin at the indicated con-
centrations for 24 h. (C) ES cells were 
treated with MG132 (2.5 μM) and 
Epoxomicin (50 nM) for the indicated 
periods. These results are representa-
tive of three experiments that yielded 
similar results.

pression of HSPs in many cells (9). To check whether protea-
some inhibitors induced a stress response in ES cells, we first 
assessed induction of HSP70 after treatment with proteasome 
inhibitors such as MG132, Lactacystin, and Epoxomicin for 24 
h. As shown in Fig. 1A, all of the tested proteasome inhibitors 
induced expression of HSP70 at the mRNA level as well as the 
protein level, implying that HSP70 expression is regulated at 
the transcriptional level. When the expression levels of HSP70 
were examined in detail in the MG132- or Epoxomicin-treated 
cells, it was found that HSP70 expression was upregulated in a 
dosage-dependent and time-dependent manner (Fig. 1B and C).

Severe apoptosis induced by proeasome inhibitors in mouse 
ES cells 
Proteasome inhibitors are known to induce apoptosis in various 
cell types (7). We treated mouse ES cells with proteasome in-
hibitors at the indicated concentrations for 24 h and observed 
morphological change that was presumed to indicate apoptotic 
cell death (Fig. 2A). To confirm apoptosis in mouse ES cells, we 
performed annexin V staining assays after treatment with 
MG132, Expoxomicin, and Lactacystin. As shown in Fig. 2B, 
the mean fluorescence intensity was significantly increased in 
the cells treated with proteasome inhibitors. This supports the 
notion that proteasome function is important for the survival of 
ES cells, as previously reported in other cells (6, 7).
　It is widely known that ES cells are very sensitive to culture 
conditions. This means that ES cells can be more susceptible 
to environmental stresses including proteotoxic stress than oth-
er cells. It has also been noted that proteasome inhibitors exert 
distinct effects depending on cell types (7, 14, 15, 17-19). To 

compare the sensitivity of ES cells and somatic cells, we meas-
ured apoptosis of mouse stromal cells (STO), mouse embry-
onic fibroblasts (MEF), and human embryonic kidney cell line 
HEK293 after treatment with proteasome inhibitors. As shown 
in Fig. 2C, mouse ES cells showed much severer apoptosis 
compared with STO, HEK293, and MEF cells. 

Lower expression level of HSP70 in ES cells compared with 
other somatic cells
HSP70 is a member of stress proteins which are involved in 
the protection of cells from cell death. To explain the differ-
ential sensitivity of ES cells and somatic cells to proteasome in-
hibitors, we evaluated HSP70 expression levels after treatment 
with proteasome inhibitors in mouse ES cells, STO, MEF, and 
HEK293 cells. As shown in Fig. 3, HSP70 is barely expressed 
in mouse ES cells and the basal level of HSP70 protein was 
higher in STO, MEF, and HEK293 cells. Furthermore, the ex-
pression of HSP70 protein was more significantly induced by 
proteasome inhibitors in STO, MEF, and HEK293 cells com-
pared with mouse ES cells. These results reveal that the differ-
ence of the apoptotic response between ES cells and somatic 
cells correlates with the expression level of HSP70. 

Decrease of pluripotent cell marker expression induced by 
proteasome inhibitors in mouse ES cells 
To directly examine the effect of proteasome inhibition on 
stem cell properties of mouse ES cells, we treated ES cells with 
proteasome inhibitors such as MG132, Epoxomicin, and 
Lactacystin and examined expression levels of pluripotency 
markers such as Oct4 and Nanog using a Western blot 
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Fig. 2. Morphological change and apop-
tosis induced by proeasome inhibitors in 
mouse ES cells. (A) ES cells were treated 
with MG132 and Epoxomicin at the in-
dicated concentrations for 24 h and the 
change of the cell shape was monitored. 
The scale bar represents 50 μm. (B) ES 
cells were treated with proteasome in-
hibitors for 24 h. Annexin V-stained cells 
were analyzed by flow cytometry. 
Control cells were treated with DMSO 
(grey). (C) STO, MEF, and HEK293 cells 
were treated with proteasome inhibitors 
for 24 h and apoptosis was compared 
with ES cells. Mean florescence in-
tensities of DMSO vehicle control cells 
(grey) and treated cells are indicated. 
These results are representative of three 
experiments that yielded similar results.

Fig. 3. Differential induction of HSP70 by proteasome inhibitors 
in ES cells and somatic cells. Mouse ES cells and other somatic 
cells such as STO, MEF, and HEK293 cells were treated with pro-
teasome inhibitors at the indicated concentrations and expression 
levels of HSP70 are compared. HSP70 expression was normalized 
by the amount of GAPDH, and fold-induction is indicated com-
pared with the HSP70 expression induced by MG132 (2.5 μM) in 
ES cells that was normalized by GAPDH. These results are repre-
sentative of three experiments that yielded similar results.

analysis. As previously reported, the ubiquitin proteasome sys-
tem is involved in the regulation of self-renewal, proliferation, 
and differentiation of ES cells (14). Oct4 is one of the major 
regulation factors in ES cells. It is known that Oct4 is transcrip-
tionally regulated in ES cells. In addition, it was also reported 
that the abundance of Oct4 in ES cells may be tuned through 
its degradation by the ubquitin proteasome system (20, 21). 
Human Nanog was also reported to be controlled by proteaso-
mal regulation via the PEST motif (22). Therefore, accumu-
lation of Oct4 and Nanog was anticipated when proteasome 
inhibitors were treated. In contrast with our expectation, the 
expression of Oct4 and Nanog was markedly decreased in the 
presence of proteasome inhibitors for 24 h (Fig. 4A). We sub-
sequently checked earlier time points and found that ex-
pression levels of Oct4 and Nanog were higher than those of 
the untreated control up to 12 h after treatment (Fig. 4B). 
Therefore, we can conclude that treatment of ES cells with pro-
teasome inhibitors induces accumulation of Oct4 and Nanog 
as a short term effect and further incubation induces drastic de-
creases of Oct and Nanog. The proteasome inhibitors-induced 
decrease of pluripotency marker protein expression was dos-
age-dependent (Supplementary Fig. 1). We also assessed the 
expression levels of Oct4 and Nanog mRNAs by RT-PCR, and 
observed that there was no prominent decrease (Supplemen-
tary Fig. 2). These results suggest that the decrease of Oct4 and 
Nanog is mainly regulated at the post-transcriptional level 
when the proteasome systems are inhibited. 
　Recent reports on genome wide analysis suggested that 
Oct4 might regulate the expression of many proteasome sub-
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Fig. 4. Decrease of pluripotency marker gene expression and STAT3 phosphorylation by proteasome inhibitors. (A, B) Mouse ES cells were 
treated with proteasome inhibitors and expression levels of Oct4 and Nanog was analyzed by Western blotting. ES cells were treated with 
DMSO, MG132, Lactacystin, and Epoxomicin for 24 h (A). ES cells were treated with MG132 and Epoxomicin for the indicated periods (B). 
Expression levels of Oct4 and Nanog were normalized by the amount of GAPDH, and fold-intensity is indicated compared with Oct4 and 
Nanog protein levels in DMSO-treated control cells. (C) ES cells were treated with MG132 and Epoxomicin for the indicated periods, and 
phosphorylation levels of STAT3 were analyzed by Western blotting. Fold intensity is indicated compared with phosphor-STAT3 (p-STAT3) ex-
pression level in DMSO control cells. These results are representative of three experiments that yielded similar results.

units (23). Furthermore, a large set of genes coding for proteins 
involved in the ubiquitination and proteasome pathway was 
found to be expressed in human ES cells and to be decreased 
upon differentiation (24). Therefore, we propose that the ubi-
qutin proteasomal system in ES cells is required not only for 
fine tuning as a negative regulator through degradation, but al-
so for the maintenance of Oct4 and Nanog expression as a 
positive regulator. The mechanism involved in the decrease of 
Oct4 and Nanog by proteasomal inhibitors should be defined.
　Considering previous reports revealing that knockdown of 
Oct4 and Nanog suppressed proliferation and induced apopto-
sis in mouse ES cells (17, 25), decreased expression of these 
proteins may lead to a severe response of ES cells to proteasome 
inhibitors. A leukemia inhibitory factor-induced signal trans-
ducer and activator of transcription-3 (STAT3) is responsible for 
ES cell survival, and downregulated Oct-4 is reportedly asso-
ciated with decreased phosphorylation of STAT3 (25). There-
fore, we checked the phosphorylation level of STAT3 after treat-
ment with proteasome inhibitors and found a significant de-
crease of phosphor-STAT3 (Fig. 4C), which could be one of the 
mechanisms involved in increased apoptosis in ES cells.
　Taken together, the present results indicate that proteasome 
inhibitors induced apoptosis of ES cells that is severer than oth-
er somatic cells tested here. This higher susceptibility was cor-
related with a lower level of HSP70 expression and decreased 
Oct4 and Nanog expression in ES cells. ES cells are estab-
lished from the inner cell mass of blastocytes, which will de-
velop to an embryo. Therefore, the higher susceptibility of ES 

cells to environmental stress-induced apoptosis may be ex-
plained in the context that ES cells are designed to maintain ES 
cell properties only in optimal conditions and abnormal ES 
cells may be removed by apoptosis instead of being repaired 
in stress conditions. For efficient application of ES cells in fu-
ture cell therapy, a stable and efficacious cell culture system is 
required. Therefore, understanding of the stress response and 
unique properties of ES cells will be helpful for improvement 
of ES cell culture technology.

MATERIALS AND METHODS

Maintenance of mouse ES cells
The mouse ES cell line R1 was maintained on MEF cells in 
Dulbecco's modified Eagle's medium (DMEM) including 15% 
fetal bovine serum (FBS, Hyclone Inc., Logan, UT, USA), 0.1 
mM β-mercaptoethanol, 1 mM sodium pyruvate, 0.1 mM non-
essential amino acids, 100 U/ml penicillin, and 100 mg/ml 
streptomycin. MEF cells were harvested and irradiated with 40 
Gy, and seeded at a density of -5.5 × 104 cells/ml in MEF me-
dium (DMEM, 10% FBS, 2 mM L-glutamine, 0.1 mM β-mer-
captoethanol, 1 mM sodium pyruvate, 0.1 mM nonessential 
amino acids, 100 U/ml penicillin, and 100 mg/ml streptomy-
cin) one day prior to ES cell seeding.

Maintenance of STO, MEF, and HEK 293 cells
Stromal cells STO and MEF cells were maintained in DMEM 
including 10% FBS, 2 mM L-glutamine, 0.1 mM β-mercaptoe-
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thanol, 1 mM sodium pyruvate, 0.1 mM nonessential amino 
acids, 100 U/ml penicillin, and 100 mg/ml streptomycin. 
Human embryonic kidney cell line HEK293 was maintained in 
DMEM with 10% FBS, 2 mM L-glutamine, 1 mM sodium pyr-
uvate, 0.1 mM nonessential amino acids, 100 U/ml penicillin, 
and 100 mg/ml streptomycin.

Treatment with proteasome inhibitors
5 × 105 -1 × 106 of mouse ES cells were placed into gela-
tin-coated 6-well plates and grown overnight with a MEF-con-
ditioned medium prepared as described previously (26). 1 × 106 
of STO, MEF, and HEK293 cells were placed on 6-well plates 
and grown overnight. Cells were treated with proteasome in-
hibitors at the indicated concentration for 24 h or as indicated in 
individual experiments. The proteasome inhibitors used in this 
study are as follows: MG132 (#474790, Calbiochem, San Diego, 
CA), Lactacystin (L6785), and Epoxomicin (E3652, Sigma 
Aldrich, St. Louis, MO, USA).

Western blotting
Harvested cells were lysed in lysis buffer (20 mM Tris-HCl, pH 
8.0, 137 mM NaCl, 10% glycerol, 1 mM phenylmethylsulfo-
nyl fluoride, 0.15 U/ml aprotonin, 10 mM EDTA, 10 μg/ml 
leupeptin, 100 mM NaF, 2 mM Na3VO4, and 1% NP-40). 
Samples were resolved by SDS-polyacrylamide gel electro-
phoresis, and electro-transferred to polyvinylidene fluoride 
(PVDF) membranes (Millipore Corp, Bedford, MA, USA). The 
membranes were blocked with 5% dry milk and probed with 
an appropriate primary antibody. Immunoreactive proteins 
were detected by horseradish peroxidase-conjugated secon-
dary antibody (Santa Cruz Biotechnology Inc., Santa Cruz, CA, 
USA) and an ECL reagent (iNtRon, Seongnam, Korea). The 
membranes were stripped and then probed with another pri-
mary antibody when necessary. Antibodies to HSP70 (W27, 
sc-24) and glyceraldehydes 3-phosphate dehydrogenase 
(GAPDH) (6C5, sc-32233) were purchased from Santa Cruz 
Biotechnology Inc. The antibodies to OCT3/4 (#611203) and 
Nanog (AF2729) were purchased from BD Biosciences and 
Millipore Corporation, respectively. The antibodies to STAT3 
(#9132) and phosphor-STAT3 (#9138S) were purchased from 
Cell Signaling Technology (Beverly, MA, USA). 

RT-PCR analysis 
Total RNA was isolated using TRI ReagentⓇ according to the 
instructions provided by the manufacturer (MRC, Cincinnati, 
OH, USA). 5 μg of total RNA was reverse-transcribed in the 
first-strand buffer containing 6 μg/ml oligo(dT) primer, 50 U 
M-MLV reverse transcriptase (Invitrogen), 2 mM dNTP, and 40 
U RNaseOUT recombinant ribonuclease inhibitor (Invitrogen). 
The reaction was conducted at 42oC for 1 hr. One microliter of 
the cDNA synthesis was subjected to the standard PCR re-
action for 20-30 cycles of denaturation for 60 sec at 95oC, an-
nealing for 60 sec at 58oC, and elongation for 60 sec at 72oC. 
The primer sequences used are as follows. GAPDH, 5’-ACCA 

CAGTCCATGCCATCAC-3’ (sense) and 5’-TCCACCACCCTGT 
TGCTGTA-3’ (anti-sense) (product size 452 bp). HSP70, 5’-CA 
AGATCACCATCACCAACG-3’ (sense) and 5’-CTGGTACAGC 
CCACTGATGA-3’ (antisense) (366 bp). OCT4, 5’-CTCGAAC 
CACATCCTTCTCT-3’ (sense) and 5’- GGCGTTCTCTTTGGAA 
AGGTGTTG-3’ (antisense) (313 bp). Nanog, 5’AGGGTCTGCT 
ACTGAGATGCTCTG-3’ (sense) and 5’CAACCACTGGTTTTT 
CTGCCAC-3’ (antisense) (364 bp). 

Detection of Annexin V by flow cytometry analysis
5 × 105 of mouse ES cells were placed into gelatin-coated 
6-well plates and grown overnight with MEF-CM. mouse ES 
cell were treated with a proteasome inhibitor at the indicated 
concentration for 24 hr. Apoptosis was measured by annexin 
V (Roche Diagnostics, Mannheim, Germany) staining and ana-
lyzed by FACSCalibur from Becton Dickinson (Heidelberg, 
Germany). The data were analyzed with the software FCS 
Express 3 (De Novo Software, Los Angeles, CA, USA).

Acknowledgements
This work was supported by a grant (SC-2260) from Stem Cell 
Research Center and by a grant (2011-0011742) from the Korea 
Research Foundation. This was also partly supported by the re-
search grant of the Chungbuk National University in 2010. 

REFERENCES

1. Evans, M. J. and Kaufman, M. H. (1981) Establishment in 
culture of pluripotential cells from mouse embryos. 
Nature 292, 154-156.

2. Lumelsky, N., Blondel, O., Laeng, P., Velasco, I., Ravin, 
R. and McKay, R. (2001) Differentiation of embryonic 
stem cells to insulin-secreting structures similar to pancre-
atic islets. Science 292, 1389-1394.

3. Bjorklund, L. M., Sánchez-Pernaute, R., Chung, S., 
Andersson, T., Chen, I. Y., McNaught, K. S., Brownell, A. 
L., Jenkins, B. G., Wahlestedt, C., Kim, K. S. and Isacson, 
O. (2002) Embryonic stem cells develop into functional 
dopaminergic neurons after transplantation in a Parkinson 
rat model. Proc. Natl. Acad. Sci. U.S.A. 99, 2344-2349.

4. Bjorklund, A. and Lindvall, O. (2000) Cell replacement 
therapies for central nervous system disorders. Nat. 
Neurosci. 3, 537-544. 

5. Glickman, M. H. and Ciechanover, A. (2002) The ubiq-
uitin-proteasome proteolytic pathway: destruction for the 
sake of construction. Physiol. Rev. 82, 373-428.

6. Awasthi, N. and Wagner, B. J. (2005) Upregulation of heat 
shock protein expression by proteasome inhibition: an an-
tiapoptotic mechanism in the lens. Invest. Ophthalmol. 
Vis. Sci. 46, 2082-2091.

7. Drexler, H. C., Risau, W. and Konerding, M. A. (2000) 
Inhibition of proteasome function induces programmed cell 
death in proliferating endothelial cells. FASEB J. 14, 65-77.

8. Macario, A. J. and Conway de Macario, E. (2007) 
Molecular chaperones multiple functions, pathologies, 
and potential applications. Front. Biosci. 12, 2588-2600.

9. Voellmy, R. and Boellmann, F. (2007) Chaperone regu-



Stress response of mouse ES cells
Jeong-A Park, et al.

304 BMB Reports http://bmbreports.org

lation of the heat shock protein response. Adv. Exp. Med. 
Biol. 594, 89-99. 

10. Beckmann, R. P., Mizzen, L. E. and Welch, W. J. (1990) 
Interaction of Hsp 70 with newly synthesized proteins: 
implications for protein folding and assembly. Science 
248, 850-854.

11. Nollen, E. A. and Morimoto, R. I. (2002) Chaperoning sig-
naling pathways: molecular chaperones as stress-sensing 
‘'heat shock’' proteins. J. Cell. Sci. 115, 2809-2816.

12. Gurbuxani, S., Schmitt, E., Cande, C., Parcellier, A., 
Hammann, A., Daugas, E., Kouranti, I., Spahr, C., Pance, 
A., Kroemer, G. and Garrido, C. (2003) Heat shock pro-
tein 70 binding inhibits the nuclear import of apoptosis-in-
ducing factor. Oncogene 22, 6669-6678.

13. Beere, H. M., Wolf, B. B., Cain, K., Mosser, D. D., 
Mahboubi, A., Kuwana, T., Tailor, P., Morimoto, R. I., 
Cohen, G. M. and Green, D. R. (2000) Heat-shock protein 
70 inhibits apoptosis by preventing recruitment of procas-
pase-9 to the Apaf-1 apoptosome. Nat. Cell. Biol. 2, 
469-475.

14. Naujokat, C. and Sarić, T. (2007) Concise review: role and 
function of the ubiquitin-proteasome system in mamma-
lian stem and progenitor cells. Stem Cells 25, 2408-2018.

15. Boheler, K. R. (2007) Stem cell pluripotency: a cellular 
trait that depends on transcription factors, chromatin state 
and a checkpoint deficient cell cycle. J. Cell Physiol. 221, 
10-17.

16. Han, M. K., Song, E. K., Guo, Y., Ou, X., Mantel, C. and 
Broxmeyer, H. E. (2008) SIRT1 regulates apoptosis and 
Nanog expression in mouse embryonic stem cells by con-
trolling p53 subcellular localization. Cell Stem Cell 2, 
241-251.

17. Chen, T., Du, J. and Lu, G. (2012) Cell growth arrest and 
apoptosis induced by Oct4 or Nanog knockdown in 
mouse embryonic stem cells: a possible role of Trp53. 
Mol. Biol. Rep. 39, 1855-1861.

18. Wójcik, C. (1999) Proteasomes in apoptosis: villains or 
guardians? Cell. Mol. Life Sci. 56, 908-917.

19. Meiners, S., Ludwig, A., Stangl, V. and Stangl, K. (2008) 
Proteasome inhibitors: poisons and remedies. Med. Res. 
Rev. 28, 309-327.

20. Xu, H. M., Liao, B., Zhang, Q. J., Wang, B. B., Li, H., 
Zhong, X. M., Sheng, H. Z., Zhao, Y. X., Zhao, Y. M. and 
Jin, Y. (2004) Wwp2, an E3 ubiquitin ligase that targets 
transcription factor Oct-4 for ubiquitination. J. Biol. Chem. 
279, 23495-23503.

21. Xu, H., Wang, W., Li, C., Yu, H., Yang, A., Wang, B. and 
Jin, Y. (2009) WWP2 promotes degradation of tran-
scription factor OCT4 in human embryonic stem cells. 
Cell Res. 19, 561-573.

22. Ramakrishna, S., Suresh, B., Lim, K. H., Cha, B. H., Lee, S. 
H., Kim, K. S. and Baek, K. H. (2011) PEST motif se-
quence regulating human NANOG for proteasomal 
degradation. Stem Cells Dev. 20, 1511-1519. 

23. Babaie, Y., Herwig, R., Greber, B., Brink, T. C., Wruck, 
W., Groth, D., Lehrach, H., Burdon, T. and Adjaye, J. 
(2007) Analysis of Oct4-dependent transcriptional net-
works regulating self-renewal and pluripotency in human 
embryonic stem cells. Stem Cells 25, 500-510. 

24. Assou, S., Cerecedo, D., Tondeur, S., Pantesco, V., 
Hovatta, O., Klein, B., Hamamah, S. and De Vos, J. 
(2009). A gene expression signature shared by human ma-
ture oocytes and embryonic stem cells. BMC Genomics 
10, 10.

25. Guo, Y., Mantel, C., Hromas, R. A. and Broxmeyer, H. E. 
(2008) Oct-4 is critical for survival/antiapoptosis of murine 
embryonic stem cells subjected to stress: effects asso-
ciated with Stat3/survivin. Stem. Cells 26, 30-34. 

26. Kim,Y. E., Kang, H. B., Park, J. A., Nam, K. H., Kwon, H. 
J. and Lee, Y. (2008) Upregulation of NF-kappaB upon dif-
ferentiation of mouse embryonic stem cells. BMB Rep. 41, 
705-709.


