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a b s t r a c t
Embryonic stem cells (ESCs) can undergo unlimited self-renewal and maintain pluripotency to differentiate into any cell type of the three germ layers. Extensive studies have shown ESC identity is regulated by
transcription factors, epigenetic regulators and multiple signal transduction pathways. However, the
kinase regulation of pluripotency is not well understood. Here we show that the serine/threonine kinase
PIM2, which is highly expressed in ESCs but not in somatic cells, functions as a crucial stemness regulator
in ESCs. Knockout of Pim2 inhibits the self-renewal and differentiation capability of ESCs. Mechanistic
studies identified that PIM2 can directly phosphorylate 4E-BP1, leading to release of eIF4E which facilitates the translation of pluripotent genes in ESCs. Our study highlights a novel kinase cascade pathway
for ESC identity maintenance.
Ó 2017 Science China Press. Published by Elsevier B.V. and Science China Press. All rights reserved.

1. Introduction
Embryonic stem cells (ESCs) can undergo unlimited self-renewal
and maintain pluripotency to differentiate into any type of cells,
holding great promise for regenerative medicine [1–3]. Extensive
studies have shown that ESC self-renewal and pluripotency are regulated by transcription factors, epigenetic regulators and various
signal transduction pathways [4–7]. Transcription factors Oct4,
Nanog, and Sox2 play essential roles in maintaining ESC stemness,
in which they coordinately activate the pluripotent genes and
repress lineage specification gene expression. Meanwhile, Oct4,
Sox2, and Nanog proteins can directly bind to the promoters of their
own genes, and positively activate their expression [8]. Induced
pluripotetent stem cells (iPSCs), derived by ectopic expression of
transcription factors Oct4, Sox2, Nanog and Lin28 or Oct4, Sox2,
Klf4 and c-Myc in somatic cells, exhibit characteristics similar to
that of ESCs [9,10]. These data highlight the critical roles of core
pluripotent transcription factors in governing ESC stemness.
Kinases, a family of enzymes that catalyze the transfer of phosphate groups from high energy molecule to specific substrates,
function as major signal transducers in cell fate regulation [11].
Studies have shown that some kinase cascade pathways play
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important roles in ESCs. For example, phosphorylated Nanog by
unknown kinase can bind to Pin1, leading to disruption of
ubiquitin-proteasome-dependent degradation of Nanog, thus
maintaining pluripotency [12]. On the other hand, elimination of
differentiation-inducing signaling from mitogen-activated protein
kinase and inhibition of glycogen synthase kinase 3 guard the
ground state of ESC self-renewal [13]. Most interestingly, two independent research groups have recently profiled the phosphoproteomic dynamics during early differentiation of human ESCs, and
predicted the potential kinome for stemness maintenance in hESCs
[14,15]. They provided evidences to support that receptor tyrosine
kinase signaling pathways and CDK1/2 pathways are pivotal in
controlling self-renewal and lineage specification. They also found
that many pluripotent marker genes including Oct4, Sox2, Nanog
et al. were phosphorylated in undifferentiated ESCs. All of these
studies underscore the importance of kinase cascade pathways in
governing ESC fate.
To investigate the potential kinases to regulate ESC identity, we
compared the mRNA expression of kinome between somatic cells
and pluripotent stem cells (PSCs), and identified that PIM2 is
highly expressed in PSCs. Proviral Integrations of Moloney virus
(PIM) proteins are members of serine/threonine kinase family
which composed of three isoforms: PIM1, PIM2 and PIM3. They
are highly expressed in tumors and play critical roles in the regulation of cell cycle, apoptosis, metabolism, homing and migration
[16–20]. PIM kinases have been shown to enhance tumor growth
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and induce chemo-resistance, thus proposed to be therapeutic targets for cancer therapy [21]. In addition, PIM2 has been identified
to play essential roles in regulating the self-renewal, proliferation
and apoptosis of hematopoietic stem cell [22,23]. However, the
physiological role of PIM2 in ESCs has not been clarified. Here we
investigated the role of PIM2 in regulating ESC stemness. The
results reveal that the PIM2 pathway plays a critical role in guarding ESC identity.
2. Materials and methods

other day. EBs were collected at D3, D6, D9 or D12 and used for further analysis. ESCs collected at D0 were used as a negative control.
2.6. Teratoma formation assay
1  106 ESCs were suspended in 100 lL DPBS and injected into
the flank of a nude mouse. 4 weeks later, nude mice were sacrificed
and the teratomas were removed for section and histological analysis. All animal experiments used for animal manipulation were
approved by the Animal Care Committee in the Institute of Zoology, Chinese Academy of Sciences.

2.1. Cell culture
MEFs and 293T cells were cultured in high-glucose DMEM medium supplemented with 10% FBS (Hyclone), 2 mmol/L glutamax
(Gibco), 1 mM sodium pyruvate (Gibco), and 100 lg/mL streptomycin and 100 U/mL penicillin (Gibco). ESCs were routinely cultured in knockout DMEM medium supplemented with 15% FBS,
2 mmol/L glutamax, 1 mmol/L sodium pyruvate, 0.1 mmol/L NEAA
(Gibco), 100 lg/mL streptomycin and 100 U/mL penicillin, 0.1 mM
b-mercaptoethanol (Gibco), and 1000 U/mL LIF (Millipore). Medium
was changed every day. Cells were incubated at 37 °C and 5% CO2.

2.7. Quantitative real-time PCR
The total RNA was isolated from ESCs, EBs, and teratoma by an
RNeasy Total RNA Isolation Kit (Qiagen). Total RNA (2 lg) was
reverse transcribed into cDNA using SuperScriptTM III First-Strand
Synthesis Kit (Invitrogen). The primers used were as reported previously [25,26] and presented in Table S1 online. RT-PCR was performed using SYBR Green Master Mix (Promega) on a Roche
LightCycler 480II (Roche).

2.2. Virus generation and ESC infection

2.8. Western blotting

Lentiviral supernatants were produced by cotransfection of
helper constructs (psPAX2 and pMD2.G) with pCDH-4e-bp1 or
4e-bp1-D mutant into 293T cells. To establish Pim2 KO ESCs overexpressing mCherry, 4e-bp1 or 4e-bp1-D, Pim2 KO ESCs were
cocultured with lentivirus encoding mCherry, 4e-bp1 or 4e-bp1D in the presence of 8 lg/mL polybrene (Sigma) for 24 h. WT ESCs
cotransfected with pCDH-mCherry (Addgene) were used as a control. Cells were continuously cultured 7–9 days and medium was
changed every other days. Single colony that nearly homogenously
expressed mCherry or mCherry tagged proteins was picked up.

Cells were harvested, and lysed in RIPA Lysis Buffer (Beyotime,
China) by vortexing. Lysate protein was quantified by BCA method
(Beyotime, China). Equal amounts of proteins were used for electrophoresis in SDS-PAGE and transferred to PVDF membranes (Millipore) for 2 h at 200 mA. Then the membrane was blocked with 5%
milk in TBST and incubated with primary antibodies overnight at
4 °C. Secondary antibodies were incubated for 1 h at room temperature. The antibodies used in this study were anti-Pim2 (1:200),
anti-4E-BP1 (1:500), Goat anti-rabbit-HRP (1:5000), Goat antimouse-HRP (1:5000), and Donkey anti-goat-HRP (1:5000) which
were bought from Santa Cruz Biotechnology; anti-4E-BP1
(1:1000) from Cell Signaling Technology; anti-Actin (1:5000) from
Sigma-Aldrich; anti-Oct4 (1:1000) and anti-Nanog (1:1000) from
Abcam; and Sox2 (1:1000) from Millipore. All experiments were
conducted independently in more than three times.

2.3. Pim2 knockout ESC generation
Pim2 Knockout (KO) ESCs were generated by CRISPR-Cas9 system as described previously [24]. Briefly, Pim2 sgRNA (50 -TTAACG
CTGCGCCGTCTGC-30 ) was cloned to pX330-GFP construct
(Addgene). Then pX330-gRNA was electroporated into mouse B6
ESCs with Gene pulser Xcell II (Bio-Rad) according to the manufacturer’s protocols. Specifically, 400 lL of PBS was used to transfect
10 lg of PX330-sgRNA into 1.5  106 cells/reaction with the following conditions: 250 V, 500 lF. Then the electroporated cells were
seeded on feeder cells with different density. After 48 h, the targeting efficiency was evaluated by T7E1 enzyme (New England Biolabs) and single colony was picked for further identification. The
whole genome DNA was extracted from picked colonies and the targeted fragment was amplified by PCR to identify Pim2 KO colonies.
2.4. Colony formation analysis
ESCs were seeded at 1  103 cells/6-well plate and ESC medium
was changed every other days. After 7 days, alkaline phosphatase
staining analysis was conducted. Briefly, Clones were fixed with
4% paraformaldehyde for 2 min, washed with Dulbecco’s
PBS (DPBS) twice, and then incubated with BCIP/NBT mixture
(Beyotime, China) for 30 min at room temperature.
2.5. Embryoid body formation
ESCs were cultured to form embryoid bodies (EBs) in suspension for 1–12 days without LIF, and medium was changed every

2.9. Cell proliferation
For proliferation analysis, ESCs at a density of 1  106 were
stained with 5 lmol/L CFSE (Life Technology) for 10 min, and then
were seeded at a density of 1  105/well of 6-well plate. After 48 h,
the fluorescence intensity was detected by flow cytometry at
488 nm excitation.
2.10. Cell apoptosis assay
An Apoptosis Kit (Invitrogen) was used for cell apoptosis analysis. Briefly, ESCs were seeded at a density of 1  105/well of 6-well
plate. After 48 h, the cells were collected and stained with Annexin
V and PI for 15 min. Then the stained cells were analyzed by flow
cytometry at 488 nm excitation. All experiments were conducted
independently in three times.

2.11. Statistical analysis
All data in this study were analyzed with SPSS 13.0 and are presented as mean ± standard deviation (SD). Student’s t-test (twotailed) was performed to calculate P value. Significant differences
are shown as *P < 0.05, **P < 0.01 and ***P < 0.001.
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3. Results

3.2. Knockout of Pim2 does not affect ESC proliferation and apoptosis

3.1. Pim2 is highly expressed in pluripotent stem cells

To test the function of Pim2 in ESC regulation, we first
established Pim2 knockout (Pim2 KO) ESC line by CRISPR-Cas9
genome editing (Fig. 2a). Western blotting confirmed that the
expression of PIM2 protein was successfully eliminated (Fig. 2b).
The established Pim2 KO ESC line has normal karyotype (Fig. 2c).
As it has been reported that Pim2 is involved in the regulation of cell
apoptosis and proliferation in somatic cells [27,28], we examined
whether knockout of Pim2 would affect ESC apoptosis and
proliferation. Annexin V and PI staining was used to investigate
the effects of Pim2 deletion on ESC cell death. The results showed
that Pim2 silence did not affect ESC survival (Fig. 2d, e). Then CFSE
staining was employed to monitor the effects of Pim2 deletion on
cell growth and we did not observe proliferation differences
between wild-type (WT) and Pim2 deleted ESC lines (Fig. 2f). These

To detect the crucial kinases that regulate stemness in PSCs,
mRNA expression profiles of different ESC lines, iPSC lines and
MEF lines from the NCBI website were selected as previously
reported and used to analyze the kinase expression differences
[26]. In total 705 kinase genes were used to analyze their
differential expression between PSCs and MEFs (Table S2 online).
A number of genes including Pim2, were highly expressed in PSCs
compared to somatic fibroblasts (Fig. 1a). Quantitative PCR (qPCR)
and Western blotting assays further confirmed the enhanced
expression of Pim2 in PSCs at both mRNA and protein levels
compared to MEFs (Fig. 1b, c). These data indicate that Pim2 may
contribute to stemness regulation in ESCs.
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Fig. 1. (Color online) Pim2 is highly expressed in pluripotent stem cells. (a) Heat map of expression levels of the kinase genes. 705 kinase genes were analyzed for their
differential expression in mouse ESCs, iPSCs and somatic fibroblasts. (b) qPCR analysis shows that the transcription level of Pim2 is much higher in PSCs. Data shown as
mean ± standard deviation (SD); n = 3, ***P < 0.001. (c) Western blotting analysis of whole cell extracts from MEFs, iPSCs, and ESCs. Actin served as a loading control.
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Fig. 2. Establishment of Pim2 knockout ESCs. (a) The scheme for CRISPR-Cas9 mediated Pim2 targeting. (b) Western blotting analysis of whole cell extracts from WT and Pim2 KO
ESCs. Actin served as a loading control. (c) Karyotype analysis of Pim2 WT and KO ESCs. (d) Apoptosis analysis of WT and Pim2 KO ESCs. (e) Statistic analysis of the PI and Annexin V
double negative cell percentages in WT and Pim2 KO ESCs. Data shown as mean ± SD; n = 3, NS, not significant. (f) WT and Pim2 KO ESCs show similar proliferation rate.

data suggest that knockout of Pim2 did not impair ESC apoptosis
and proliferation.
3.3. Pim2 deletion inhibits self-renewal and pluripotency of mouse
ESCs
To investigate whether Pim2 regulates stemness of ESCs, colony
formation assay was first performed to evaluate the self-renewal

(b)
Relative AP+ colony (%)

(a)

ability of Pim2 KO ESCs. Compared to WT ESCs, Pim2 KO ESCs
showed significantly decreased clonogenic survival rate, indicating
compromised self-renewal ability upon Pim2 silencing in ESCs
(Fig. 3a, b). Then qPCR was used to test expression of pluripotent
genes in Pim2 KO ESCs. We found that expression of pluripotent
marker genes in Pim2 KO ESCs was significantly decreased, indicating the compromised ESC pluripotency by Pim2 deletion (Fig. 3c).
These results support Pim2 is critical for ESC identity maintenance.
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Fig. 3. Knockout of Pim2 leads to loss of stemness in mouse ESCs. (a) Alkaline phosphatase staining of the colonies formed by WT and Pim2 KO ESCs. (b) Colony formation
ability is significantly impaired by Pim2 deletion. Data shown as mean ± SD; n = 3, ***P < 0.001. (c) The expression of pluripotent genes is significantly inhibited in Pim2 KO
ESCs. Data expressed as mean ± SD; n = 3, *P < 0.05, **P < 0.01.
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Fig. 4. Knockout of Pim2 disturbs the lineage differentiation of mouse ESCs. (a) The scheme of EB differentiation. (b) qPCR analysis of the lineage gene expression of WT and
Pim2 KO ESCs at different differentiation days. One experiment is shown as representative of 3 independent experiments. (c) Morphology of teratomas formed by WT and
Pim2 KO ESCs. Bar, 10 mm. (d) Weight analysis of WT and Pim2 KO teratomas. Data shown as mean ± SD; n = 3, *P < 0.05.

3.4. Knockout of Pim2 in ESCs leads to deficient linage specification
To investigate whether Pim2 plays a role in ESC differentiation,
we first performed an embryoid body (EB) differentiation assay
using both Pim2 wild-type and knockout ESCs. EBs at different differentiation days were harvested and analyzed for the expression
of lineage specific marker genes (Fig. 4a, b). Lack of Pim2 expression leads to delayed expression of certain mesoderm and ectoderm marker genes, suggesting PIM2 is important for embryonic
development (Fig. 4c). Then teratoma formation assays were
employed to investigate the contribution of Pim2 for ESC differentiation. While both wild-type and Pim2 KO ESCs formed teratomas
(Fig. 4c), the average weight of teratomas formed by Pim2 KO ESCs
is significantly lower than that of WT ESCs (Fig. 4d). Together, these
data suggest Pim2 is critical for differentiation of ESCs.
3.5. PIM2 guards pluripotency through phosphorylating 4E-BP1
To dissect the mechanism on Pim2 regulation of stemness, we
aimed to identify the responsible downstream targets of Pim2 in
ESCs. It has been reported that eIF4E binding protein 1 (4E-BP1)
can be phosphorylated by PIM2 and dephosphorylation of 4E-BP1
represses protein translation by inhibiting the mRNA 50 cap binding
factor eIF4E in somatic cells [29,30]. 4E-BP1 has been identified as
a positive regulator during pluripotency acquisition [31]. By using
Western blotting, we found the phosphorylation of 4E-BP1 (Ser64
and Thr69) was dramatically decreased in Pim2 KO ESCs, indicating
that 4E-BP1 is a PIM2 phosphorylation target in ESCs as well
(Fig. 5a).
Mutation Ser/Thr sites to Asp in a protein will mimic the
constitutive activation of the protein [32]. To exam whether PIM2
regulates self-renewal and pluripotency through phosphorylation
4E-BP1, gain-of-function assay was performed by mimicing

4E-BP1 phosphorylation in Pim2 KO ESCs. We established stable
Pim2 KO ESC lines carrying an empty vector, wild-type 4e-bp1,
and mutant 4e-bp1-D (Ser64Asp, Thr69Asp) respectively (Fig. 5b).
We verified the expression of 4E-BP1 in these established stable
ESC lines by Western blotting using anti-4E-BP1 antibody (Fig. 5c).
Resultantly, gain of 4e-bp1-D mutant but not wild-type 4e-bp1
expression compensated the abnormal self-renewal and pluripotent gene expression in Pim2 KO ESCs (Fig. 5d–f). Accordingly, the
defective teratoma formation was restored by gain of 4e-bp1-D
but not wild-type 4e-bp1 expression in Pim2 KO ESCs (Fig. 5g, h).
Phosphorylation of 4E-BP1 can help to release eIF4E and initiate
translation [33]. To test whether PIM2 regulate stemness by 4EBP1-eIF4E pathway, ribavirin was used to inhibit eIF4E activity
[34]. As expected ribavirin treatment significantly impairs ESC
self-renewal, expression of pluripotent genes and induces ESC differentiation (Fig. S1a–c). Together, these data suggest that PIM2
regulates ESC stemness through direct phosphorylating 4E-BP1 to
release eIF4E for pluripotent gene translation.
4. Discussion and conclusion
Analysis of phosphorylation dynamics in human ESCs suggests
that most kinase‘s activity increased along with human ESC differentiation, and only a small population of kinase is active in ESCs
[15]. Here, PIM2 is identified as one of the small population of
active kinases in ESCs. PIM kinases, which include PIM1, PIM2
and PIM3, have a constitutive serine/threonine kinase activity,
and they do not rely on posttranslational modification for activation [35]. Pims are reported to be overexpressed in a wide range
of tumors, in which they support the cell growth and survival by
modification of several cell cycle regulators and apoptosis mediators [36]. Consistent with these findings in cancer cells, PIM2 has
been reported to be crucial for proliferation, self-renewal and
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Fig. 5. (Color online) Pim2 maintains ESC stemness though phosphorylation of 4E-BP1. (a) Pim2 knockout decreases of 4E-BP1 phosphorylation in ESCs. Actin served as a
loading control. (b) Scheme of 4e-bp1-D mutation (Ser64Asp and Thr69Asp). (c) Western blotting of whole cell extracts from WT-V, KO-V, KO-4e-bp1, KO-4e-bp1-D ESC lines.
Data shown are representative of three independent experiments. Actin served as a loading control. (d) Alkaline phosphatase staining of the colonies formed by WT-V, KO-V,
KO-4e-bp1, KO-4e-bp1-D ESC lines. (e) Colony formation ability is restored in KO-4e-bp1-D ESCs, but not in KO-4e-bp1 ESCs. Data presented as mean ± SD; n = 3, *P < 0.05,
**
P < 0.01. (f) Western blotting of whole cell extracts from WT-V, KO-V, KO-4e-bp1, KO-4e-bp1-D ESC lines using anti-Oct4, anti-Sox2, and anti-Nanog antibody. Data shown
are representative of three independent experiments. Actin served as a loading control. (g) Photos of the teratomas formed by WT-V, KO-V, KO-4e-bp1, KO-4e-bp1-D ESCs.
Bar, 10 mm. (h) The defective teratoma formation in Pim2 KO ESCs is rescued by overexpression of 4e-bp1-D.

long-term repopulation in hematopoietic stem cells and progenitor
cells, without identification of the targeting signaling pathways
[37–39]. In ESCs, PIM1 and PIM3 have been shown to play important roles for maintaining ESC identity by inhibiting differentiation
and apoptosis [40]. In contrast, we find here that PIM2 guards ESC
identity by phosphorylation of 4E-BP1 to active expression of
pluripotent genes, but not through affecting ESC proliferation and
apoptosis (Fig. 2 and Fig. 6). These data support the differential
mechanisms for PIM kinases in ESC pluripotency regulation.
4E-BP1 can be phosphorylated by multiple kinases including
MAPK, AKT, PIM, mTOR, PKC, and c-Abl [41–43]. A two-stage
mechanism of human 4E-BP1 phosphorylation has been proposed
in which Thr37 and Thr46 (Thr36 and Thr45 in mouse 4E-BP1) are
firstly phosphorylated and then allow phosphorylation to occur on
Ser65 and Thr70 (Ser64 and Thr69 in mouse 4E-BP1), which are
essential for inhibiting the binding of 4E-BP1 to eIF4E [44]. The
mTOR phosphorylates 4E-BP1 at Thr36 and Thr45 [45], while
Pim2 phosphorylates 4E-BP1 at Ser65 and Thr70 [27]. It has been
reported that overexpression of Pim2 can maintain 4E-BP1 phosphorylation (Ser65) in the presence of rapamycin, indicating that
phosphorylation of 4E-BP1 and release of eIF4E by PIM2 is
independent of mTOR [46,47]. In ESCs, low basal mTOR activity
maintains a parsimonious level of protein translation [48]. Upon
ESC differentiation, the mTOR pathway is strongly activated, leading to the release of eIF4E and a global increase in translation of
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Fig. 6. (Color online) Schematic diagram on how Pim2 guards ESC stemness. PIM2
directly phosphorylates 4E-BP1 to release eIF4E, leading to translation of the
pluripotent genes such as SOX2 in ESCs and thus maintaining mouse ESC identity.
Inhibition of eIF4E by ribavirin impairs mouse ESC self-renewal and pluripotency.
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cap-dependent transcripts. In contrast, we find that PIM2 induce
4E-BP1 phosphorylation to release eIF4E for translation of pluripotent genes such as Sox2 and Nanog which are important for ESC
self-renewal and pluripotency. Consistence with this mechanism,
a previous study showed that translation of Sox2 is activated by
eIF4E in human glioma-initiating cells and pancreatic tumor cells
[49,50].
In conclusion, we identify here that PIM2 is highly expressed in
ESCs and is required for ESC identity maintenance. PIM2 guards
ESC stemness by direct phosphorylation of 4E-BP1, in which eIF4E
is released to promote expression of pluripotent genes (Fig. 6). This
finding underscores a novel kinase pathway to regulate ESC selfrenewal and pluripotency.
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