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Blocking autocrine VEGF signaling by sunitinib, an
anti-cancer drug, promotes embryonic stem cell self-
renewal and somatic cell reprogramming
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Maintaining the self-renewal of embryonic stem cells (ESCs) could be achieved by activating the extrinsic signal-
ing, i.e., the use of leukemia inhibitory factor (LIF), or blocking the intrinsic differentiation pathways, i.e., the use
of GSK3 and MEK inhibitors (2i). Here we found that even in medium supplemented with LIF, mESCs still tend to
differentiate toward meso-endoderm lineages after long-term culture and the culture spontaneously secretes vascular
endothelial growth factors (VEGFs). Blocking VEGF signaling with sunitinib, an anti-cancer drug and a receptor ty-
rosine kinase (RTK) inhibitor mainly targeting VEGF receptors (VEGFRs), is capable of maintaining the mESCs in
the undifferentiated state without the need for feeder cells or LIF. Sunitinib facilitates the derivation of mESCs from
blastocysts, and the mESCs maintained in sunitinib-containing medium remain pluripotent and are able to contrib-
ute to chimeric mice. Sunitinib also promotes iPSC generation from MEFs with only Oct4. Knocking down VEGFR2
or blocking it with neutralizing antibody mimicks the effect of sunitinib, indicating that blocking VEGF/VEGEFR sig-
naling is indeed beneficial to the self-renewal of mESCs. We also found that hypoxia-inducible factor alpha (HIF1a)
and endoplasmic reticulum (ER) stress are involved in the production of VEGF in mESCs. Blocking both pathways
inhibits the expression of VEGF and prevents spontaneous differentiation of mESCs. Interestingly, LIF may also
exert its effect by downregulating HIF1a and ER stress pathways and subsequent VEGF expression. These results
indicate the existence of an intrinsic differentiation pathway in mESCs by activating the autocrine VEGF signaling.
Blocking VEGF signaling with sunitinib or other small molecules help to maintain the mESCs in the ground state of
pluripotency.
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Introduction ous culture conditions, including the use of feeder cells,

conditioned media, growth factors, and serum have been

The two essential properties of embryonic stem cells
(ESCs), self-renewal and pluripotency, are regulated by a
network of signaling from intrinsic factors and extrinsic
stimulants such as cytokines and growth factors. Vari-
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used to derive and maintain ESCs [1]. Leukemia inhibi-
tory factor (LIF) is among the earliest cytokines discov-
ered to be able to promote self-renewal of mESCs [2].
LIF binding leads to the dimerization of gp130 and LIF
receptor and the activation of Jak/Stat3 signaling path-
way. In combination with serum or bone morphogenetic
proteins (BMPs), which induce the expression of proteins
that suppress differentiation [3], LIF is able to maintain
the self-renewal of mESCs. However, these cytokines
fail to block the activation of ERK, a known pathway
involved in the differentiation of mESCs [4]. This leads
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to the discovery that the combination of small-molecule
inhibitors of ERK and GSK3 pathways is able to bypass
the need of cytokine signaling and promote the self-rep-
lication of mESCs [5]. PD0325901 (MEK inhibitor) and
CHIR99021 (GSK3 inhibitor), the so-called 2i, are now
commonly used for culturing mESCs and induced plu-
ripotent stem cells (iPSCs). In addition, other MEK or
GSK3 inhibitors, such as pluripotin and 6-bromoindiru-
bin-3"-oxime (BIO) [6], and PKC inhibitors [7] have also
been reported to promote the self-renewal of mESCs.
However, the involvement of other signaling pathways
in maintaining the balance between stemness and differ-
entiation remains illusive and the demands for better and
easier culture conditions remain high.

Vascular endothelial growth factors (VEGFs) are
potent mediators of vasculogenesis in the fetus and an-
giogenesis in the adults. In mammals, five VEGF ligands
have been identified so far. These ligands bind in an
overlapping pattern to three receptor tyrosine kinases
(RTKs), designated VEGF receptor-1, -2 and -3 (VEG-
FR1-3), and to co-receptors [8]. In mouse, at least three
isoforms of VEGF (VEGFA, VEGFB and VEGFC)
have been found and displayed different affinities for the
known VEGF receptors and co-receptors, suggesting dif-
ferent roles of these VEGF isoforms [9].

Many early studies have shown that the VEGF and
VEGFR family play critical roles in cardiovascular, hae-
matopoietic and lymphatic development. Inactivation
of a single VEGFA allele [10] or deletion of VEGFR2
in mice [11] results in early lethality at embryonic stage
due to deficient endothelial cell development and lack of
vessels. In contrast, overexpression of VEGFA results in
aberrant heart development, which also leads to lethality
at E12.5-14 [12]. Haematopoietic and endothelial cells
have been proposed to share a common early progeni-
tor that expresses VEGF signaling system. Indeed, the
survival [13] and migration [14] of haematopoietic stem
cells are promoted by VEGF and VEGFRs. In vitro,
VEGF has been reported to induce endothelium and car-
diac myocyte differentiation from ESCs or iPSCs [15,
16]. VEGF-mediated angiogenesis is activated during tu-
mor formation [17]. This leads to the development of an-
ti-VEGF antibodies and small-molecule RTK inhibitors
that target VEGFRs for tumor therapy. Anti-angiogenic
drugs targeting the VEGF signaling pathways, including
bevacizumab, sorafenib, sunitinib, and have been ap-
proved by FDA for the treatment of advanced carcinoma.

In this study, we sought to dissect the roles of auto-
crine VEGF/VEGFR signaling in the fate determination
of mESCs and the generation of iPSCs and discuss the
possible application of VEGFR inhibitor sunitinib in
stem cell culture.

Results

mESCs tend to differentiate toward meso-endoderm lin-
eages and produce VEGF during long-term culture

It is generally adopted that ESCs have to be cultured
in special medium and passaged every 2-3 days to help
maintain the pluripotency of the cells [3, 18]. Without
passage, E14 cells cultured in mES medium for a long
period tend to spontaneously differentiate even in the
presence of LIF and with daily medium change (Figure
1A). On day 5, E14 cells started to lose the typical com-
pact colony morphology of mESCs (Figure 1A). Similar
phenomenon was also observed in E14 cells cultured in
N2B27 medium supplemented with LIF or mES medium
without LIF (Supplementary information, Figure S1A).
The spontaneous differentiation was more obvious and
occurred earlier (day 3) in mES medium without LIF
(Supplementary information, Figure S1A). Quantitative
PCR also confirmed the downregulation of pluripotency
genes Oct4, Sox2, Nanog and Rex! (Figure 1B). Among
the lineage-specific genes, the ectoderm markers Nestin
and Sox/ were not significantly altered during the spon-
taneous differentiation, while the mesoderm markers
Brachyury and SMA and the endoderm markers GATA4
and Sox17 were all significantly increased (6.7-, 43.8-
, 19- and 6.7-fold increase on day 8 relative to those on
day 1, respectively; Figure 1C). The downregulation of
epithelial cell markers E-cadherin, EP-CAM, Ocln and
Cldn3 and the upregulation of mesenchymal cell markers
N-cadherin, Snail, Slug and Fn indicated that the epithe-
lial-mesenchymal transition (EMT) occurs during long-
term culture of mESCs (Figure 1D).

The above data suggested that mESCs tend to differ-
entiate toward meso-endoderm lineages spontaneously
during long-term culture. Therefore, we investigated
additional genes and found that several genes involved
in the vascular differentiation in mesoderm, including
VEGF, VE-cadherin and PECAM, were all upregulated
(Figure 1E). mRNA of VEGFA increased more than that
of VEGFB (Figure 1F) after long-term culture and VEG-
FA protein secreted into the mES media (with LIF) also
increased significantly (Figure 1G). Similar increase of
VEGF expression was also observed in mESCs cultured
in the serum-free N2B27 media (with LIF; Supplemen-
tary information, Figure S1B). The expression levels
of a panel of growth factors were analyzed in E14 cells
cultured in mES media (with LIF) for 1-8 days (Supple-
mentary information, Figure S1C). Many growth factors
were not detectable. A couple of growth factors, such as
FGF4 and PDGFA, did not show time-dependent change,
even though their expression levels were relatively high.
VEGFA expressed at a relatively high level and displayed
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most striking upregulation (~6-fold) after 5 days of cul-
ture. Another growth factor, PDGFB, was also upregulat-
ed (~3-fold) in long-term culture, although its expression
level was relatively low.

Addition of the recombinant protein mVEGF , or
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PDGFBB induced loss of mESC morphology on day 3, 2
days earlier than the spontaneous differentiation (Figure
1H and Supplementary information, Figure S2A), indi-
cating that activation of both pathways leads to differen-
tiation. However, knockdown of VEGFA but not PDGFB
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Figure 1 mESCs differentiate toward meso-endoderm lineage

spontaneously during long-term culture. (A) Morphology of

E14 cells cultured in mES medium containing 1 000 U/ml LIF without passage for 1-8 days. Medium was changed every day.

Scale bar, 50 um. (B-F) gRT-PCR analysis of pluripotency ge
SMA, endoderm: GATA4, Sox17, ectoderm: Nestin and Sox1)

nes (B), lineage-specific genes (mesoderm: Brachyury and
(C), genes involved in EMT (D), vascular marker genes (E)

and VEGF genes (F) in mESCs described in A on days 1, 3, 5 and 8. (G) ELISA analysis of VEGF secretion from mESCs
described in A. (H) VEGF-induced morphology and alkaline phosphatase (AP) change in E14 cells. Scale bar, 50 pm. E14
cells were cultured in mES medium containing 1 000 U/ml LIF for 48 h, then vehicle or 1, 3, 10 ng/ml mVEGF ¢, was added
into the medium for another 48 h prior to analysis. Data are mean + SEM (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001 vs day 1.

Independent experiments were repeated at least three times.
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with shRNA in E14 cells significantly blocked the dif-
ferentiation induced by LIF withdrawal (Supplementary
information, Figure S2B-S2E), suggesting that PDGFB
might induce differentiation in a paracrine fashion, while
VEGFA in an autocrine way. Taken together, these data
suggest that during long-term culture, mESCs secrete
growth factors such as VEGFA, which promote cells to
differentiate toward meso-endoderm lineages.

Blocking VEGF receptors with sunitinib promotes mESC
self-renewal in the absence of LIF and de novo deriva-
tion of pluripotent ESCs

VEGF might promote spontaneous differentiation of
mESCs in an autocrine way, thus we investigated wheth-
er blocking VEGF signaling with small-molecule inhib-
itors would help to maintain the self-renewal of mESCs.
In mES media deprived of LIF, E14 cells showed
spontaneous differentiation on day 3 (Figure 2A). 2i
(PD0325901 and CHIR99021) effectively maintained the
mESC morphology up to day 5 without passage, while
sunitinib, a multi-targeted RTK inhibitor mainly inhibit-
ing VEGF and PDGF receptors, showed a similar effect
in maintaining the self-renewal of mESCs (Figure 2A).
Dose-response study indicated that 1 pM sunitinib was
best in maintaining the undifferentiated state of mESCs
in LIF-free condition (Supplementary information, Fig-
ure S3A). In the presence of LIF, both sunitinib and 2i
were able to maintain the mESC morphology up to day
8 without passage (Supplementary information, Figure
S3B). In the absence of LIF, mESCs could be maintained
for 3-4 passages, even though the alkaline phosphatase
(AP) staining results revealed the loss of pluripotency at
passage 1 (Figure 2B). Both sunitinib and 2i helped to
maintain the mESC morphology and positive AP staining
beyond passage 10 (Figure 2B). Immunocytochemistry
data showed that mESCs maintained in sunitinib” LIF~
medium expressed high levels of pluripotency markers,
including Oct4, Nanog and SSEA1, in passages up to 10,
while cells in the sunitinib™ LIF” medium completely lost
the expression of these genes at passage 4 (Supplemen-
tary information, Figure S4A). Quantitative PCR results
revealed that both sunitinib and 2i almost completely
reversed the upregulation of lineage-specific genes, in-
cluding SMA, Desmin, Nestin and VE-cadherin, and the
loss of pluripotency genes, such as Oct4, Sox2, Nanog
and Rex!, caused by the removal of LIF (Supplementary
information, Figure S4B and S4C). And LIF depriva-
tion-induced changes in the EMT-related genes, includ-
ing E-cadherin, EP-CAM, Ocln, Cldn3, N-cadherin,
Snail, Slug and Fn, were also blocked by both sunitinib
and 2i (Supplementary information, Figure S4D). Suni-
tinib (1 uM) was also very effective in maintaining the

self-renewal of iPSCs generated from OG2 mice carry-
ing a transgenic GFP gene driven by Oct4 promoter in
the absence of LIF (Supplementary information, Figure
S30).

To confirm the intact pluripotency, E14 cells cultured
in medium containing sunitinib, 2i or LIF (passage 11)
were induced to form embryoid body (EB) after removal
of sunitinib, 2i or LIF. No difference was observed in
EB formation between cells previously maintained in
different media. qRT-PCR analysis revealed the upreg-
ulation of lineage-specific genes and downregulation of
pluripotent genes in EBs formed by E14 cells previously
maintained in all three media (Supplementary infor-
mation, Figure SSA). For immunofluorescent staining,
EBs were reseeded into gelatin-coated plates and cells
spontaneously differentiating into three germ layers
could be identified (Supplementary information, Figure
S5B). Stimulation by mVEGF,4, (50 ng/ml) promoted
EB differentiation toward vascular cells with increased
expression of vascular lineage markers, including SMA,
PECAM and VE-cadherin (Supplementary information,
Figure S5C and S5D). For in vivo differentiation, mESCs
from passage 11 were injected into the thigh of SCID
mice. Teratoma formation was observed after 3-4 weeks.
H&E staining revealed that these tumors contain tissues
derived from all three germ layers, including gastrointes-
tinal-like epidermis structure (ectoderm), cartilage-like
structure (mesoderm) and neural tube-like structure
(endoderm; Figure 2C and Supplementary information,
Table S1). Sunitinib seems to exert its anti-differentiation
effect by blocking VEGF-induced ERK and GSK3p ac-
tivation (Supplementary information, Figure S6A) rather
than by direct activation of the Stat3 pathway like LIF
(Supplementary information, Figure S6B).

Since the E14 cells were derived from 129/0Ola mice
with cream coat color, it would be difficult to assess the
chimerism between E14 cells and ICR mice (with white
coat color). Therefore, we generated mESCs from the
blastocysts of C57BL/6 mice, which have black coat
color, and cultured them in mES medium containing
sunitinib (1 uM) and 2 000 U/ml LIF. mESCs were later
expanded in mES medium containing only sunitinib (1
uM) (Figure 2D). Cells from passages 6 and 11 were
injected into the blastocysts of ICR mice, and chimeras
were generated successfully (Figure 2E). Taken togeth-
er, these data indicate that blocking VEGF signaling by
sunitinib help to maintain the pluripotency of mESCs,
and the effect is comparable to 2i.

Knocking down VEGFR promotes long-term self-renewal

of mESCs in the absence of LIF
Although mainly targeting VEGFRs and PDGFRs,
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Figure 2 Sunitinib maintains the self-renewal and pluripotency of mMESCs. (A) Morphology of E14 cells cultured in mES media
containing 1 000 U/ml LIF, or in mES media without LIF but containing 2i (3 uM PD0325901 and 3 uM CHIR99021) or suni-
tinib (Su, 1 uM), for 1-8 days. Media were changed every day. Scale bar, 50 um. (B) Morphology and alkaline phosphatase (AP)
staining of E14 cells at passages 1, 4 and 10 maintained in mES media containing 1 000 U/ml LIF, or in mES media without
LIF but containing 2i (3 pM PD0325901 and 3 uM CHIR99021) or sunitinib (1 pM). Scale bar, 50 um. (C) H&E staining of
teratomas generated with E14 cells maintained with sunitinib (passage 11). Typical structures of the three embryonic germ
layers are shown as follows: a, gastrointestinal-like epithelium (endoderm); b, cartilage-like structure (mesoderm); c, neural
tube-like structure (ectoderm). Scale bars, 20 um. (D) Blastocyst outgrowth (PO, the arrow) on feeder cells and mES medium
containing sunitinib and 2 000 U/ml LIF. mESCs were subsequently maintained in mES media containing sunitinib for multiple
passages. Scale bar, 20 pm. (E) Chimeric mice generated with mESCs derived and maintained with sunitinib (passage 6).
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sunitinib also blocks other RTKs including KIT, FLT3,
and RET [19]. To avoid the possible off-target effect of
sunitinib, we designed shRNAs specifically targeting
VEGFRI and VEGFR2, two main receptors convoying
VEGFA signaling [20]. Both receptors were expressed in
mESCs and the effectiveness of shRNAs was confirmed

with quantitative RT-PCR and western blot analysis (Fig-
ure 3A and 3B). When LIF was deprived for 2 days, E14
cells expressing scrambled shRNA almost completely
lost the compact colonial morphology, while knocking
down either VEGFRI or 2 helped maintain the mESC-
like morphology (Figure 3C). The reduced expression of
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pluripotency genes and the elevated expression of lin-
eage-specific genes caused by LIF removal could also be
reversed by knockdown of either VEGFRI or 2 (Figure
3D and 3E). About 80% of E14 colonies maintained in
LIF-containing medium were AP positive, while < 10%
of E14 cells expressing scramble shRNA remained to
be AP positive after LIF removal (Figure 3F). Knock-
ing down either VEGFRI or 2 restored the percentage
of AP-positive colonies to more than 80% (Figure 3F).
Immunocytochemistry data also showed that VEG-
FR-knockdown E14 cells (passage 4) maintain high
levels of pluripotency markers, including Oct4, Nanog
and SSEAI, in LIF-free mES medium, while the scram-
ble shRNA did not prevent the loss of all these markers
(Figure 3G). It was intriguing to find that knocking down
either VEGFRI or 2 almost completely resembled the
effect of sunitinib and blocked the spontaneous differ-
entiation induced by LIF removal. It has been reported
that VEGFRI1 is a critical determinant of VEGFR2
abundance, while VEGFR2 is the key receptor directly
responsible for endothelial cell signaling stimulated by
VEGF [21]. Therefore, we examined whether knock-
down of one VEGFR affect the level of the other VEG-
FR. In agreement with the previous report, knocking
down VEGFRI also reduced the expression of VEGFR2,
but knocking down VEGFR2 did not affect the expres-
sion of VEGFRI (Figure 3H).

To further confirm the role of VEGFR2 in mESC dif-
ferentiation, DC101, a neutralizing antibody of VEGFR2
[22], was tested along with 2i and sunitinib in mESCs
cultured without LIF. As demonstrated in Figure 31 and
3J, DC101 blocked mESC differentiation induced by
LIF withdrawal as effectively as sunitinib and 2i. Taken
together, these data indicate that autocrine activation of
VEGFRs, especially VEGFR2, in mESCs is one of the
major forces that promote the exit from self-renewal and
entry into lineage commitment.
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Hypoxia-inducible factor alpha and endoplasmic re-
ticulum stress are involved in the VEGF production in
mESCs during long-term culture

Hypoxia-inducible factor alpha (HIF1a) is one of the
major factors that regulate VEGF expression and an-
giogenesis in cancers [23]. There is still controversy in
the roles of hypoxia in maintaining the self-renewal of
ESCs. Some have reported that hypoxia promotes ESC
propagation [24] and facilitates the generation of iPSCs
[25], while others found that hypoxic priming of mESCs
accelerates vascular-lineage differentiation through
HIF1-dependent mechanisms [26, 27]. Nevertheless, we
found that both the mRNA and protein level of HIF1a
increased significantly on day 3 during the long-term cul-
ture without passage but with daily medium change (Fig-
ure 4A and 4B). In LIF-free mES media, HIF 1o inducers
CoCl, [28] and ML228 [29] led to elevated expression
of VEGFA and promoted cell differentiation further (Fig-
ure 4E-4G). In contrast, KC7F2 [30], a selective HIF1a,
inhibitor, reduced the expression of VEGFA (Figure 4G)
and blocked the spontaneous differentiation caused by
the removal of LIF for 2 days (Figure 4E and 4F). Suni-
tinib and 21 also reduced the expression of VEGFA (Figure
4G) and differentiation induced by LIF deprivation (Fig-
ure 4E and 4F).

Endoplasmic reticulum (ER) stress is another major
pathway that regulates the expression of VEGF under
adverse environmental conditions [31]. It has been re-
ported that hESCs must resolve ER stress related to
culture conditions to survive and maintain pluripoten-
cy [32]. ER stress has also been reported to participate
in ESC differentiation induced by retinoic acid [33].
Therefore, we further investigated the expression of
genes related to ER stress during long-term culture of
mESCs. Quantitative PCR indicated that the expression
of several genes involved in ER stress, including XBPI
and spIXBPI (an alternative splicing form of XBP! in re-

Figure 3 VEGFR knockdown recapitulates the effect of sunitinib. (A, B) Validation of the shRNAs targeting VEGFRs by qRT-
PCR and western blot. (C) Morphology of E14 cells expressing the indicated shRNA cultured in mES media without LIF. Cells
treated with sunitinib or 2i were used as positive control. Scale bar, 50 um. (D, E) gRT-PCR analysis of pluripotency genes
(Oct4, Sox2, Nanog, Rex1) (D) and lineage-specific genes (mesoderm: Brachyury and SMA, endoderm: GATA4, ectoderm:
Nestin) (E) in cells expressing the indicated shRNA cultured in mES media without LIF (passage 4). Cells treated with suni-
tinib or LIF were used as positive control. Data are mean SEM (n = 3). #¥P < 0.01, P < 0.001 vs LIF (+) condition; *P < 0.05,
**P < 0.01, ***P < 0.001 vs scramble shRNA. (F) E14 cells expressing the indicated shRNA were cultured in LIF-free mES
media for 3 days at an initial density of 10 000 cells/well in 24-well plate. The percent of undifferentiated and differentiated
colonies were calculated according to AP staining and morphology. Independent experiments were repeated at least three
times. (G) Immunofluorescence staining of pluripotency markers (Oct4, Nanog, SSEA1) in cells described in E (passage 4).
Cell nuclei were stained with Hoechst. Scale bar, 80 pm. (H) Western blot analysis of VEGFR1 and 2 in cells transfected with
scramble shRNA, or shRNAs targeting VEGFR1 or 2 for 48 h. (I) Morphology and AP staining of E14 cells cultured in mES
medium without LIF but containing 2i (3 pM PD0325901 and 3 uM CHIR99021), sunitinib (1 uM) or DC101 (20 pg/ml) for 3
days. (J) The percent of undifferentiated and differentiated colonies corresponding to I.
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stress-related genes and VEGFA (Figure 4E, 4F and 4H),
while tauroursodeoxycholic acid, salubrinal and BHA
[34], the ER stress inhibitors, blocked the expression of
ER stress-related genes and VEGFA caused by the re-
moval of LIF (Figure 4H), and thus prevented cell differ-
entiation (Figure 4E and 4F).

It was reported that the retina of LIF-knockout mice
displayed increased microvessel density due to increased
VEGF expression [35]. We also found that LIF sup-
pressed the expression of VEGFs in E14 cells during
long-term culture (Supplementary information, Figure
S7A). And such effect was likely due to the suppressed
expression of HIF1a and ER stress-related genes by LIF
(Supplementary information, Figure S7B).

Taken together, these data suggest that both HIFla
and ER stress are involved in the expression of VEGFA
in mESCs, blocking these pathways is beneficial for the
maintenance of pluripotency and self-renewal of mESCs.
Interestingly, blocking the VEGF pathways with suni-
tinib decreased the expression of ER stress-related genes
and VEGFA (Figure 4G and 4H), indicating the possible
existence of a feed-forward mechanism between VEGF
and HIF1o/ER stress pathways. LIF may also promote
self-renewal of mESCs by reducing VEGF expression
via downregulation of HIF1a and ER stress pathways.

Sunitinib promotes the generation of mouse iPSCs with
four or reduced numbers of transcription factors

A number of small molecules, including 21, pluripotin,
BIO and PKC inhibitors, which support ESC self-re-
newal by inhibiting signal pathways involved in differ-
entiation, have been reported to enhance the generation
of iPSCs. Therefore, we investigated whether sunitinib
can also promote reprogramming. Using a 96-well-plate-
based screening system with OG2 MEFs carrying a
transgenic Oct4 promoter-driven GFP reporter [36], we
found in 4 factor (4F: Oct4, Sox2, KIf4 and c-Myc)-me-
diated reprogramming, 1 uM sunitinib (added from day
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3 to 14) was able to induce significantly more GFP" colo-
nies (~8-fold increase) than vehicle control (Figure 5A).
We also treated the 4F-transduced MEF cells with 1 uM
sunitinib for various durations starting from day 3. Suni-
tinib started to show beneficial effect after 5-day treat-
ment (day 3-8). In fact, the longer the treatment duration,
the better the results (Figure 5B), supporting the notion
that sunitinib can promote the self-renewal of pluripotent
stem cells. Indeed, sunitinib also supported the propa-
gation of iPSCs in the absence of LIF (Supplementary
information, Figure S3C).

Combinations of small molecules have been reported
to facilitate the generation of iPSCs with reduced num-
bers of transcription factors. In 2F (Oct4 and K1f4)-trans-
duced MEFs, sunitinib (1 uM) facilitated iPSC gen-
eration alone or in combination with RepSox (1 pM),
VPA (0.5 mM), CHIR99021 (3 M) and parnate (2 uM;
Figure 5C). More remarkably, sunitinib (1 pM) alone
was able to enhance the efficiency of 1F (Oct4)-mediated
reprogramming (Figure 5D). Sunitinib also doubled the
number of GFP" colonies induced by Oct4 in combina-
tion with RepSox (1 uM), VPA (0.5 mM), CHIR99021
(3 uM) and parnate (2 pM; Figure 5D). Knockdown of
VEGFRI or VEGFR? also facilitated 4F-mediated repro-
gramming (Supplementary information, Figure S8G).

A series of iPSC lines were established by using 4F,
3F, 2F or 1F plus sunitinib. PCR analysis of genomic
DNA confirmed the integration of correct viral factors
in these iPSC lines (Supplementary information, Figure
S8A). Quantitative RT-PCR revealed the reactivation
and expression of the endogenous Oct4, Sox2, Nanog
and Rex! (Supplementary information, Figure S§B) and
the silencing of viral genes (Supplementary information,
Figure S8C). 1F- and 2F-iPSCs were further character-
ized. These iPSCs maintain GFP'- and ES-like morphol-
ogy, and express typical pluripotency markers, such as
AP, SSEA1 and Nanog (Figure S5E and Supplementary
information, Figure S8D). Bisulfite genomic sequenc-

Figure 4 Role of HIF1a and ER stress in VEGF expression and pluripotency of mESCs. (A, B) gRT-PCR (A) and western
blot analysis (B) of HIF1a in E14 cells cultured in mES media containing 1 000 U/ml LIF for 1-8 days. Tubulin served as a
loading control for western blot. (C, D) gRT-PCR (C) and western blot analysis (D) of genes involved in ER stress in E14 cells
cultured in mES medium containing 1 000 U/ml LIF for 1-8 days. (E) Morphology (bottom) and AP staining (top) of E14 cells
cultured in mES medium without LIF but containing sunitinib (1 pM), 2i, ML228 (1 uM), KC7F2 (1 uM), BHA (10 uM) or tuni-
camycin (Tuni, 2.5 ug/ml) for 48 h. Scale bar, 50 pm. (F) Statistical data of the percent of undifferentiated and differentiated
colonies in E14 cells cultured in LIF-free mES medium containing the indicated compounds for 3 days, including sunitinib, 2i,
KC7F2 (1 uM), CoCl, (30 uM), ML228 (1 uM), TUCDA (0.1 mM), salubrinal (Sal, 10 uM), BHA (10 uM), thapsigargin (Thap,
0.4 uM), tunicamycin (Tuni, 2.5 pg/ml) and ionomycin (lono, 3.6 uM). (G) qRT-PCR analysis of VEGFA in E14 cells cultured
in LIF-free mES medium containing sunitinib, 2i or the indicated HIF 1o regulators (same concentrations as in F) for 3 days.
Data are mean + SEM (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001 vs control. (H) gRT-PCR analysis of the expression of ER
stress-related genes and VEGFA in E14 cells cultured in LIF-free mES medium containing sunitinib, 2i or the indicated ER
stress regulators (same concentrations as in F) for 3 days. Data are mean + SEM (n = 3), *P < 0.05, **P < 0.01, ***P < 0.001
vs control. Independent experiments were repeated at least three times.
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ing of the Oct4 and Nanog promoters revealed that both
were demethylated in 1F-iPSCs as in mESCs, while in
MEFs they were both hypermethylated (Supplementary
information, Figure S8E). Intramuscular injection of the
1F-iPSCs into SCID mice led to teratoma formation in
3-4 weeks, containing tissues derived from all three germ

layers, including epidermis structure (ectoderm), muscle
and cartilage structure (mesoderm) and epithelium tube
structure (endoderm; Figure 5F). The 1F- and 2F-iPSCs
were also able to generate chimera mice when injected
into the blastocysts of ICR mice (Figure 5G and Sup-
plementary information, Figure S8F), indicating that the
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Figure 5 Sunitinib promotes reprogramming of somatic cells. (A) Dose response of sunitinib in 4F-mediated iPSC induction.
Sunitinib at the indicated concentration was added into 3 000 4F-transduced MEFs from day 3 to day 14. (B) Time response
of sunitinib in iPSC induction. Sunitinib (1 uM) was added at the indicated time periods, and GFP" colonies were counted on
day 14. Data are mean SEM (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001 vs control. Independent experiments were repeated
at least three times. (C) Sunitinib facilitated iPSC generation from 2F (OK)-transduced MEFs alone or in combination with
several known chemicals. For OK-mediated reprogramming, 150 000 OK-infected cells in 6-well plates were treated with 1
uM sunitinib (S) alone or various combinations of compounds (including 1 uM R, RepSox; 0.5 mM V, VPA; 3 uM C, CHIR and
2 uM P, Parnate) from day 3 to day 14. (D) Sunitinib facilitated iPSC generation from Oct4-transduced MEFs alone or in com-
bination with several known chemicals. For Oct4-mediated reprogramming, 200 000 Oct4-infected cells in 6-well plates were
treated with 1 uM sunitinib (S) alone or the indicated combinations of compounds from day 3 to day 14. GFP" colonies were
counted on day 19 and day 29. (E) Top: morphology, GFP expression and AP staining in iPSC clones induced with 1F (Oct4)
plus sunitinib (1 uM). Scale bar, 50 yum. Middle and bottom: immunofluorescent staining of SSEA-1 and Nanog in the same
clone. Scale bar, 10 um. (F) HE-stained sections of teratomas formed with iPSC clone described in E. Typical structures of
the three embryonic germ layers are shown: epidermis (ectoderm), muscle and cartilage (mesoderm) and epithelium (endo-
derm). Scale bar, 20 um. (G) chimeric mice produced with iPSC clone described in E.
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iPSCs generated with sunitinib were pluripotent.

Other RTK inhibitors also facilitate the self-renewal of
mESC and the generation of iPSCs

Apart from sunitinib, a number of RTK inhibitors
whose targets include VEGFR and PDGFR have been
developed and some have been used as anti-neoplastic
drugs [19]. We tested whether these drugs or compounds
could also be used to maintain the self-renewal of mESCs
and facilitate factor-mediated reprogramming. E14 cells
were seeded into 96-well plates at a density of 1 000
cells per well in mES medium and allowed to grow with
LIF for 1 day, and then media were changed into mES
media without LIF but containing various compounds
for 2 days. Then, cells were stained with AP staining kit.
Cell colonies could be characterized into differentiated or
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undifferentiated categories according to the morphology
and AP activity. All of the 10 RTK inhibitors, including
axitinib, sorafenib, dovitinib, lenvatinib, motesanib, nin-
tedanib, vandetanib, pazopanib, tivozanib and semaxinib,
showed beneficial effect in maintaining the self-renewal
of mESCs, with sunitinib and dovitinib being the most
effective (Figure 6A). We also tested these compounds
in our 96-well-plate-based iPSC induction systems with
4 factors, and all compounds significantly enhanced
4F-mediated reprogramming at their optimal concentra-
tions, with sunitinib, dovitinib, axitinib and vandetanib
showing the best results (Figure 6B).

Discussion

ESCs are isolated from the inner cell mass (ICM) of
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Figure 6 Other RTK inhibitors targeting VEGFRs facilitate the self-renewal of mMESCs and the generation of iPSCs. (A) E14
cells were cultured in LIF-free mES media containing sunitinib or other inhibitors at the indicated concentrations for 3 days.
The initial cell density was 1 000 cells/well in 96-well plate. The percent of AP* (undifferentiated) and AP (differentiated) col-
onies were calculated. 2i culture was used as a positive control. (B) MEFs transduced with Yamanaka 4 factors were treated
with sunitinib or the indicated inhibitors (added from day 3 to day 14) and GFP" colonies were counted on day 14. VPA (1
mM, added from day 3 to day 8) treatment was used as a positive control. Data are mean + SEM (n = 3). *P < 0.05, **P < 0.01,

***P < 0.001 vs vehicle control.
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Figure 7 Schematic representation of the autocrine VEGF signaling in mESCs. Production of VEGF is activated via HIF1a
and/or ER stress, presumably due to environmental stress in the in vitro culture. VEGF activates VEGFRs expressed on the
surface of the mESCs, inducing the activation of MEK, GSK3p and possibly other pathways that promote differentiation and
lineage commitment of mMESCs. Blocking VEGFRs with sunitinib inhibits both the MEK and GSK3 pathways and the feed-for-
ward loop between HIF10/ER stress and VEGF/VEGFR, and thus prevents the spontaneous differentiation of mESCs.

early embryos. It is quite remarkable that the pluripotent
cells in the ICM only exist transiently as they undergo
programmed differentiation, while their pluripotency
could be captured in vitro. The initial isolation and main-
tenance of mESCs relies on ‘feeder cells’ and serum sup-
plementation, but later studies identified LIF and BMP4
as the key extracellular stimulants required for the sus-
tained proliferation and self-renewal of mESCs [2, 37].
Similarly, hESCs can also be cultured in vitro, although
they require the activation of fibroblast growth factor
(FGF2) and TGFp/activin/Nodal pathways for mainte-
nance [38, 39]. In addition, modulation of the WNT path-
way in mouse and human ESCs by inhibiting GSK3
activity, or adding WNT ligands, also enables short-term
maintenance of the undifferentiated state [40].

Many of these growth factors exert their actions in
ESCs in an autocrine manner. For example, FGF2 is
believed to be secreted by hESCs to induce the expres-
sion of TGFP family members such as Nodal, TGFf
and activin that activate the SMAD2/3 pathway which
help maintain pluripotency [38]. In contrast, FGF4 is
produced in mESCs as an autocrine factor that activates
the ERK pathway and promotes exit from self-renewal
into lineage commitment [4]. The latter leads to the dis-

covery that the combination of inhibitors of ERK and
GSK3 pathways (21) are able to sustain the self-renewal
of mESCs in the absence of extrinsic signals [5]. It has
been suggested that mESCs cultured under these condi-
tions are in a ground or ‘naive’ state and equivalent to
cells from the early epiblasts. In this study, we identified
VEGF as another autocrine factor that promotes lineage
commitment of mESCs even in the presence of LIF.
Blocking VEGF signaling with sunitinib, or by knocking
down VEGFRs, not only maintained the mESCs in the
undifferentiated state without the need for feeder cells
or LIF, but also facilitated transcription factor-mediated
pluripotency reprogramming in MEFs.

It is well accepted that VEGF produced by tumor
cells acts on neighboring VEGFR-expressing endothe-
lial cells to promote angiogenesis for continued tumor
growth [41]. This concept has been challenged by reports
demonstrating expression of the VEGFRs on tumor cells.
An intriguing finding related to the autocrine function of
VEGF signaling in tumors was that VEGF secreted by
tumor cells triggers tumor cell proliferation by binding
VEGFRI1 expressed on the same cell [42]. Moreover,
in patients with lung cancer, an increase in gene copy
number of VEGFR?2 is associated with chemoresistance
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and shorter survival [43]. Autocrine VEGF signaling has
also been reported to play important roles in all aspects
of breast tumor biology, including adhesion, survival,
migration and invasion of the cancer cells [44]. In phys-
iological condition, cell-autonomous VEGF signaling
pathway has been demonstrated to be required for the
homeostasis of blood vessels in the adult even though it
is dispensable for the angiogenic cascade [45]. In ESC or
iPSC cultures, the addition of exogenous VEGF has been
demonstrated to induce endothelium and cardiac myo-
cyte differentiation [15, 16], but the autocrine function of
VEGFs has rarely been discussed. Our data demonstrated
that the mESCs express both VEGF and VEGFRs, and
the activation of this pathway leads to spontaneous dif-
ferentiation. Interestingly, blocking the VEGF pathways
with sunitinib decreased the expression of VEGFA (Figure
4G and 4H) in mESCs, indicating the possible existence
of an autocrine feed-forward loop which contributed to
the continuous increase of VEGF secretion in long-term
ESC culture. Such autocrine feed-forward loop of VEGF/
VEGFRs has also been demonstrated in lung cancer [46].

VEGFs are dramatically upregulated under hypoxic
conditions. Hypoxia allows the stabilization of HIFs
that bind to the promoter region of VEGFA [47]. Under
different cultivation conditions, the role of hypoxia and
HIFs in the fate determination of ESCs remains contro-
versial. It has been reported that hypoxia prevents ESC
differentiation and promotes iPSC induction [24]. Con-
versely, other report suggested that hypoxia or HIFs en-
hance the differentiation of hESC and mESC toward car-
diomyocytes [48]. Exogenous expression of HIF-1a also
promotes cardiac differentiation of mESCs [49], while
HIF-1a-knockout mESCs do not produce spontaneously
beating cells [50]. Recently, VEGF, the important down-
stream protein of HIF1a, was proved to be indispensable
in effective cardiac myocyte differentiation of human iP-
SCs [16]. In addition, hypoxic priming of mESCs accel-
erates vascular-lineage differentiation through HIF1-me-
diated VEGF expression and Oct4 suppression [27]. Our
findings support the notion that the activation of HIFla
and subsequent VEGF secretion from mESCs facilitated
the meso-endoderm lineage commitment of these cells.
Blocking HIF1a reduced the expression of VEGF and
promoted self-renewal of mESCs. Our data also demon-
strated that ER stress plays a role in VEGF secretion in
mESCs. It has been reported that hESCs must resolve ER
stress related to culture conditions to survive and main-
tain pluripotency [32]. Blocking ER stress also reduced
the expression of VEGF and promoted self-renewal of
mESCs. Interestingly, we also demonstrated that LIF
might also exert its self-renewal-promoting effect by
inhibiting HIF 1o and ER stress pathways, thus blocking
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the activation of the autocrine VEGF signaling in mESCs
(Figure 7).

Sunitinib (marketed as Sutent) is an orally available
multi-targeted RTK inhibitor that was approved by the
FDA for the treatment of renal cell carcinoma and ima-
tinib-resistant gastrointestinal stromal tumor. Although
mainly targeting VEGFRs and PDGFRs, it also inhibits
other RTKs including KIT, FLT3, and RET [19]. In our
study, we have demonstrated the expression of VEGF/
VEGFRs and PDGF/PDGFR in mESCs, and the acti-
vation of PDGF pathway might induce differentiation
in a paracrine fashion, while the activation of VEGF
pathway might induce differentiation in an autocrine
way. Although we have demonstrated the critical role of
VEGFR?2 in spontaneous differentiation of mESCs by the
knockdown and neutralizing antibody studies, sunitinib
might exert its effect by blocking additional RTKs. For
example, SCF and its receptor c-Kit play important roles
in hematopoiesis, spermatogenesis and melanogenesis
[51]. Mice that do not express SCF or c-Kit both die from
severe anemia [51]. SCF may serve as guidance cues that
direct hematopoietic stem cells to their stem cell niche.
FIt3 is expressed on many hematopoietic progenitor
cells, and play an important role in the development of
haematopoietic stem cells and progenitor cells. Mutation
in Flt3 gene is associated with acute myeloid leukemia
[52]. CSF-1R, also known as macrophage CSF-1R, con-
trols the differentiation and function of macrophages
[53]. Mutations in CSF-1R are associated with chronic
myelomonocytic leukemia and type M4 acute myeloblas-
tic leukemia [54]. Although the expression and function
of these RTKs have rarely been studied in mESCs, their
activation all seem to lead to differentiation toward me-
so-endoderm lineages. Therefore, blocking any of these
RTKs may also contribute to the self-renewal-promoting
effect of sunitinib.

In conclusion, we have discovered the critical roles
of autocrine VEGF signaling in the spontaneous differ-
entiation of mESCs in in vitro culture. Blocking VEGF
signaling with sunitinib, other RTK inhibitors targeting
VEGFR, VEGEFR neutralizing antibody, or by knocking
down VEGFRs, was capable of maintaining the mESCs
in the undifferentiated state without the need for feeder
cells or LIF. Sunitinib could also be used to facilitate
the derivation of mESCs from the blastocysts, and the
mESCs maintained in sunitinib-containing medium re-
mained pluripotent and were able to contribute to chime-
ric mouse. Sunitinib was also able to promote iPSC gen-
eration from MEFs. These results indicate the existence
of an intrinsic differentiation pathway of mESCs by acti-
vating the VEGF signaling in an autocrine way. Blocking
VEGF signaling with sunitinib or other small molecules
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help to maintain the mESCs in the ground state of plurip-
otency.

Materials and Methods

ES cell culture

E14 and OG2-ES cells were maintained feeder free on gela-
tin-coated plastics in mES media (DMEM with 15% FBS (Hyclone
30070.03), 2 mM GlutaMAX, 0.1 mM non-essential amino acids
(NEAA), 0.1 mM B-mercaptoethanol, 100 U/ml penicillin and 100
pg/ml streptomycin) supplemented with 1 000 U/ml LIF and 2i
(3 uM CHIR99021 and 3 uM PD0325901) and passaged every 3
days. In testing conditions, ES cells were cultured in mES media
supplemented with LIF, 2i, growth factors (mVEGF,, and hPDG-
FBB) or other chemicals as indicated. In serum-free conditions,
ES cells were cultured in N2B27 media (DMEM/F12 with 1/200
B27 supplement, 1/100 N2 supplement, 2 mM GlutaMAX, 0.1
mM NEAA and 0.1 mM B-mercaptoethanol) supplemented with
LIF, 2i, growth factors or other chemicals as indicated.

Derivation of ES cells with sunitinib

Blastocysts from female ICR mice (Shanghai SLAC Lab Ani-
mal) were flushed from uterine horns with M2 medium (Sigma-Al-
drich) 3.5 days post coitum. Isolated blastocysts were plated onto
irradiated MEF feeder layer in mES medium containing sunitinib
(1 uM) and 2 000 U/ml LIF. To obtain ES cell colonies, blasto-
cyst outgrowths were disaggregated with trypsin and re-plated on
gelatin-coated plastic wells with sunitinib and LIF. ESCs were ex-
panded by passaging in mES medium supplemented with sunitinib
(1 uM). After six passages in sunitinib-containing mES medium,
cells were injected into the C57BL/6 blastocysts to test for chime-
ra generation.

Mouse iPSC generation

OG2 mice, which carry a transgenic GFP gene driven by Oct4
promoter, were mated with C57BL/6J. MEFs were isolated from
E13.5 embryos heterozygous for the Oct4-GFP transgenic allele.
Gonads and internal organs were removed before MEF isolation.
MEFs were grown in DMEM supplemented with 10% FBS, 2 mM
GlutaMAX, 0.1 mM NEAA, 100 U/ml penicillin and 100 pg/ml
streptomycin. MEFs in early passages (up to passage 3) were used
for further experiments.

Retroviruses were produced by transfection of plat-E cells with
pMXs retroviral vectors containing the coding sequences of mouse
Oct4, Sox2, Kif4 and c-Myc (Addgene). MEFs were seeded at a
density of 150 000 cells/well into six-well plate 18 h before infec-
tion. Virus-containing supernatants, supplemented with 8 pg/ml
polybrene, were added into the plates of MEF culture and centri-
fuged at 2 500 rpm for 90 min. Medium was changed immediately
after virus transduction and this day is counted as “day 0”. Two
days post virus infection, MEFs were reseeded at a density of 3
000 cells/well into 96-well plates pre-seeded with irradiated MEF
feeder cells, supplemented with mES medium containing 1 000 U/
ml LIF. On day 6, culture medium was replaced with KSR medium
(knockout DMEM supplemented with 15% KSR, 2 mM L-Gluta-
MAX, 0.1 mM NEAA, 0.1 mM B-mercaptoethanol, 1 000 U/ml
LIF, 100 U/ml penicillin and 100 pg/ml streptomycin). Chemicals
were added from day 3 with various durations. GFP" colonies were
counted using a high-content screening instrument Acumen (TTP

Labtech) on day 14 post infection. Colonies were also trypsinized
and analyzed using guava easyCyte Flow Cytometer (Millipore).

For reduced factor-induced iPSC, 150 000 MEFs cells (2F,
Oct4 and Klf4) or 200 000 cells (1F, Oct4) per well were seeded in
six-well plate 18 h before infection. Supernatants containing 2F or
1F were used for infection as above. Medium was changed imme-
diately after virus transduction and this day is counted as “day 0”.
MEFs were infected twice, 2 days post virus infection, and MEFs
were supplemented with KSR medium containing 10 ng/ml vita-
min C, 1/100 N2 supplement and 10 ng/ml bFGF. Chemicals were
added from day 3 to day 14.

Statistic analysis

Values are reported as the mean + SEM. P-values were cal-
culated by Student’s t-test. All graphs are plotted with GraphPad
Prism 5 software.

Detailed methods are described in the Supplementary informa-
tion, Data S1.
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