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Abstract 

The FGF/MEK/ERK and Wnt/β‑catenin signaling pathways have previously been proved to regulate mouse embry‑
onic stem cell (mESCs) function. However, the relationships between these two pathways, especially their different 
functions on proliferation and pluripotency of mESCs, were rarely mentioned. Here, we investigated the effects of 
FGF/MEK/ERK and Wnt/β‑catenin pathway regulators and their combinations on the proliferation and pluripotency 
of mESCs under serum‑ and feeder‑free conditions. We found that MEK inhibitor PD0325901 and FGFR inhibitor 
SU5402 has paradoxical function on mESCs; one could promote proliferation along with differentiation and the other 
one could improve pluripotency while impairing cell proliferation. The combination of these two kinds of inhibitors 
could better regulate FGF/MEK/ERK pathway. Wnt/β‑catenin pathway regulators SB216763 led to differentiation while 
promoting proliferation of mESCs. When we used FGF/MEK/ERK and Wnt/β‑catenin pathway regulators in combina‑
tion, the total expansion fold of mESCs reached 318.78 ± 47.95 and the proportion of SSEA‑1‑positive cells reached 
82.40 ± 2.74% which were significantly higher than using the regulators alone. This finding indicates that regulators of 
FGF/MEK/ERK and Wnt/β‑catenin pathways play different roles in the regulatory networks of mESCs. Their combina‑
tion can better maintain the undifferentiated state and promote the proliferation of mESCs under serum‑ and feeder‑
free conditions. 
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Introduction
Embryonic stem cells (ESCs) have extraordinary poten-
tial for application in cell therapy and regenerative medi-
cine because of their ability to differentiate into almost all 
cell types. However, the amount of ESCs is limited and 
the pluripotent state cannot be maintained for a long 
time in vitro, especially in serum- and feeder-free culture 
conditions (Volarevic et al. 2018). To solve this problem, 
much effort has been devoted (Evans and Kaufman 1981; 
Yang et al. 2010; Volarevic et al. 2011). Extensive studies 

have shown that the regulation of signaling pathways has 
a significant effect on cell fate decisions of ESCs, among 
which the FGF/MEK/ERK pathway and the Wnt/β-
catenin pathway are receiving more and more attention 
(Chen et al. 2007; van Amerongen 2009).

Wnt pathways are critical for developmental processes 
including self-renewal, cell proliferation and pluripotency 
in many types of stem cells (Kleber and Sommer 2004; 
Dravid et al. 2005; ten Berge et al. 2011; Kirby et al. 2012). 
It is characterized by the stabilization of intracellular 
β-catenin. The stabilization and upregulation of β-catenin 
enhance E-cadherin expression on the cell membrane, 
thereby enhancing ESCs self-renewal through E-cad-
herin-associated PI3K/Akt signaling (Huang et al. 2015). 
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Glycogen synthase kinase-3 (GSK-3) phosphorylates 
β-catenin, making it a target for ubiquitination and sub-
sequent proteasome-mediated degradation, inducing cell 
differentiation (Akiyama 2000; Asuni et al. 2006; Kimel-
man 2006; MacDonald and He 2009). GSK-3 inhibitors 
activate Wnt pathway and ultimately prevent β-catenin 
degradation. Some studies showed that GSK3 inhibitors 
can enhance the propagation and upregulate the expres-
sions of pluripotency markers of ESCs such as Oct4 and 
Nanog under serum- and feeder-free conditions (Sato 
et al. 2004, 2009; Nagai et al. 2014). Other reports showed 
that Wnt pathway stimulates G1 to S phase cell cycle pro-
gression and contributes to cell proliferation (Yun et  al. 
2005). Yet, paradoxically, the more selective GSK3 inhibi-
tor CHIR99021 has been shown to induce non-neural 
differentiation of mESCs under serum- and feeder-free 
conditions (Ying et al. 2008; Kirby et al. 2012). Sumi et al. 
showed that activation of Wnt pathway and stabilized 
β-catenin perturbed ESCs self-renewal and led to mesen-
chymal transition (EMT) (Sumi et al. 2008).

Many reports have mentioned the role of the FGF/
MEK/ERK pathway in the proliferation and differen-
tiation of ESCs (Kunath et  al. 2007; Li et  al. 2007; Ying 
et al. 2008). Activation of fibroblast growth factor recep-
tor (FGFR) stimulates a multitude of downstream signal-
ing cascades (Kim and Nishida 2001). A main pathway 
is mitogen-activated protein kinase (MEK)/extracellular 
signal-regulated kinase (ERK) signaling pathway which 
can be effectively regulated by FGFR inhibitors and MEK 
inhibitors (Ma et  al. 2016). Some reports showed that 
specific inhibitor of MEK can effectively inhibit the phos-
phorylation of ERK and thereby contribute to the mainte-
nance of mESC pluripotency (Burdon et al. 1999; Kunath 
et al. 2007; Yu et al. 2018). In addition, knockout of the 
upstream activator FGFR for ERK signaling impairs the 
neural differentiation of ESCs (Kunath et al. 2007), while 
the specific FGFR inhibitor SU5402 leads to rapid differ-
entiation of ESCs (Kim and Nishida 2001; Dvorak et  al. 
2006).

Ying et  al. first proposed that the combination of 
inhibitors of the FGF/MEK/ERK and GSK3β could 
maintain the pluripotency of mESCs under serum-
free medium with/without LIF, but colonies cultured 
without LIF have poor proliferation rate (Ying et  al. 
2008; En-Shu et  al. 2011). Kiyonari et  al. proved that 
the combination of FGF/MEK/ERK and GSK3β inhibi-
tors establishes germline-competent embryonic stem 
cells of C57BL/6N mouse strain with high efficiency 
and stability (Kiyonari et  al. 2010; Nichols and Jones 
2017). However, the relationship between FGF/MEK/
ERK and Wnt/β-catenin pathways, especially their dif-
ferent functions on proliferation and pluripotency of 
mESCs between individual and joint regulation, was 

rarely mentioned. Here, we investigated the effects of 
FGF/MEK/ERK and Wnt/β-catenin pathway regula-
tors and their combinations on the proliferation and 
pluripotency of mESCs under serum- and feeder-free 
conditions to better understand the complex regulatory 
network of ESCs. The proliferation and pluripotency 
data were closely monitored each passage in the culture 
process.

Methods
Cell culture
mESCs lines (129 strain) were cultured in DMEM (Gibco, 
CA, USA) with 15% knockout serum replacement (KSR, 
Invitrogen, NY, USA), 1% L-Glutamax (Sigma-Aldrich, 
Munich, Germany), 0.1 mM 2-mercaptoethanol (Sigma-
Aldrich, Munich, Germany), 1% nonessential amino 
acids (NEAA) (Sigma-Aldrich, Munich, Germany), 1% 
penicillin/streptomycin (Sigma-Aldrich, Munich, Ger-
many) and 10  ng/mL LIF (Peprotech, NJ, USA). After 
passaging, cells were seeded in 0.1% gelatin-coated 6-well 
plates at a density of 5 × 104 cell/cm2. For signaling path-
way regulators, GSK3 inhibitor (SB216763), FGFR inhibi-
tor (SU5402) and MEK inhibitor (PD0325901) used 
here (Sigma-Aldrich, Munich, Germany) were added in 
accordance with the concentration of 5  μM, 2  μM and 
1 μM, respectively (Coghlan et al. 2000; Ying et al. 2008; 
Zhang 2010). mESCs were cultured for three passages 
(3 days per passage) in the presence of inhibitors alone or 
in combination. The proliferation of cells was evaluated 
by fold expansion in each passage and total fold expan-
sion after three passages. The calculation formulas were 
listed below.

Fold expansion in each passage = Number of cells har-
vested/Number of cells seeded in each passage.

Total fold expansion = Product of fold expansion of 3 
passages.

SSEA‑1‑positive cell analysis with flow cytometry
Stage-specific embryonic antigen-1 (SSEA-1) is a specific 
pluripotent surface marker of mESCs and the propor-
tions of SSEA-1-positive cells can be detected by flow 
cytometry. Briefly, more than  106 cells were collected, 
rinsed with PBS (phosphate buffer) and then incubated 
with anti-mouse SSEA-1 antibody (BD, CA, USA) at 4 °C 
for 30  min in the dark.  104 events were acquired on an 
FACS Canto and the percentage of SSEA-1-positive cells 
was analyzed with CellQuest software.

Percentage of SSEA-1-positive cells = % parent 
(Q1 + Q2).

Fold expansion of SSEA-1-positive cells = Total fold 
expansion × Percentage of SSEA-1-positive cells.
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Alkaline phosphatase staining
As a marker of undifferentiated mESCs, alkaline phos-
phatase staining was performed after fixing the cells with 
4% paraformaldehyde, using a kit (Beyotime, Shanghai, 
China) following the manufacturer’s instruction.

Immunofluorescence analysis of OCT4 expression
Cells were fixed in 4% paraformaldehyde for 30  min at 
room temperature and treated with 0.2% Triton X-100/
PBS for 10 min, and then 1% BSA solution for 30 min at 
room temperature. Treated samples were exposed to pri-
mary antibody solution against OCT4 (1:200, Millipore, 
MA, USA) overnight at 4 °C and then washed three times 
with PBS for 3 min each. The cells were then incubated 
with rhodamine-labeled secondary antibody (1:500, Mil-
lipore, MA, USA) for 2 h at room temperature. The cells 
were then rinsed 3 times in PBS followed by brief incuba-
tion in DAPI (1:1000, Sigma-Aldrich, Munich, Germany) 
for nuclear staining. Images were analyzed by fluores-
cence microscope.

Oct4, Nanog and Sox2 confirmation by semi‑quantitative 
PCR
The pluripotent-specific genes Oct4, Sox2, and Nanog 
were confirmed by semi-quantitative RT-PCR analysis. 
 106 mESCs were collected to extract RNA. 1 μg RNA was 
incubated at 70 °C for 5 min, at 37 °C for 60 min and then 
at 95 °C for 5 min to yield cDNA. PCR products were vis-
ualized on a 2% agarose gel by ethidium bromide stain-
ing. For primer sequences, please refer to Table 1.

Statistical analysis
Statistical significance was determined by Student’s two-
tailed T test for unequal variances. P values < 0.05 were 
considered to be statistically significant.

Results
Effects of MEK and FGFR inhibitors on mESCs proliferation 
and pluripotency
MEK inhibitor PD0325901 and FGFR inhibitor SU5402 
were used alone and in combination to investigate the 

effect of FGF/MEK/ERK pathway on mESCs prolifera-
tion and pluripotency. We found that the serum- and 
feeder-free medium without any inhibitors was far 
from sufficient to support long-term proliferation of 
mESCs due to the gradually decrease of fold expansion 
in each passage along with culture (Fig.  1a). The use of 
PD0325901 alone had little effect on mESCs proliferation 
and the cell expansion folds only reached 27.83 ± 14.00, 
lower than control (46.14 ± 14.37). SU5402 alone or 
PD0325901 + SU5402 increased the cell expansion folds 
to 126.95 ± 35.96 and 125.98 ± 31.79, respectively, which 
were significantly higher than control (Fig. 1b).

The percentage of SSEA-1-positive cells shows that 
SU5402 alone was useless to improve mESCs pluripo-
tency, while PD0325901 alone or PD0325901 + SU5402 
increased the percentage of SSEA-1-positive cells to 
87.44 ± 2.13% and 81.75 ± 1.20%, which were signifi-
cantly higher than the control (61.28 ± 7.68%) (Fig. 2a). 

Table 1 RT-PCR primer sequences

Gene Sequences (5′ → 3′)

GAPDH F:AAC TTT GGC ATT GTG GAA GGG CTC R:TGG AAG AGT GGG AGT 
TGC TGT TGA 

Nanog F:TCG AAT TCT GGG AAC GCC TCA TCA R:CCG CTT GCA CTT CAT 
CCT TTG GTT 

Oct4 F:AAA GCC CTG CAG AAG GAG CTA GAA R:TCT CAT TGT TGT CGG 
CTT CCT CCA 

Sox2 F:AGA GCA AGT ACT GGC AAG ACC GTT R:TAC ATG GAT TCT CGG 
CAG CCT GAT 

Fig. 1 Effect of FGFR inhibitors and MEK inhibitors on mESC 
proliferation. Cells were cultured with 1 uM PD0325901, 2 uM SU5402 
or their combination. a Comparison of fold expansion in each 
passage. b Fold expansion of total cells after three passages. Error 
bars are standard deviations (n = 3). *Represents significant difference 
(P < 0.05)
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The fold expansion of SSEA-1-positive cells (Fig.  2b) 
shows similar trend to total cell expansion (Fig. 1b).

The pluripotency of mESCs was further analyzed 
through alkaline phosphatase staining and immunofluo-
rescence analysis of OCT4 (Fig. 3). It can be observed that 
mESCs in groups PD0325901 and SU5402 + PD0325901 
yielded more compact colonies, whereas mESCs in 

control group and SU5402 group yielded irregularly 
shaped colonies and rare OCT4-positive cells.

Therefore, the use of MEK inhibitor PD0325901 can 
maintain the pluripotency of mESCs but has little effect 
on proliferation. In contrast, the use of FGFR inhibi-
tor SU5402 can promote the proliferation of mESCs but 
does not help to maintain the pluripotency of mESCs. It 

Fig. 2 Effect of FGFR inhibitors and MEK inhibitors on mESC pluripotency. Cells were cultured with 1 uM PD0325901, 2 uM SU5402 or their 
combination. a The percentage of SSEA‑1+ cells after 3 passages. b Fold expansion of SSEA‑1 + cells after three passages. c Signal threshold for 
SSEA‑1+ cell in flow cytometry. Error bars are standard deviations (n = 3). *Represents significant difference (P < 0.05)
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is worth noting that the combination of MEK inhibitors 
and FGFR inhibitors promotes both proliferation and 
pluripotency of mESCs, which is far better than using 
them alone.

Synergistic effects of FGF/MEK/ERK pathway 
and Wnt/β‑catenin pathway on mESCs proliferation 
and pluripotency
To gain a deeper understanding of the interaction 
between FGF/MEK/ERK pathway and Wnt/β-catenin 
pathway on mESCs proliferation and pluripotency, the 
regulators of these 2 pathways were used alone and in 
combination. The experiment groups were as follows: 
Group a (no treatment), Group b (SB216763), Group 
c (PD0325901 + SU5402), Group d (PD0325901 + SU5
402 + SB216763). From the result, we found that all the 
groups except the control group maintained relatively 
stable fold expansion in each passage (Fig.  4A). After 
three passages culture, cells in group b showed similar 
expansion fold to group c and both were significantly 
higher than Group a (Fig.  4B). While the proportion of 
SSEA-1-positive cells of group b significantly reduced 
from 61.28 ± 7.68 to 47.33 ± 2.00% (Fig.  5B), indicating 
that the addition of Wnt/β-catenin pathway regulator 
SB216763 alone can promote the proliferation of mESCs, 
but resulted in a pluripotency reduction.

Interestingly, when the cells were treated with FGF/
MEK/ERK and Wnt/β-catenin pathway regulators 
together (Group d), the fold expansion of total cells 
reached 318.78 ± 47.95, which was significantly higher 
than the other three groups (Fig. 4B). The proportion of 
SSEA-1-positive cells reached 82.40 ± 2.74%, which was 
significantly higher than Group a and b (Fig.  5A). The 
fold expansion of SSEA-1-positive cells also shows the 
same result that the combination of two signal pathway 
regulators obtains the best effect in pluripotency and 
proliferation (Fig. 5B).

To further explore the pluripotency of mESCs in dif-
ferent culture conditions, we assessed alkaline phos-
phatase activity, OCT4 expression level, as well as the 
mRNA expression levels of Sox2, Oct4 and Nanog. As 
expected, mESCs cultured in Group c and d yielded 
round, compact, alkaline phosphatase-stained mESCs 
colonies (Fig.  6A), indicating a stronger alkaline 
phosphatase activity and higher self-renew capabil-
ity than the flat, shapeless, outer area alkaline phos-
phatase non-stained colonies in Group a and Group 
b. The results of OCT4 expression showed that 
mESCs cultured in Group d yielded the most number 
of OCT4-positive colonies (Fig.  6B, C). Meanwhile, 
semi-quantitative PCR analysis showed that in group 
d, the RNA expression levels of the core pluripo-
tent-specific genes Oct4, Sox2, and Nanog remained 

Fig. 3 Cells were cultured with 1 uM PD0325901, 2 uM SU5402 or their combination. a Alkaline phosphatase staining. b DAPI staining for nuclei. c 
Immunofluorescence staining for OCT4 (c). Scale bar: 100 μm
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stable, indicating that the pluripotency was main-
tained (Fig. 6D).

The above findings demonstrated that the FGF/
MEK/ERK regulators (SU5402 and PD0325901) and 
Wnt/β-catenin regulator (SB216763) work synergis-
tically to improve proliferation. PD0325901 plays a 
dominant role in promoting pluripotency of mESCs.

Discussion
The FGF/MEK/ERK and Wnt/β-catenin signaling path-
ways have previously been proved to regulate mESCs 
function (Asuni et al. 2006; Kimelman 2006; MacDonald 
and He 2009). Some published papers have used the com-
bination of FGF/MEK/ERK and Wnt/β-catenin pathway 
regulators to culture mESCs (Ying et  al. 2008; Kiyonari 

et al. 2010; Turner and Grose 2010; Van der Jeught et al. 
2013), but most of them focused on the maintenance 
of pluripotent markers and the derivation or Germline 
established of mESCs. The difference in proliferation 
and pluripotency of mESCs regulated by different path-
way was rarely discussed. Here, mESCs were treated with 
FGF/MEK/ERK and Wnt/β-catenin pathway regulators 
alone and in combination in serum- and feeder-free cul-
ture conditions. The results showed that regulators of 
these two pathways play different roles in the regulatory 
networks of mESCs.

The differentiation of mESCs involves auto-inductive 
stimulation of the FGF/MEK/ERK pathway by FGF4 
(Kunath et  al. 2007). The selective inhibitors SU5402 
and PD0325901 were used here to inhibit FGFR tyrosine 
kinases and MEK, respectively. It has been already proved 
that the phosphorylation of ERK is dispensable for the 
differentiation of ESCs (Ma et al. 2016). Previous studies 
have suggested that ERK is the only downstream targets 
for MEK (Shaul and Seger 2007). Our studies demon-
strated that cells treated with MEK inhibitor PD0325901 
alone showed higher SSEA-1 and OCT4 expression level, 
indicating the promotion of mESCs pluripotency (Figs. 2 
and 3). Moreover, PD0325901 also suppresses the expres-
sion of Cyclin D1 which leads to lower cell proliferation 
rate (Fig. 1) (Jin et al. 2011). SU5402 suppresses the acti-
vation of signaling pathway downstream of FGFR, not 
limited to FGF/MEK/ERK pathway (Dvorak et al. 2006). 
SU5402 also blocks the function of FGF2 which acts as 
a competence factor in the activin/nodal/TGFb pathway 
and supports the growth of undifferentiated cells (Ros-
ler et al. 2004; Dvorak et al. 2006). In our study, SU5402 
brought out higher cell proliferation rate and low SSEA-1 
expression level (Figs. 1 and 2) which was different from 
PD0325901. Both PD0325901 and SU5402 can decrease 
phospho-ERK levels; moreover, the combination of 
these two inhibitors decreases phospho-ERK levels more 
greatly (Ying et al. 2008; Jin et al. 2011). Consistently, we 
found that the combination of these two inhibitors pro-
moted both proliferation and pluripotency of mESCs, 
which is much better than using them alone (Figs. 1 and 
3).

Wnt/β-catenin pathway regulators such as GSK3 inhib-
itors are also involved in regulation of pluripotency of 
mESCs. SB-216763, a fairly selective and potent GSK3 
inhibitor dose-dependently, induces transcription of the 
β-catenin-dependent gene and achieves the maximum 
effect at 5 uM (Coghlan et  al. 2000). In our study, the 
addition of SB216763 resulted in high proliferation rate 
(Fig. 4) and a decrease in SSEA-1 and OCT4 expression 
levels (Figs. 5 and 6). However, OCT4 in our semi-quan-
titative PCR showed no difference (Fig.  6D) in contrast 
to the immunofluorescence result. This makes sense 

Fig. 4 Synergism of FGF/MEK/ERK signaling and Wnt/β‑catenin 
signaling in maintaining mESC proliferation. The concentration 
of SB216763, SU5402 and PD0325901 used here was 5 μM, 2 μM 
and 1 μM. A Comparison of fold expansion in each passage. B Fold 
expansion of total cells after three passages. Group a (no treatment), 
Group b (SB216763), Group c (PD0325901 + SU5402), Group d 
(PD0325901 + SU5402 + SB216763). Error bars are standard deviations 
(n = 3). *Represents significant difference (P < 0.05)
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because mRNA levels are sometimes inconsistent with 
protein level, but the result still needs to be confirmed 
with more sensitive real-time RT-PCR. Kirby et al. dem-
onstrated that SB-216763 can maintain mESCs co-cul-
tured with MEFs in a pluripotent state for up to 2 months 
in the absence of exogenous LIF, while in our study, 
SB-216763 induced the differentiation of mESCs under 

serum- and feeder-free conditions(Kirby et  al. 2012). It 
seems that activation of β-catenin alone is not sufficient 
to maintain pluripotency. The off-target effects of inhibi-
tors and cell culture conditions should also be taken into 
account.

Our studies also demonstrated that the combination 
of regulators of FGF/MEK/ERK and Wnt/β-catenin 

Fig. 5 Synergism of FGF/MEK/ERK signaling and Wnt/β‑catenin signaling in maintaining mESC pluripotency. The concentration of SB216763, 
SU5402 and PD0325901 used here was 5 μM, 2 μM and 1 μM. A The percentage of SSEA‑1+ cells after three passages. B Fold expansion of 
SSEA‑1+ cells after three passages. C Signal threshold for SSEA‑1+ cell in flow cytometry. Group a (no treatment), Group b (SB216763), Group c 
(PD0325901 + SU5402), Group d (PD0325901 + SU5402 + SB216763). Error bars are standard deviations (n = 3). *Represents significant difference 
(P < 0.05)
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pathways can better maintain the undifferentiated state 
and promote the proliferation of mESCs under serum- 
and feeder-free conditions. Yun et al. provide an expla-
nation that the activation of Wnt/β-catenin pathway 
induced the activation of ERK and led to the differ-
entiation of mESCs (Yun et  al. 2005). Strooper et  al. 
also showed that Wnt activity can be altered at several 
steps of the signal transduction pathway by other sign-
aling molecules, including fibroblast growth factors 
(FGFs) (De Strooper and Annaert 2001). As the FGF/
MEK/ERK pathway regulators can be used to block 
ERK activity, it seems that FGF/MEK/ERK and Wnt/β-
catenin pathway may have synergistic effects and our 
assay result proved this hypothesis. We monitored the 
proliferation and pluripotency during the culture pro-
cess up to three passages and found that the prolifera-
tion and pluripotency of mESCs treated in two pathway 
regulators’ combination conditions were significantly 
improved as compared with regulators added alone. 
The longer culture period such as 1–2  months and 

more dosages of regulators will be investigated in the 
further research.

Conclusions
The results demonstrated that regulators of FGF/MEK/
ERK and Wnt/β-catenin pathways play different roles in 
the regulatory networks of mESCs and their combina-
tion can better maintain the undifferentiated state and 
promote the proliferation of mESCs under serum- and 
feeder-free conditions. It will provide supports for media 
design and process control during the in vitro prolifera-
tion of mESCs to establish a more efficient culture system 
for successful clinical applications.
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EMT: mesenchymal transition; FGFR: fibroblast growth factor receptor; MEK: 
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Fig. 6 Cells were cultured with 5 uM SB216763, 1 uM PD0325901, 2 uM SU5402 or their combination. A Alkaline phosphatase staining. Scale bar: 
100 μm. B DAPI staining for nuclei. C Immunofluorescence staining for OCT4. Scale bar: 100 μm. D Semi‑quantitative RT‑PCR analysis of Sox2, Oct4 
and Nanog mRNA expression
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