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SUMMARY
The homeostasis of human pluripotent stem cells (hPSCs) requires the signaling balance of extracellular factors. Exogenous regulators

from cell culture medium have been widely reported, but little attention has been paid to the autocrine factor from hPSCs themselves.

In this report, we demonstrate that extracellular signal-related kinase 5 (ERK5) regulates endogenous autocrine factors essential for plurip-

otency and differentiation. ERK5 inhibition leads to erroneous cell fate specification in all lineages even under lineage-specific induction.

hPSCs can self-renewunder ERK5 inhibition in thepresenceof fibroblast growth factor 2 (FGF2) and transforming growth factorb (TGF-b),

althoughNANOG expression is partially suppressed. Further analysis demonstrates that ERK5promotes the expressionof autocrine factors

suchasNODAL,FGF8, andWNT3. TheadditionofNODALprotein rescuesNANOGexpressionanddifferentiationphenotypesunderERK5

inhibition.We demonstrate that constitutively active ERK5 pathway allows self-renewal even without essential growth factors FGF2 and

TGF-b. This study highlights the essential contribution of autocrine pathways to proper maintenance and differentiation.
INTRODUCTION

Human pluripotent stem cells (hPSCs) have great poten-

tials in basic research and regenerativemedicine (Thomson

et al., 1998; Takahashi and Yamanaka 2006; Yu et al., 2007).

The decision of self-renewal or differentiation is often influ-

enced by extracellular stimuli from their microenviron-

ment that includes both exogenous factors in cell culture

medium and endogenous autocrine factors from hPSCs

themselves. However, much is unknown whether and

how endogenous autocrine factors could contribute to

these decision processes.

hPSCs resemble postimplant epiblast at primed state.

Distinct mitogenic regulation is required for hPSC pluripo-

tency and differentiation. Fibroblast growth factor 2

(FGF2), transforming growth factor b (TGF-b), and insulin

in medium are sufficient for self-renewal by activating

ERK1/2, SMAD2/3, and IGFR/PI3K/AKT pathways, while

the lack of aforementioned stimuli leads to the exit

of self-renewal, or even cell death (Chen et al., 2011;

Godoy-Parejo et al., 2019; Ren et al., 2020; Zhou et al.,

2022). In differentiation, the activation of bonemorphoge-

netic protein (BMP)/FGF orWNT pathway promotes meso-

derm differentiation (Lindsley et al., 2006; Bernardo et al.,

2011; Greber 2011; Yu et al., 2011; Song et al., 2019); the

inhibition of TGF-b/NODAL/Activin pathways induces
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ectoderm fate (Chambers et al., 2009; Wattanapanitch

et al., 2014; Li et al., 2015; Madhu et al., 2016; Thakurela

et al., 2016; Zhong et al., 2020); and BMP activation and

TGF-b/NODAL/Activin/FGF inhibition together promote

extraembryonic lineage (Xu et al., 2002; Zhang et al.,

2008; Madhu et al., 2016). While those exogenous growth

factors inmedium are themain focus in cell fate determina-

tion, little is known about the role of hPSCs themselves in

remodeling their own microenvironment. In this context,

we ask a question, ‘‘Are hPSCs an active player in fate deter-

mination, or just a passive participant under exogenous

signaling induction?’’.

Extracellular signal-regulated kinase 5 (ERK5, MAPK7,

and big MAP kinase 1) is a unique member in the family

of mitogen-activated protein kinases (MAPKs), because it

contains not only a kinase domain but also a unique tran-

scription activation domain (Kato et al., 1997; English

et al., 1998; Drew et al., 2012; Nithianandarajah-Jones

et al., 2012; Stecca and Rovida 2019; Paudel et al., 2021).

After the phosphorylation by MEK5, ERK5 translocates to

nucleus to regulate signal transduction and transcription.

ERK5 is essential for mammalian embryogenesis. In mouse

model, ERK5 knockout embryos can develop beyond

gastrulation, but defective in placenta and cardiovascular

development around embryonic days 9.5–10.5 with

embryonic lethality (Yan et al., 2003). It suggests that
The Authors.
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pluripotency can exist in ERK5 knockout blastocyst, but

cell fate determination becomes defective in vivo. More

ERK5 studies have been reported on mouse embryonic

stem cells (mESCs) at naive state that resemble the inner

cell mass in pre-implanted blastocyte. ERK5 and MEK5 in-

hibitors, such as XMD892, suppress the expression of plu-

ripotency markers Nanog and Rex1 in mESCs and induce

naive-primed pluripotency transition and cardiac differen-

tiation (Williams et al., 2016). TheMEK5-ERK5 pathway in-

duces Klf2 to promote the expression of the mESC rejuve-

nation factor ZSCAN4 expression in the early embryonic

2-cell stage (Sunadome et al., 2011; Morikawa et al., 2016;

Brown et al., 2021). However, it is unclear how ERK5 down-

stream effectors regulate pluripotency and cell fate deter-

mination in mESCs at naive state.

Because of ERK5’s critical roles in embryogenesis, we

investigate how ERK5 regulates primed pluripotency and

differentiation in hPSCs. We hope to reveal the molecular

mechanism of ERK5, so we could modulate hPSC more

effectively for stem cell applications. In this study, we

show that ERK5 is a master regulator for cell fate specifica-

tion through endogenous autocrine pathways.
RESULTS

ERK5 is crucial for proper cell fate specification in

hPSCs

In order to understand ERK5’s function in hPSCs at the

primed stage, we first examined its impact on spontaneous

differentiation in neutral condition E6 medium without

FGF2 and TGF-b (Zhong et al., 2020; Xu et al., 2021;

Deng et al., 2022). Four days into spontaneous differentia-

tion, most cells still aggregated together in colonies in E6

medium. However, colonies disintegrated with more

cellular migration in the presence of ERK5 inhibitor

XMD892 (XMD) (Figure 1A). Quantitative reverse-tran-

scription PCR (RT-qPCR) analysis showed that XMD was

more potent than E6 condition in suppressing the expres-

sion of pluripotency markers NANOG and POU5F1 (Fig-

ure 1B). Although XMD induces mESCs into cardiomyo-

cytes (Williams et al., 2016), human ESCs (hESCs) were

not induced to cardiac fate after extended ERK5 inhibition

by XMD (Figure S1A). These data suggested that ERK5 was

beneficial to primed pluripotency of hPSCs in neutral con-

dition, andhPSCs responded differently to ERK5 inhibition

in comparison to mESCs.

Further analysis demonstrated that XMD in E6 medium

suppressed mesoderm (TBXT(Brachyury) and MIXL1) and

endoderm (SOX17 and FOXA2) expression but promoted

ectoderm (PAX6 and PAX3) expression when compared

with E6 medium alone (Figure 1C). The impact of ERK5

inhibition on neural expression was comparable to con-
ventional neural induction through TGF-b/BMP dual inhi-

bition by SB431542 and LDN193189 (SB + LDN) (Fig-

ure 1D). This result was confirmed by flow cytometry and

immunostaining of PAX6 (Figures S1B and S1C). ERK5 in-

hibition-induced neural differentiation was also observed

in H9 hESCs and NL4 human induced pluripotent stem

cells (hiPSCs) (Figure S1D).We also showed that ERK5 inhi-

bition and SB + LDN treatment had no synergistic effect on

neural differentiation (Figure S1E).

We then investigated the impact of ERK5 inhibition on

primitive streak induction with BMP4 in E8 medium con-

taining FGF2 that later could give rise to mesoderm and

endoderm lineages. XMD significantly reduced primitive

streak markers TBXT (Brachyury) andMIXL1 expression ac-

cording to RT-qPCR analysis (Figure 1E). This finding was

consistent with flow cytometry and immunostaining re-

sults (Figures S1F and S1G). We also demonstrated that

ERK5 inhibition had similar impact on H9 hESCs and

NL4 hiPSCs as well (Figure S1H). These results showed

that ERK5 was essential for primitive streak induction.

We further analyzed ERK5’s regulation in extraembry-

onic differentiation induced by BMP4 in the absence of

FGF2 (Xu et al., 2002; Yu et al., 2011). We showed that

ERK5 inhibitor significantly elevated the expression of

extraembryonic markers such as CGA and CGB, even in

the presence of FGF2 (Figure 1F). It suggests that ERK5 inhi-

bition promoted extraembryonic differentiation induced

by BMP4.

Another ERK5 inhibitor AX15836 (AX) was also used for

cell lineage differentiation; the results showed that AX did

not influence pluripotency maintenance but significantly

promoted ectoderm fate and suppressed mesoderm differ-

entiation (Figures S2A–S2C). These data demonstrated

that AX15836’s impact on hESCs was consistent with

XMD892. We then validated ERK5 inhibitor’s impact on

cell fate determination with ERK5 knockdown cell line.

ERK5 (MAPK7) gene was knocked down by short hairpin

RNA, and normal cellular morphology was observed in

knockdown cell line (Figures S2D and S2E) in E8 medium.

In E6 condition, ERK5 knockdown (shMAPK7) led to ecto-

derm expression (Figure S2F) and suppressed primitive

streak differentiation (Figure S2G). These results were

consistent with the findings in inhibitor treatment on dif-

ferentiation. Because ERK5 affected differentiation in all

lineages, it suggests that ERK5 was involved in multiple

pathways in cell fate determination. In order to study im-

mediate effects, we used the inhibitor XMD to study

ERK5 functions in this study.

hPSC pluripotency is maintained under ERK5

inhibition

Considering that ERK5 inhibition induces ectoderm differ-

entiation in spontaneous differentiation, we examined
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Figure 1. ERK5 is crucial for proper cell fate specification in hESCs
(A) Cell morphology of H1 ESCs cultured in spontaneous differentiation condition (E6 medium) with or without XMD (1 mM) from day 1 to
day 4. Scale bar, 200 mm.
(B) RT-qPCR of pluripotency marker genes after H1 cells cultured in E6 medium with or without XMD from day 1 to day 8. NANOG, POU5F1,
and SOX2 were used as pluripotency markers (n = 3).
(C) RT-qPCR analysis of lineage marker genes after H1 cells cultured in E6 medium with or without XMD for 4 days. TBXT and MIXL1 were
used as mesoderm (Meso) markers, SOX17 and FOXA2 were used as endoderm (Endo) markers, and PAX6 and PAX3 were used as ectoderm
(Ecto) markers (n = 3).
(D) Effect of ERK5 inhibition on ectoderm differentiation. H1 cells were induced toward ectodermal cell fate in E6 medium for 4 days with or
without XMD before sample collection for RT-qPCR. SB431542 (10 mM) + LDN193189 (100 nM) were added (n = 3, *p < 0.05. ns, not
significant).
(E) Effect of ERK5 inhibition on mesoderm differentiation. H1 cells were induced toward mesodermal cell fate in BMP4 (20 ng/mL) with or
without XMD for 2 days before sample collection for RT-qPCR (n = 3, *p < 0.05).
(F) Effect of ERK5 inhibition on trophoblast differentiation. H1 cells were induced toward extra-embryonic cell fate in BMP4 (20 ng/mL)
condition withdrawal FGF2 or not for 6 days with or without XMD, then continually cultured in E6 condition for 4 days before sample
collection for RT-qPCR. CGA and CGB were used as trophoblast markers (n = 3, *p < 0.05).
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how pluripotency could be affected when FGF2 and TGF-b

were provided. While ERK5 inhibitor induced cell migra-

tion in E6 medium after 3 days, the phenotype was sup-

pressed by FGF2, but not by TGF-b. In regular E8 medium

with TGF-b and FGF2, ERK5 inhibitor did not induce cell

migration, and the tight colony morphology was main-

tained (Figure 2A). FGF2 also partially rescued the expres-

sion of NANOG and POU5F1 in E6 condition (Figure 2B).

These data suggested that ERK5 inhibition might lead to

endogenous FGF signaling deficiency, which could be

rescued by exogenous FGF2.

Although FGF2 could partially rescue stem cell pheno-

type under ERK5 inhibition, the mRNA expression levels

of pluripotencymarkers were still repressed by ERK5 inhibi-

tion even in E8 maintenance medium (Figure 2B). Howev-

er, more than 90% of cells were still positive in NANOG

expression by flow cytometry after being cultured in E8

with ERK5 inhibition in 2 days (Figure 2C). However,

TGF-b alone could not sustain NANOG expression. ERK5

knockdown cell line also had lower NANOGmRNA expres-

sion, but most cells demonstrate positive NANOG expres-

sion (Figure S2H).

Furthermore, we examined the impact of ERK5 inhibi-

tion in extended culture formore than 5 passages in E8me-

dium. We showed that hESCs could be expanded normally

under ERK5 inhibition (Figure 2D). Although regular col-

ony morphology was observed after several passages,

some individual differentiated cells emerged in cell culture

after 3 passages. RT-qPCR showed that NANOG mRNA

expression was constantly lower under ERK5 inhibition

than control, but its expression level was maintained after

initial decrease. Flow cytometry analysis showed that the

majority of cells were still NANOG positive even after

several passages (Figures 2E and 2F). This result was consis-

tent with the fact that ERK5 knockdown line could be es-

tablished in E8 medium (Figure S2D). These data indicated

that pluripotencymight bemaintained under ERK5 inhibi-

tion because pluripotency marker expression was not

turned off totally.
Figure 2. hPSC pluripotency is maintained under ERK5 inhibition
(A) Cell morphology of H1 cells cultured in multiple conditions with
FGF2 + TGF-b) conditions were conducted. Scale bar, 200 mm.
(B) RT-qPCR analysis of pluripotency markers expression after H1 cells
(n = 3, *p < 0.05. ns, not significant).
(C) Fluorescence-activated cell sorting (FACS) analysis of NANOG ex
without XMD in H1 cells. Left, representative image of histogram. Righ
(n = 3, *p < 0.05).
(D) Cell morphology of H1 cells cultured in E8 with or without XMD a
(E) RT-qPCR analysis of pluripotency markers expression during H1 ce
(F) FACS analysis of NANOG expression during H1 cells cultured in E8
(G) Teratoma analysis of H1 cells cultured in E8 with XMD after 3 p
endoderm/ectoderm were displayed. Scale bar, 100 mm.
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In order to examine the pluripotency of hPSCs after

ERK5 inhibition, we treated H1 hESC with XMD after

5 passages, and then injected the cells into nude mouse

for teratoma assay. Teratomas were formed after several

weeks, and all three embryonic lineages were observed

(Figure 2G). Teratomas were also successfully obtained

from H9 hESCs and NL4 hiPSCs after XMD treatment

for 5 passages (Figure S2I). These data suggested

that pluripotency was maintained under ERK5 inhibi-

tion, even though NANOG mRNA level was partially

suppressed.

ERK5 regulation on transcriptome in hPSCs

In order to understand ERK5 regulation in hPSCs, we exam-

ined transcriptome profile under ERK5 inhibition in E8

condition. RNA sequencing (RNA-seq) analysis was con-

ducted on hESCs treated by XMD in a time course (12,

24, and 48 h). XMD-treated samples were clustered

together in comparison to E8 control (Figures S3A and

S3B). We further analyzed genes significantly affected by

ERK5 inhibition for 12, 24, and 48 h. According to Kyoto

Encyclopedia of Genes and Genomes (KEGG) analysis,

XMD modulated gene expression in a time-dependent

manner (Figures S3C and S3D). Especially, XMD suppressed

gene expression in diverse signaling pathways related to

pluripotency such as TGF-b pathway within 12 h (Fig-

ure S3D). We further conducted gene ontology (GO)-term

and KEGG analysis of significantly affected genes by 48 h

XMD treatment. The results showed that XMD elevated

gene expression inmetabolism related to sulfur, fatty acids,

and amino acids. XMD-suppressed signaling pathways

regulated transmembrane receptor protein serine/threo-

nine kinase and SMAD protein phosphorylation and

downregulated gene expression in signaling pathways

related to pluripotency in stem cells, cell adhesion, and

ligand-receptor interaction (Figure 3A).

Due to ERK5’s impact on NANOG expression, we

were particularly interested in the signaling pathways

related to pluripotency. Volcano plot showed that a set of
or without XMD for 4 days. E6, E6 + FGF2, E6 + TGF-b, and E8 (E6 +

cultured in multiple conditions as (A) with or without XMD for 3 days

pression on day 3 treated with multiple conditions as (A) with or
t, bar graph showing mean ± SD of three independent experiments

fter 3 passages (P3) and 5 passages (P5). Scale bar, 400 mm.
lls cultured in E8 with or without XMD after 5 passages (n = 3).
with or without XMD after 5 passages (n = 3).
assages (P3) and 5 passages (P5). Lineage tissues of mesoderm/
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Figure 3. ERK5 regulation on transcriptome in hPSCs
(A) Differentially expressed genes (DEGs) profile of RNA-seq data after XMD treated for 48 h in H1 cells. XMD-induced upregulated genes
and downregulated genes were analyzed for gene ontology (GO) and KEGG enrichment separately.
(B) Volcano plot of DEGs in item of signaling pathways regulating pluripotency of stem cells from GO analysis of downregulated genes by
XMD treatment as (A) in H1 cells. XMD treated for 12/24/48 h.

(legend continued on next page)
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pluripotency-related genes in KEGG analysis were all

downregulated within just 12 h of XMD treatment (Fig-

ure 3B). Besides NANOG and KLF4, many genes were all

directly involved in growth factor signaling pathways. For

example, NODAL, LEFTY1, and LEFTY2 belong to the

TGF-b/NODAL pathway, while WNT3 and FZD5 are

involved in the WNT pathway. It was confirmed that

ERK5 knockdown (shMAPK7) also significantly decreased

the expression of those genes (Figure 3C). We further

showed thatmore genes inmitogen-related signaling path-

ways were downregulated by ERK5 inhibition (Figures S3E–

S3H). FGF4, FGF8, GDF3, and BMP4 were a few common

growth factors suppressed by ERK5 inhibition (Figure 3D).

These data suggested that ERK5 could be a master regulator

of endogenous growth factor expression.

Pluripotency gene analysis showed that ERK5 inhibition

suppressed NANOG expression, but did not affect OCT4

(POU5F1) and SOX2 expression (Figure 3D). These data

were consistent with RT-qPCR results (Figure 2). Most

primed pluripotency genes did not show significant

changes under ERK5 inhibition, but some naive pluripo-

tency genes were partially suppressed, including KLF4,

TFCP2L1, DPPA3, DEPTOR, NLRP7, and LIF (Figure 3D).

These data supported the notion that the primed pluripo-

tency could be maintained under ERK5 inhibition,

although some stage-specific genes were suppressed.

We also conducted epigenetic analysis with histone

modification chromatin immunoprecipitation sequencing

(ChIP-seq) (H3K27ac and H3K4me3) to evaluate the

impact of ERK5 inhibition. H3K27ac and H3K4me3 are

well known as activation modification (Pan et al., 2007;

Creyghton et al., 2010; Hawkins et al., 2010; Battle et al.,

2019). We showed that ERK5 inhibition did not signifi-

cantly influence genome-wide profiles of both H3K27ac

and H3K4me3 modification (Figure S3I). Furthermore,

we compared the differentially expressed genes from

H3K27ac and H3K4me3 ChIP-seq. The results showed

that ERK5 inhibition significantly suppressed H3K27ac

modification on KDR and NODAL, while the inhibition

significantly promoted H3K27ac and H3K4me3 modifica-

tion on SFRP1 expression to suppress WNT pathway

(Uren et al., 2000; Liang et al., 2019) (Figures S3J–S3L).

ERK5 inhibition significantly suppressed NODAL expres-

sion with decreased H3K27ac and H3K4me modification;

however, ERK5 inhibition did not affect the epigenetic pro-

files of NANOG, FZD5, and FGF4 (Figure S3L). These results

indicated that ERK5 inhibition on NODAL expression

might be associated with epigenetic regulation.
(C) RT-qPCR analysis of genes expression related to TGF-b/NODAL and
(D) Heatmap analysis of genes related to pluripotency, signaling pathw
for 48 h in H1 cells. NODAL, LEFTY1, and LEFTY2 were used as markers o
FGF4 and FGF8 were used as markers of MAPKs pathway, and BMP4 an
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NODAL can rescue cell fate specification under ERK5

inhibition

Transcriptome data showed that ERK5 inhibition sup-

pressed a set of growth factors associated with pluripotency

(Figure 3), so we examined whether the growth factor func-

tion was associated with ERK5’s functions in hPSCs. In or-

der to understand ERK5’s regulation, we first confirmed

that ERK5 inhibition indeed suppressed gene expression

in TGF-b/NODAL and WNT pathways (Figures 4A and

S4A). We then showed that ERK5 inhibition suppressed

SMAD2 phosphorylation (Figures S4B and S4C), but the

phenotype was rescued by the addition of recombinant

NODAL (Figure 4B). These results suggested that ERK5 inhi-

bition potentially affected maintenance and differentia-

tion through the suppression of TGF-b/NODAL pathway.

We further showed that exogenous NODAL partially

rescued the gene expression of NANOG under ERK5 inhibi-

tion in E8 medium (Figure 4C). NODAL also significantly

promoted endogenous expression in NODAL itself and

WNT3. Additionally, TGF-b also rescued NANOG expres-

sion under XMD treatment for multiple passages in E8 me-

dium (Figures S4D–S4F). It suggested that NODAL could be

a downstream endogenous effector of ERK5 in the mainte-

nance of hPSC pluripotency.

We then inspected the impact of exogenous NODAL on

cell fate determination under ERK5 inhibition. First,

NODAL supplement significantly suppressed the neural

expression of PAX6 and PAX3 induced by ERK5 inhibition

in E6 medium (Figure 4D). Second, NODAL supplement

also rescued TBXT andMIXL1 expression during mesoderm

differentiation under BMP4 induction (Figure 4E). Mean-

while, NODAL also promoted endogenous expression of

NODAL,WNT3, FZD5, LEFTY1, and LEFTY2 in both E6 condi-

tion and BMP4 condition (Figure 4F). In contrast to NODAL,

the additionofWNT3Adidnotpromotemesodermdifferen-

tiation and did not promote the expression of NODAL and

WNT3 (Figure S4G). These data suggested that ERK5 prob-

ably influenced cell fate determination through NODAL.

We further examined whether NODAL could modulate

mESCs under ERK5 inhibition. Similar to hPSCs, exogenous

NODAL rescued pluripotency gene expression under ERK5

inhibition, such asNanog, Klf4, Esrrb, and Rex1 (Figure S4H).

Continuous ERK5 activation sustains pluripotency

without common exogenous growth factor

stimulation

Because ERK5 inhibition suppressed the endogenous

expression of many growth factors related to pluripotency
WNT pathways in shMAPK7 H1 cell line (n = 3, *p < 0.05).
ays, primed pluripotency, and naive pluripotency after XMD treated
f TGF-b/NODAL pathway, WNT3 was used as marker of WNT pathway,
d GDF3 were used as markers of BMPs pathway.
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Figure 4. NODAL can rescue ERK5 inhibition-induced cell fate identity
(A) RT-qPCR analysis of gene expression related to TGF-b/NODAL pathway and WNT pathway of H1 cells treated with or without XMD for
2 days (n = 3, *p < 0.05).
(B) Western blotting analysis of SMAD2 phosphorylation after XMD and NODAL treatment in H1 cells. H1 cells were subjected to treat for 24
h. XMD and NODAL (100 ng/mL) were added.
(C) RT-qPCR analysis of NODAL rescued gene expression, which was downregulated by XMD in E8 condition for 2 days in H1 cells (n = 3,
*p < 0.05. ns, not significant).
(D) RT-qPCR analysis of NODAL rescued ectoderm gene expression, which was upregulated by XMD in E6 condition for 4 days in H1 cells (n =
3, *p < 0.05. ns, not significant).
(E) RT-qPCR analysis of NODAL rescued mesoderm gene expression, which was downregulated by XMD in BMP4 condition for 2 days in H1
cells (n = 3, *p < 0.05. ns, not significant).
(F) RT-qPCR analysis of NODAL rescued gene expression related to TGF-b/NODAL pathway and WNT pathway in the condition of plurip-
otency maintenance (C), ectoderm (D), and mesoderm (E) differentiation in H1 cells (n = 3).
(Figure 3), we examined whether continuous ERK5

activation could affect the reliance on exogenous factors

for pluripotency in hPSCs. A constitutively active ERK5

cell line (MEK5DD cell line) was generated from H1

hPSCs by overexpressing MEK5 with specific mutations

(Ser311 to Asp, Ser315 to Asp, MEK5DD), which continu-

ously activates ERK5 (Kato et al., 1997; English et al.,

1999; Williams et al., 2016; Brown et al., 2021). When
ERK5 was constitutively active, there were no significant

morphological changes in E8 medium (Figures 5A, S5A,

and S5B), and pluripotency gene expression was not

significantly affected (Figures S5C and S5D). However,

the expression of NODAL, WNT3, and FGF8 was signifi-

cantly increased (Figure 5B). We then showed that meso-

derm induction by BMP4 was elevated in MEK5DD cell

line (Figure S5E). These data suggested that ERK5 activation
Stem Cell Reports j Vol. 19 j 1320–1335 j September 10, 2024 1327
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could regulate cell fate through endogenous NODAL

expression.

We then conducted transcriptome analysis on MEK5DD

cell line. GO-term and KEGG analysis showed that

MEK5DD-downregulated genes were enriched in synapse

organization and neurodevelopment, and MEK5DD-upre-

gulated genes were enriched in SMAD protein signaling

transduction and signaling regulation on pluripotency of

stem cells (Figure S5F).We then focused on gene expression

related to signaling pathways including TGF-b/NODAL,

WNT, BMP, and FGF (Figures S5G–S5J). Constitutively

active ERK5 elevated gene expression such as NODAL,

LEFTY1, LEFTY2, WNT3, and FGF8 expression, which

were suppressed by ERK5 inhibition (Figure 5C). Mean-

while, ERK5 activation did not significantly affect the

expression related to the primed state, but promoted

some gene expression related to naive pluripotency (Fig-

ure 5D). These results were consistent with the study of

ERK5 inhibition (Figure 3).

FGF2 and TGF-b are essential factors to maintain plurip-

otency inwild-type hPSCs.We showed that either TGF-b or

FGF2 alone was sufficient to sustain NANOG and POU5F1

expression in MEK5DD cell line, as well as regular

stem cell morphology (Figures S6A–S6G). It suggests that

ERK5 activation promoted pluripotency at sub-optimal

conditions.

Because of ERK5’s important role in pluripotency and cell

fate determination, we then examined whether pluripo-

tency could be maintained with constitutively active

ERK5 in E6 medium without FGF2 and TGF-b. We found

that ectoderm marker genes PAX6 and PAX3 were sup-

pressed inMEK5DD cell line compared with wild-type cells

(Figure 5E). Pluripotency genes NANOG and POU5F1 were

maintained in MEK5DD cell line after 3 days, although

those genes’ expression decreased more significantly in

wild-type cells (Figure 5F). Furthermore, both cell lines

were passaged in E6 condition for an extended period.

Almost all wild-type cells differentiated after 2 passages in

E6 condition. However, MEK5DD cell line maintained

normal cell morphology after 2 passages, but differentiated

cells emerged after 3 passages (Figure 5G). NANOG was up-
Figure 5. Continuous ERK5 activation sustains pluripotency with
(A) Cell morphology of MEK5DD-OE H1 cell line cultured in E8 medium
(B) RT-qPCR analysis of genes expression in MEK5DD-OE H1 cell line
(C) Heatmap analysis of DEGs between MEK5DD-OE H1 cells and XMD-
(D) Heatmap analysis of genes related to primed pluripotency and na
(E) RT-qPCR analysis of ectoderm genes expression in MEK5DD-OE H1
(F) RT-qPCR analysis of pluripotency gene expression in MEK5DD-OE H
significant).
(G) Cell morphology of MEK5DD-OE H1 cell line cultured in E6 medium
(H) RT-qPCR analysis of NANOG and NODAL genes expression in MEK5DD
(I) FACS analysis of NANOG expression in MEK5DD-OE H1 cell line cul
regulated in MEK5DD cell line after 3 passages in E6 me-

dium (Figures 5H and 5I).

We recently showed that lysophosphatidic acid (LPA)

was reported to activate the AMPK pathway and the

ERK1/2 pathway (Xu et al., 2021). When LPA was applied

to MEK5DD cell line, ERK5 activation helped maintain

the expression of NANOG and NODAL in E6 medium for

more than 5 passages (Figures S6H–S6I). These data sug-

gested that MEK5DD cell line can help maintain pluripo-

tency without FGF2 and TGF-b.

Endogenous NODAL expression as a biomarker in

hPSCs

Transcriptional factors such as NANOG and KLF4 are com-

mon markers for people to describe the cellular status in

pluripotent stem cells. In this study, we showed that

growth factor expression such as NODAL could have pro-

found impact on cell fate. We hypothesized that growth

factor expression profile might be a useful biomarker in

hPSC analysis. We compared transcriptomes of four com-

mon hPSC lines in the lab (H1, H9, NL1, and NL4). We

showed that many ERK5-regulated growth factor genes

were closely correlated with NANOG expression, including

NODAL, WNT3, FGF4, and GDF3 (Figure 6A). Meanwhile,

those growth factors were highly correlated with NODAL

expression as well (R > 0.6) (Figure 6B). These data sug-

gested that a set of growth factors were expressed in a coor-

dinated manner, likely through ERK5 pathway.

We further examined the endogenous growth factor

gene expression in public database of 317 hiPSC lines

from 101 individuals (Carcamo-Oriveet al. 2017) (Fig-

ure 6C). NANOG expression level did not clearly correlate

with the expression level of those growth factors. However,

ERK5-targeted genesGDF3,WNT3, FGF4, and FGF8 closely

correlated with NODAL (Figures 6D and S6J). Principal

component analysis showed that 317 hiPSC lines were

separated into two clusters based on the expression of those

genes (Figures 6E and S6K). Furthermore, we processed uni-

form manifold approximation and projection (UMAP)

analysis to detect variability in hiPSC lines induced bymul-

tiple sources mentioned in the reference. Clusters were
out common growth factor stimulation
. Scale bar, 200 mm.

(n = 3, *p < 0.05).
treated H1 cells.
ive pluripotency in MEK5DD-OE H1 cell line.
cell line cultured in E6 condition for 4 days (n = 3, *p < 0.05).
1 cell line cultured in E8 and E6 conditions (n = 3, *p < 0.05. ns, not

after 3 passages (P3). Scale bar, 200 mm.
-OE H1 cell line cultured in E6 medium after 3 passages (P3) (n = 3).
tured in E6 medium after 3 passages (P3).
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C

D

F

E

B

Figure 6. NODAL as a biomarker for autocrine expression in hPSCs
(A) Heatmap analysis of mitogen expression in 4 hPSC lines (H1, H9, NL1, and NL4 cell lines).
(B) Correlation analysis of gene expression of mitogens to NODAL expression in 4 hPSC lines (H1, H9, NL1, and NL4 cell lines).
(C) Heatmap analysis of gene expression of mitogens in hiPSC clones.
(D) Correlation analysis of gene expression of mitogens to NODAL expression in hiPSC clones.
(E) Principal component analysis (PCA) profile of hiPSC clones. Clusters of clones were displayed.
(F) UMAP profile in hiPSC clones. Clusters, patient ID, and reprogramming bath were analyzed.
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separated in the UMAP, and patient ID and reprogramming

batch showed the essential factors for variability in two

clusters (Figure 6F). Other factors such as sex, source cell,

batch, and reprogramming technicians did not contribute

significantly to the growth factor differences (Figures S6L

and S6M). These data suggested that the endogenous auto-

crine expression was regulated coordinately. This regula-

tion is more related to the genetic characters of individuals

and reprogramming batches, but not the sex, source cell,

and technical variables (Rouhani et al., 2014; Burrows

et al., 2016; Carcamo-Orive et al., 2022).
DISCUSSION

The balance of signal transduction is essential for themain-

tenance and cell fate determination of hPSCs. Despite the

influence of exogenous growth factors from culture me-

dium, hPSCs also generate endogenous factors as autocrine

feedback to fine-tune cellular functions. When endoge-

nous expression is comprised, it leads to erroneous cell

fate determination. This study highlights hPSC autocrine

as a potent target in stem cell applications.

ERK5 has a more complicated cellular function than

other MAPKs with both kinase and transcriptional do-

mains. ERK5 is involved in various processes, such as cell

proliferation, tumormetastasis,metabolism, and stemness.

ERK5 also plays roles in tumor microenvironment and

angiogenesis. This study reveals ERK5 as a master regulator

of numerous endogenous growth factors in many path-

ways, such as TGF-b/NODAL, BMP, WNT, and FGF. These

diverse endogenous growth factors modulate different pro-

cesses simultaneously through a single gene in ERK5.

Constitutively, activation of ERK5 allows hPSCs to self-

renew in suboptimal conditions even without both FGF2

and TGF-b, because endogenous growth factors are prob-

ably enough for pluripotency maintenance under ERK5

regulation. When ERK5 is suppressed in hPSCs, the lack

of endogenous autocrine input leads to erroneous cell

fate determination in all lineages. These findings help

explain the abnormal development in different lineages

and embryonic lethality in ERK5 knockout mice.

In order tomaintainhPSCs, TGF-b orNODALmust be pro-

vided in culture medium. People usually consider that exog-

enous factors are all the cells need for regular hPSC pheno-

types. However, we show that endogenous NODAL actually

contributes significantly to cellular functions. When endog-

enous NODAL is suppressed by ERK5 inhibition, NANOG

expression is repressed. Exogenous NODAL rescues not

only NANOG expression but also other growth factors in

WNT, TGF-b, and FGF pathways. The addition of NODAL

also restores cell fate determination under ERK5 inhibition.

A recent report demonstrates that NODAL knockout can be
generated, but with deficiency in mesoderm differentiation,

resembling a major phenotype under ERK5 inhibition (Liu

et al., 2022). These facts make NODAL a chief effector of

ERK5 to regulate hPSC function. It is also interesting to find

that exogenous NODAL could rescue Nanog expression in

mESCs. This demonstrates NODAL as a key regulator in

different pluripotent stage indifferent species. It is consistent

with the notion that TGF-b/NODAL superfamily is essential

for the transcriptomic characteristics connecting to naive

pluripotency state in hPSCs (Watanabe et al., 2022). More

study is necessary to figure out how ERK5 specifically targets

NODAL expression through epigenetic regulation. It would

also be interesting to learn more about the functional differ-

ence among TGF-b/NODAL family members.

hPSCs can maintain pluripotency in a continuum of

cellular states, while cell proliferation and metabolism are

greatly changed (Cliffet al., 2017; Xu et al., 2021; Zhou

et al., 2022). Theexpression level ofNANOGisoftenconsid-

ered as critical for pluripotency state. It is generally believed

that naive state cells have higherNANOG expression, while

the decrease ofNANOG expression indicates the exit of self-

renewal (Gu et al., 2016; Gatchalian et al., 2018; Pera and

Rossant 2021). This study demonstrates that NANOG

expression is associated with endogenous NODAL level.

Even with lower NANOG under ERK5 inhibition, hPSCs

can be expanded for multiple passages, while normal tera-

tomas are formed, implying the maintenance of pluripo-

tency. It suggests that partially NANOG suppression is not

a sufficient evidence for the loss of pluripotency. Instead,

it is necessary to examine pluripotency with more strict as-

says that involve extended culture and teratoma formation.

In summary, we demonstrate hPSCs as an active player in

their cell fate determination through the endogenous auto-

crine growth factors. We also reveal ERK5 as a central regu-

lator of endogenous growth factors. ERK5 and endogenous

growth factors could serve as valuable targets to improve

stem cell applications.
EXPERIMENTAL PROCEDURES

Key resources table
The key resources table is available in supplemental information.
Resource availability

Lead contact

Further information and requests for resources and reagents

should be directed to the lead contact, G.C. (guokaichen@um.

edu.mo).

Materials availability

This study did not generate new unique reagents.

Data and code availability

The bulk RNA-seq data and ChIP-seq data used in this article are

deposited on NCBI. The accession numbers in this article are
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GEO: GSE234058 and GEO: GSE247041. No new code was gener-

ated in this study.

Experimental model and subject details

hPSC culture

hPSC lines (H1, H9, andNL4) weremaintained in E8mediumwith

Penicillin/Streptomycin as published before (Chen et al., 2011). E8

medium was home-made containing DMEM/F12 (Thermo), so-

dium selenite (Sigma), ascorbic acid trisodium (Sigma), transferrin

(Sigma), TGF-b (PeproTech), FGF2 (home-made), and insulin. Cells

were cultured onMatrigel (Corning)-coated plate. Cells were disso-

ciated in DPBS-EDTA as published before (Beers et al., 2012). ROCK

inhibitor Y27632 (DC chemicals) was used during cell passage. The

use of hESCs and hiPSCs was approved by the institutional review

board at the University of Macau.

mESC culture

mESC line (E14) was cultured on 0.1% gelatin-coated plate and was

maintained in medium comprising DMEM (Thermo), LIF (Milli-

pore), 10% FBS (Thermo), NEAA (Thermo), and 2-Mercaptoethanol

(Sigma) as published before (Zhang et al., 2019). Medium

was changed every 2 days, and cells were passaged every 3–4 days.

During passage, cells were washed by PBS and then dissociated in

TrypLE.

Differentiation of hESCs

Spontaneous differentiation. Spontaneous differentiations were

induced for 4 days in E6 medium (DMEM/F12 with the addition

of sodium selenite, ascorbic acid trisodium, transferrin, and insu-

lin). 1 mMXMD892 (Selleck) was added for 4 days or not. Medium

was changed every day. NANOG, POU5F1, and SOX2 were used as

pluripotency markers.

Ectoderm differentiation. Ectoderm differentiation was conduct-

ed for 4 days in E6 medium, supplied with 10 mM SB431542 (Sell-

eck) and 100 nM LDN193189 (Selleck). 1 mM XMD892 was added

for 4 days. Medium was changed every day. PAX6 and PAX3 were

used as ectoderm markers.

Mesoderm differentiation. Mesoderm differentiation was con-

ducted for 2 days in E8 medium supplied with 20 ng/mL BMP4

(R&D Systems). 1 mM XMD892 was added for 2 days. TBXT and

MIXL1 were used as mesoderm markers.

Extra-embryonic differentiation. Extra-embryonic differentiation

was conducted for 10 days. CGA and CGB were used as extra-em-

bryonic markers.

Day 1–6: E6mediumwith TGF-b and 20 ng/mLBMP4was added.

1 mM XMD892 was used. Medium was changed every day.

Day 7–10: E6 medium was conducted. Medium was changed

every day.

RNA extraction and real-time qPCR. RNA was extracted after

samples harvested in RNAiso Plus reagent (Takara). cDNAwas syn-

thesized in 10 mL system (500 ng RNA/sample) usingHigh-capacity

cDNA reverse transcription kit (Applied Biosystems). Real-time

qPCR was conducted on Applied Biosystems QuanStudio 7 Flex

Real-time PCR system (Lif technology) with SYBR Premix Ex

TaqTM (Takara). Primers used for real-time qPCR were listed in

the Table S1.

Western blotting. Samples were scraped in 2X Laemmli buffer.

Protein level was detected by Protein concentration BCA protein

assay kit (Thermo). Run gel SDS-PAGE gels under 100 V. Proteins
1332 Stem Cell Reports j Vol. 19 j 1320–1335 j September 10, 2024
were transferred to PVDF membranes. PVDF membrane was

blocked in 2% BSA buffer in 1X TBST for 1 h. Primary antibody

was cultured in 1% BSA 1X TBST overnight, and then washed in

1X TBST. HRP-secondary antibody was cultured in 1X TBST for

1–2 h, and then washed in 1X TBST. Proteins were exposed by

SuperSignal West Pico PLUS Chemiluminescent Substrate kit

(Thermo) or SuperSignal West Dura Extended Duration Substrate

kit (Thermo).

Flow cytometry. Harvest sample by TrypLE for 5 min and

neutralize by 5% FBS. Wash cells with 1 mL 1X PBS and spin

down at 300 g for 5 min. Cells were fixed in 1% PFA for 10–

15 min, and then washed in 1X PBS. Cells were permeabilized in

0.5% Triton-100 for 10–15 min, and then washed in 1X PBS. Pri-

mary antibody was cultured in 1% BSA 1X PBS overnight at 4�C,
and then washed in 1X PBS. Secondary antibody was cultured in

1X PBS for 1–2 h at room temperature, and then washed in 1X

PBS. Cells were filtered before run flow cytometry.

Teratoma experiment. The teratoma formation experiment was

approved by the Animal Ethics Committee of the University of

Macau.Male nudemice at ages of 6–7weekswere used for teratoma

test, with 3mice for each treatment. hPSCswere cultured in E8me-

dium with treatment for 70%–80% cell density in 6-well plate

before harvesting. Cells were dissociated by EDTA condition and

suspended in 200 mL Matrigel mixture (E8: Matrigel to 2:1 mixture

with 1:1000 Y27632). Cells were injected to hindlimb intramus-

cular. After cell injection, the tumor was removed after 6–8 weeks.

Tumor was cut to small slices and put in 50 mL tube with 4% PFA

overnight in 4�C. Tissue processor and paraffin embedding were

processed after fixing. After slicing and H&E staining, three germ

layers (mesoderm, endoderm, and ectoderm) of teratoma were

analyzed on NDP view software.

Generation of MAPK7 (ERK5) knockdown cell line. shMAPK7

primers were designed on the website (http://rnaidesigner.

thermofisher.com/rnaiexpress/). shMAPK7 primers were annealed

and ligated in to pLKO.1 vector. Lentiviral shMAPK7was generated

in 293FTcells. shMAPK7H1 ESC cell line was established after Len-

tiviral shMAPK7 transduced inH1 ESCs and selected by puromycin

(Fisher Scientific). shMAPK7 primers were listed in the Table S2.

Generation ofMAP2K5DD (MEK5DD) overexpression cell line.
MAP2K5DD mutation (changed Ser311 to Asp, Ser315 to Asp)

sequence was subcloned into EZ-Lv195.1 cloning vector (iGene-

bio). Lentiviral MAP2K5DD was generated in 293FT cells.

MAP2K5DD-OE H1 ESC cell line was established after Lentiviral

MAP2K5DD transduced in H1 ESCs and selected by puromycin

(Fisher Scientific).

RNA-seq and data analysis. Cells were harvested in RNAiso Plus

reagent (Takara). The poly(A)mRNA isolationwas performed using

Oligo(dT) beads according to manufacturer’s instructions. 1 mg to-

tal RNAwas used for following library preparation. The RNA library

was sequenced for paired end reads on Illumina NextSeq 500

(Illumina).

Quality control of RNA-seq raw data was performed using Trim-

momatic version 0.36 (Bolger et al., 2014) (ILLUMINACLIP:

TruSeq3-PE.fa:2:30:10:8:true SLIDINGWINDOW:4:15 LEADING:3

TRAILING:3 MINLEN:50). RNA-seq clean data alignment was con-

ducted using STAR version 020201 (Dobin et al., 2013) with the

reference genomehg38. All gene expressionswere quantified using

http://rnaidesigner.thermofisher.com/rnaiexpress/
http://rnaidesigner.thermofisher.com/rnaiexpress/


FeatureCounts version 1.5.3 (Liao et al., 2014). Differentially ex-

pressed genes (DEGs) were identified with the criteria of p adjusted

value <0.05 and the absolute value of log2(fold change) >1 after

profile normalized using DESeq2 version 1.26.0 (Love et al., 2014).

DEG analysis was performed using the GO and KEGG enrich-

ment analysis through the R package ClusterProfiler 4.0 (Wu

et al., 2021).

Re-analysis of public RNA-seq of hiPSCs. Raw counts of RNA-seq

data of 317 hiPSC lines were downloaded from publication (Car-

camo-Orive et al., 2022) (GSE79636). Count data were processed

as single cells using the Seurat package version 4.1.0 (Hao et al.,

2021). The raw counts were normalized using LogNormalize

method with 1,000,000 as the scale factor. FindVariableFeatures

function was used to identify the top 2,000 variable features.

Then RunUMAP function was used to perform UMAP on the top

30 principal components for visualizing the cells.

Statistical analysis. Data were presented asmean ± SD of three in-

dependent experiments. p values were calculated using one-way

ANOVA test, *p < 0.05, ns, not significant.
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