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SUMMARY
The dynamic subcellular localization of ERK1/2 plays an important role in regulating cell fate. Differentiation of mouse embryonic

stem cells (mESCs) involves inductive stimulation of ERK1/2, and therefore, inhibitors of the ERK cascade are used to maintain plu-

ripotency. Interestingly, we found that in pluripotent mESCs, ERK1/2 do not translocate to the nucleus either before or after stimula-

tion. This inhibition of nuclear translocationmay be dependent on a lack of stimulated ERK1/2 interaction with importin7 rather than

a lack of ERK1/2 phosphorylation activating translocation. At late stages of naive-to-primed transition, the action of the translocating

machinery is restored, leading to elevation in ERK1/2-importin7 interaction and their nuclear translocation. Importantly, forcing

ERK2 into the naive cells’ nuclei accelerates their early differentiation, while prevention of the translocation restores stem cells’

pluripotency. These results indicate that prevention of nuclear ERK1/2 translocation serves as a safety mechanism for keeping

pluripotency of mESCs.
INTRODUCTION

The extracellular signal-regulated kinase 1/2 (ERK1/2)

cascade mediates the signals of a variety of distinct stimuli

to regulate many cellular processes, such as proliferation,

differentiation, and more (Eblen, 2018; Lavoie et al.,

2020; Maik-Rachline et al., 2019). To regulate these distinct

functions, ERK1/2 are well regulated by phosphorylation,

scaffolding, and subcellular localization (Kholodenko

et al., 2010; Shaul and Seger, 2007). The subcellular locali-

zation of ERK1/2 is dynamic, as they are found in the cyto-

plasm of resting cells, but change their localization upon

stimulation, reaching mainly the nucleus, but also the

mitochondria, endosomes, cytoskeleton, and others (Wat-

son et al., 2018; Wortzel and Seger, 2011). These changes

in localization are important for proper cellular func-

tioning upon stimulation and assist in the determination

of cell fate. Importantly, the dysregulation of the cascade

leads to a large number of distinct diseases, including

cancer and developmental disorders (Lee et al., 2020).

Themechanism by which ERK1/2 are translocated to the

nucleus was found to involve variable regulatory proteins

(Flores et al., 2019). Thus, in resting cells, ERK1/2 are local-

ized in the cytoplasm mainly owing to their interactions

with a variety of anchoring proteins (e.g., MEK, b-arrestin,

and SEF; Shaul and Seger, 2007). Upon stimulation, ERK1/2

are phosphorylated by MEK1/2, which causes both

activation and detachment from the anchors (Chuderland

et al., 2008). This detachment exposes the kinase insert

domain of ERK1/2 and allows the phosphorylation of

this region on two Ser residues within their nuclear translo-

cation sequence (NTS; Plotnikov et al., 2019). The phos-

phorylation allows the binding of ERK1/2 to importin7
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(IMP7) that escorts ERK1/2 to the nucleus via the nuclear

pores. Importantly, a peptide (EPE) that interferes with

ERK1/2-IMP7 interaction prevents nuclear ERK1/2 translo-

cation and thereby inhibits proliferation of ERK-addicted

cancer cells (Plotnikov et al., 2015).

The regulation of ERK1/2 activity has a significant influ-

ence on the pluripotent state of mouse embryonic stem

cells (mESCs) (Weinberger et al., 2016). In these cells, the

activation of ERK1/2 is implicated in the loss of pluripo-

tency and differentiation of mESCs (Mossahebi-Moham-

madi et al., 2020). Indeed, MEK inhibitors are routinely

used for keeping mESCs in their self-renewal state (Dutta,

2013; Ying et al., 2008) combined with GSK3 inhibitor

and LIF (2i medium). However, the effect of the subcellular

localization of MEK1/2 and ERK1/2 on mESC fate is still

missing (Morey et al., 2015; Weinberger et al., 2016). The

main mechanism includes phosphorylation of transcrip-

tion factors by ERK1/2, causing either their direct inhibi-

tion or the regulation of downstream factors (Kim et al.,

2012, 2014; Meng et al., 2018). A recent study also showed

that ERK1/2 reversibly regulate transcription in mESCs by

directly affecting enhancer activity (Hamilton et al.,

2019). Importantly, the effects of ERK1/2 on differentiation

occur early in the process, as it was shown that the activity

of the kinases is crucial for the progression from naive to

primed state, which is the first step toward commitment

in differentiation (Weinberger et al., 2016). Interestingly,

although ERK1/2 signaling still contributes to self-renewal

and genomic stability of naive cells even when their activ-

ity is reduced upon addition ofMEK inhibitors (Chen et al.,

2015), their full activity is essential for driving the primed

pluripotency and further mESC differentiation (Hamilton

and Brickman, 2014; Weinberger et al., 2016).
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In this paper,we studied the role of ERK1/2 localization in

pluripotency maintenance of the mESC. We found that

ERK1/2 do not translocate to the nucleus of mESCs, even

when the cells are stimulated by various extracellular

agents. This is despite the high rate of proliferation

of mESCs, which, in other cells, involves the activity of

nuclear ERK (Maik-Rachline et al., 2019). This lack of

translocation prevented the stimulated phosphorylation

of nuclear transcription factor but not of cytosolic sub-

strates. This lack of translocation is not because of a lack

of ERK1/2 phosphorylation, but mainly due to the lack of

interaction with or regulation by IMP7. Interestingly, the

lack of translocation is reversedwhen the cells are advanced

from naive to primed stages. We also found that forcing

ERK2 into the nucleus accelerates the differentiation of

mESCs, and inhibition of ERK1/2 translocation can be

used to maintain mESC pluripotency. Overall, our results

indicate that the prevention of nuclear ERK1/2

translocation is important for pluripotency maintenance

of mESCs, which might be the way in which the mESC’s

pluripotency is maintained during early stages of

embryogenesis.
RESULTS

ERK1/2 do not translocate into the nuclei of mESCs

Although the effect of ERK1/2 phosphorylation of tran-

scription factors in mESCs is relatively well studied (Wein-

berger et al., 2016), much less is known about the role of

ERK1/2 localization in this process. To study it, we first

used commonmethods to follow the nuclear translocation

(Chuderland et al., 2008; Rubinfeld et al., 1999). However,

we were unable to use the standard serum starvation (0.1%

fetal calf serum [FCS], 14–16 h), as this starvation imposed a

significant stress that led to apoptosis of the mESCs (Fig-

ure S1). Shorter starvation times were not feasible because

serum-induced expression of phosphatases is fully decayed

only after �14 h (Kraus and Seger, 2004). Searching for

proper conditions, we found that 5% FCS + LIF (14–16 h)

was the minimal serum concentration that did not cause

changes in morphology, viability, or stimulation of the

cells (Figures S1A and S1B). This condition was used in

most of the experiments here. The starvation of 3T3-L1

cells was in the standard 0.1% serum to obtain maximal

stimulation of this positive control. For stimulation, the

cells were treated with stimuli that routinely induce nu-

clear ERK1/2 translocation (Chuderland et al., 2008; Plotni-

kov et al., 2015).

As ERK1/2’s nuclear accumulation usually leads to prolif-

eration (Michailovici et al., 2014), we expected to find nu-

clear accumulation of ERK1/2 in mESCs upon stimulation.

Surprisingly, no nuclear ERK1/2 were detected in mESCs
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under any condition used. Thus, when E14Tg2a cells

weremaintained in 5% FCS + LIF, ERK1/2were found solely

in the cytosol and failed to translocate to the nucleus upon

any of the stimulations used, which was different from the

effects in the control 3T3-L1 cells (Figures 1A–1C). No nu-

clear translocation was observed either in the residual

intact cells in 0.1% FCS stimulated with EGF (Figure S1C)

or in starved cells (5% FCS) stimulated by adding 10%

FCS (Figure S2A). This was also the case with cells grown

in serum-free medium containing N2 and B27 supple-

ments with LIF and BMP4 (Ying et al., 2003), even when

we used FCS as a stimulator, or in cells grown constantly

in 15% FCS + LIF (Figures S2B and S2C). Similar results

were observed in different stem cell lines (V6.5 and primary

[blastocyst-derived] stem cells, Figure S3), with a different

time course of stimulation and staining with different

ERK1/2 antibodies (Abs). These Abs also revealed that there

is no difference in localization between ERK1 and ERK2 in

these cells (Figures 1A and S4A). This occurred despite the

active phosphorylated ERK1/2 (Figures 2A, S2D, S3B, and

S3C). The lack of nuclear ERK1/2 localization both before

and after stimulation can in principle be due to either a

lack of translocation or a faster export out of the nucleus.

To examine the export possibility, we used the exportin in-

hibitor leptomycin B (LMB) and found that it had no effect

on the localization of ERK1/2 in E14Tg2a cells, irrespective

of stimulation,when grown in either 0.1%FCS (Figure S1C)

or 5% FCS (Figure S4B). This lack of nuclear translocation

seems to be specific to ERK1/2, as we found that LMB

retained MEK1/2, which use IMP7 for translocation (Chu-

derland et al., 2008) into the nucleus, when added with

EGF (Figure S4D). This effect was somewhat different

from that in other cells (Fukuda et al., 1997), in which

LMB affects MEK localization even without stimulation.

The reason that LMB does not cause nuclear accumulation

without stimulation may indicate cytoplasmic anchorage

of MEK1/2 in mESCs. We also found that JNK, which is

similar in sequence to ERK1/2 and may use IMP7 for trans-

location (Maik-Rachline et al., 2018; Zehorai and Seger,

2019), did translocate upon EGF stimulation (Figure S5A).

The function of MEK and JNK translocation upon EGF

stimulation is not known, but indicates that the nuclear

translocation machinery is still functional in the mESCs.

To further verify that ERK1/2 are active only in the cyto-

plasm of the mESC, we examined the phosphorylation of

the nuclear transcription factors cMYC and ELK1 (Maik-

Rachline et al., 2019) versus the cytosolic kinase RSK

(Anjum and Blenis, 2008), which are all targets of ERK1/2

(Figure S5B).We found that the phosphorylation of the nu-

clear transcription factors was not changed upon stimula-

tion. Since there was a small effect of the stimulation on

the apparent expression of these two proteins (probably

due to differential recognition by the Ab), the lack of
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Figure 1. ERK1/2 do not translocate to the nucleus in mESCs
(A and B) Fluorescence microscopy. Images of E14Tg2a (A) and
3T3-L1 cells (B) stained with anti-ERK2 and anti-OCT4 Abs. The
cells were grown in reduced serum concentration (5% for E14Tg2a
cells or 0.1% serum in 3T3-L1 cells for 16 h) and then were either
stimulated (EGF, 50 ng/mL, for the mESCs, and insulin, 100 nM, for
the 3T3-L1 cells) for 5, 15, or 30 min or left untreated as control.
The cells were then washed and stained with the indicated Abs. The
phosphorylation was shown by dividing the staining in-

tensity of the phosphoprotein by that of the general pro-

tein (Figure S5B, bottom graphs). On the other hand, the

stimulation did induce cytosolic pRSK. As expected, all

three substrates were phosphorylated upon stimulation

of the control 3T3-L1 cells. Based on these findings, and

that nuclear ERK1/2 activity is required for mESC differen-

tiation (Ying et al., 2008), it is likely that the lack of nuclear

ERK1/2 contributes to the maintenance of the mESC’s

pluripotency.
ERK1/2 are phosphorylated on their TEY motif upon

stimulation, while the pSPS motif is high in cycling

cells and not elevated upon stimulation

We then undertook to study the molecular mechanisms

involved in the lack of nuclear ERK1/2 translocation. One

of the main mechanisms that allow ERK1/2 translocation

is the TEY and SPS phosphorylation of ERK1/2 (Flores

et al., 2019). Use of specific anti-pTEY and anti-pSPS

ERK1/2 Abs revealed that TEYphosphorylation is increased

upon stimulation (Figure 2A). On the other hand, the phos-

phorylation of the SPS was relatively high in resting cells

and this was not significantly changed upon stimulation.

This is different from the increase in SPS phosphorylation

observed in the control 3T3-L1 (Figure 2A) and other cells

(Plotnikov et al., 2015; Schevzov et al., 2015). The reason

for the higher SPS phosphorylation at the basal stage

compared with 3T3-L1 cells is not known but is clearly

not sufficient todrivenuclear ERK1/2 localization (Figures 1

and S2–S4). Moreover, the fact that it is not significantly

changed upon stimulation may be a reason for the lack of

stimulated translocation. Importantly, staining with the

anti-pTEY-ERK1/2 Ab showed that even the phosphory-

lated ERK1/2 are retained in the cytoplasm upon stimula-

tion (Figure 2B).

To confirm that the lack of stimulated SPS phosphoryla-

tion plays a role in preventing the nuclear ERK1/2 translo-

cation, we overexpressed ERK2 in mESCs (E14Tg2A) and

found that the kinase is localized in the cytoplasm of

resting cells (Figure 3). Overexpressed GFP-ERK2 can satu-

rate cytoplasmic anchoring proteins and accumulate in

the nucleus (Rubinfeld et al., 1999). Therefore, the
nuclei were detected using 40,6-diamino-2-phenylindole (DAPI).
The fluorescence was visualized by spinning disk confocal micro-
scopy. Scale bars, 20 mm.
(C) Subcellular fractionation of E14Tg2a, V6.5, and 3T3-L1 cells
upon stimulation. The cells were grown in reduced serum concen-
tration (16 h) and then were either stimulated with TPA (250 nM)
for 5, 15, or 30 min or left untreated. After stimulation the cells
were fractionated and then subjected to western blotting with the
indicated Abs.
See also Figures S2–S4.
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Figure 2. ERK1/2 phosphorylation on
their TEY and SPS motifs in mESCs
(A) Phosphorylation of the TEY and SPS
motifs of ERK1/2. E14Tg2a, V6.5, and 3T3-L1
cells were grown in reduced serum concen-
trations for 16 h (mESC, 5%; 3T3-L1, 0.1%)
and then were either stimulated with TPA
(250 nM) for 5, 15, or 30 min or left un-
treated (time 0). The cells were then
harvested and subjected to western blotting
using the indicated Abs. The results were
then quantitated as appears in the lower
graphs. The data are means ± SE of three
experiments; **p < 0.01, as calculated by
Tukey’s test, indicates significant changes
between stem cell lines (E14Tg2a and V6.5)
and the control cells (3T3-L1).
(B) Fluorescence microscopy of E14Tg2a or
3T3-L1 cells stained with anti-pERK1/2. Cells
were grown in low serum concentration
(E14Tg2a, 5%; 3T3-L1, 0.1%) for 16 h and
then were either treated with EGF (50 ng/mL
for the mESCs) or insulin (100 nM for the
3T3-L1 cells) for 5, 15, or 30 min or left
untreated (NT). Next, the cells were fixed
and stained with an anti-pERK-TEY Ab. The
nuclei were detected using DAPI and the
fluorescence was visualized by spinning disk
confocal microscopy. Scale bars, 20 mm.
See also Figure S5.
cytoplasmic localization observed in both the mESC and

the 3T3-L1 might be due to excess cytoplasmic anchoring.

We also used an ERK2 mutant in which the Ser residues in

the SPS motif were replaced with the phosphomimic resi-

due Glu (EPE mutant). This mutant was previously shown

to translocate to the nucleus and stay in that organelle even

without any stimulation (Chuderland et al., 2008). Inter-

estingly, this mutant also was localized exclusively in the

mESCs’ cytoplasm, which was different from the control

3T3-L1 cells. Importantly, overexpressed ERK2 with a ca-

nonical NLS conjugated to its C terminus (ERK2-NLS),

which is found in the nucleus of cells independent of stim-

ulation (Casar et al., 2012), was also found in the nucleus of

both E14Tg2A and 3T3-L1 cells. This indicates that ERK2

preserves its nuclear shuttling ability in mESCs, and the

lack of shuttling is due to other mechanisms.
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Role of cytoplasmic anchoring proteins in preventing

nuclear ERK1/2 translocation

Phosphorylation of the SPSmotif occurs after the release of

ERK1/2 from cytoplasmic anchoring proteins, provided

that the interaction is mediated by the common docking

motif of ERK1/2 (CD) and a D domain of the anchor (Plot-

nikov et al., 2019). However, other protein interaction sites

in ERK1/2 exist as well (Eblen, 2018), which are not

reversible upon stimulation, and therefore the interaction

with these proteins does not allow SPS phosphorylation.

It was possible that the lack of translocation in

mESCs was due to irreversible binding to an abundant

cytoplasmic anchor(s). To test it, we knocked down

putative anchoring proteins (Figure S6), including

GAB1, DAG1, and FHL2, whose expression is changed in

stem cells (Kojima et al., 2014). We also knocked down
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Figure 3. Lack of WT and ERK2-EPE accu-
mulation in the nuclei of E14Tg2a cells
E14Tg2a and 3T3-L1 cells were transfected
with GFP-ERK2, GFP-ERK2-EPE, and GFP-
ERK2-NLS and stained with DAPI to detect
the cells’ nuclei, and the fluorescence was
visualized by spinning disk confocal
microscopy. Percentage of cells with mostly
nuclear (N, gray) or mostly cytoplasmic (C,
black) is shown in the bar graph below. Fifty
cells were counted in each experiment, and
data are means ± SE of three experiments.
*p < 0.05 as calculated by t test. Scale bars,
20 mm. See also Figure S6.
PEA-15, MORG1, and IQGAP1, which are known

anchoring proteins in other cells (Wortzel and Seger,

2011). Despite the pronounced reduction (more than

70%), these knockdowns had no effect on the subcellular

localization of the ERK1/2. Since we examined the most

probable anchors, and with the fact that GFP-ERK2-NLS

does translocate to the nucleus (Figure 3), we concluded

that anchoring interactions are probably not the main

component involved in the lack of nuclear ERK transloca-

tion in mESCs. However, since more than 30 ERK1/2

anchoring proteins have been reported by now (Wortzel

and Seger, 2011), we cannot rule out the possibility that

other, less expected, proteins or their combination plays

some role in the process.

Role of IMP7 in preventing nuclear ERK1/2

translocation

Another possibility for the inability of ERK1/2 to translo-

cate to the nucleus might be a lack of interaction with

IMP7 (Chuderland et al., 2008). The ability of NLS-ERK2

to accumulate in the nucleus implies that the effect is

specific to IMP7 and not other importins. Indeed, it was

previously reported that IMP7 plays a role in the differenti-

ation of mESCs (Sangel et al., 2014), and we examined here

whether this may be executed via its interaction with

ERK1/2. Mechanisms by which IMP7 may be dysregulated

are either reduced IMP7 expression or reduced interaction

with ERK1/2. As for the first, we found that the expression
of IMP7 in the mESC is roughly similar to that 3T3-Ll cells

(Figure 4A), which is supported by a previous publication

showing that IMP7 is expressed in mESCs similar to or

slightly more than in other cells (Sangel et al., 2014). How-

ever, unlike 3T3-L1 control cells, no interaction between

ERK1/2 and IMP7 was detected in mESCs (Figures 4A and

4B), suggesting that this is indeed the influencing

mechanism.

Unfortunately, the regulation of the interaction is not

fully understood. However, itmay involve changes in local-

ization, as IMP7 was previously shown to accumulate in

the nucleus upon stimulation (Zehorai and Seger, 2019).

We next examined the subcellular distribution of IMP7 in

mESCs compared with 3T3-L1 cells. A fractionation exper-

iment revealed no significant changes in the amount of

IMP7 in the cytoplasm or nucleus of the mECS, while it

was enriched in the nuclei of the control 3T3-L1 cells

upon stimulation (Figure 4C). Similar results were obtained

using immunofluorescent staining (Figure 4D) showing

that IMP7 is localized all over the cell, both before and after

stimulation with the phorbol ester TPA, which causes re-

ceptor-independent activation of ERK1/2. This was unlike

control 3T3-L1 and HeLa cells (Zehorai and Seger, 2019),

in which IMP7 translocated to the nucleus upon stimula-

tion. We also found that IMP7 localization was not

changed upon EGF stimulation (Figure S4C), but some

nuclear accumulation was seen upon LMB treatment.

Therefore, it is likely that IMP7 can translocate to the
Stem Cell Reports j Vol. 18 j 305–318 j January 10, 2023 309
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Figure 4. The subcellular localization
and ERK1/2 interaction of IMP7
(A) Coimmunoprecipitation (coIP) of IMP7
with ERK1 in E14Tg2a and 3T3-L1 cells. The
cells were grown in reduced serum concen-
trations (E14Tg2, 5%; 3T3-L1, 0.1%) for
16 h and either stimulated with TPA
(250 nM) for 5, 15, or 30 min or left
untreated (0). The cells were then harvested
and subjected to coIP with anti-ERK1/2 Ab
followed by washes with coIP buffer.
Finally, the beads used for coIP were boiled
in sample buffer and subjected to western
blotting with the indicated Abs. The
loading extracts (bottom) were blotted as
well. The bar graph on the right represents
means ± SE of three experiments. *p < 0.05,
as calculated by Tukey’s test.
(B) PLA using anti-ERK2 and IMP7 Abs of
E14Tg2a or 3T3-L1 cells. The cells were
grown as described above and then were
stimulated (EGF, 50 ng/mL, for the mESCs,
and insulin, 100 nM, for the 3T3-L1 cells)
for 5, 15, or 30 min or left untreated. The
cells were then fixed and subjected to PLA
and stained with DAPI to detect nuclei. The
fluorescence was visualized by spinning
disk confocal microscopy. Scale bar, 20 mm.
The bar graph on the right represents
means ± SE of three experiments.
**p < 0.01; NS, not significant; as calcu-
lated by Tukey’s test.
(C) IMP7 localization using subcellular
fractionation of E14Tg2a and 3T3-L1 cells.
The cells were grown as described above and
then stimulated (EGF, 50 ng/mL, for the
mESCs, and insulin, 100 nM, for the 3T3-L1
cells) for 5, 15, or 30 min or left untreated
(0). The cells were then harvested and
subjected to a subcellular fractionation
followed by a western blot analysis using
the indicated Abs.
(D) Fluorescence microscopy of IMP7 in
E14Tg2a cells or 3T3-L1 cells. The cells were
grown as above and stimulated with TPA
(250 nM, 15 min) or left untreated (NT),
fixed, and stained with anti-IMP7 and anti-
OCT4 Abs. The nuclei were detected using
DAPI. The fluorescence was visualized by
spinning disk confocal microscopy. Scale
bars, 20 mm.
nucleus, but unlike in TPA- or EGF-stimulated HeLa and

3T3-L1 cells, it is exported back to the cytoplasm. Thus, it

is likely that the regulation of IMP7 in mESCs is different

from that in other cells, but more studies are required to

fully understand it.
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Changes in ERK1/2 translocation during naive-to-

primed transition and in mESC-differentiated EPiSCs

mESCs can be found in either naive or primed states

(Weinberger et al., 2016), where the naive state is the

more pluripotent and the primed state is a first step toward
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differentiation, during which the mESCs undergo epige-

netic changes (Hackett and Surani, 2014). It was shown

that inhibition of ERK1/2 is required for pluripotency,

while their activation is important for the primed and

more differentiated states. We undertook to study whether

the subcellular localization of ERK1/2 is affected during the

transition. Therefore, we followed ERK1/2 localization in

the mESCs during transition, with or without stimulation.

We also followed IMP7’s localization and ERK-IMP7 inter-

action. Naive-to-primed transition was achieved by adding

FGF2 and activin to N2B27 medium for up to 5 days.

Immunofluorescent staining revealed that in days 2 and 3

of transition, ERK1/2 and IMP7 distribution is not signifi-

cantly different from that of the cytoplasmic ERK1/2 or

the all over distribution of IMP7 in naive cells (Figure 5).

Interestingly, at day 4, there was a small shift into nuclear

ERK1/2 localization, and on day 5, the changes were

more significant, as ERK1/2 were localized either all over

the cell or in the nucleus, and IMP7 was mostly nuclear.

Stimulation of the cells with TPA had no significant effect

on the localization (Figure S7A). The changes in subcellular

localization during naive-to-primed transitionwere accom-

panied by elevated ERK1/2-IMP7 interaction (Figures 5B

and 5C), indicating that the ERK1/2 translocation system

is recovered during the process. Again, TPA stimulation

did not significantly change the ERK-IMP7 interaction,

suggesting that most of the ERK1/2 molecules capable of

translocationwere already nuclear and could not be further

changed by TPA. Interestingly, at day 5, the proximity liga-

tion assay (PLA) showed an increase in interaction, despite

the lack of change using coimmunoprecipitation (coIP).

The reason for this change is not clear, but since there is

no effect on the stimulated nuclear translocation, it does

not justify further study.

To further study the localization, we also used E14Tg2A-

produced epiblast stem cells (EPiSCs) (Brons et al., 2007),

which are more differentiated than the primed cells.
Figure 5. ERK1/2 and IMP7 localization and interaction in the na
(A) Fluorescence microscopy of ERK2, IMP7, and nanog in E14Tg2a cel
naive-to-primed transition for 5 days by transferring them to N2B27 m
4, and 5 of the transition, the cells were fixed and stained with the i
(B) PLA of ERK1/2 and IMP7 interaction during transition. E14Tg2a ce
day the cells were either stimulated with TPA (250 nM, 15 min) or left
anti-ERK2 and anti-IMP7 Abs. The fluorescence was visualized by spinn
in the bar graph below represent means ± SE of three experiments.
significant change compared with 2 days.
(C) coIP of IMP7 with Ab to ERK1 in E14Tg2a during naive-to-prime
were harvested and subjected to coIP using anti-ERK1 Ab. Then th
to a western blot analysis with the indicated Abs. The extracts we
graph below represent means ± SE of three experiments. *p < 0.0
2 days.
See also Figure S7.
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Despite the large amount of FGF2 in the growth medium,

ERK1/2 and phosphorylated ERK1/2 (pERK1/2) were

localized in the cytoplasm before stimulation and shifted

to the nucleus upon stimulation (Figures S7B and S7C).

IMP7 in these cells was mostly nuclear, but a small amount

was found in the cytoplasm of unstimulated cells, which

shifted to the nucleus upon stimulation (Figure S7D). Over-

all, our results indicate that the mechanisms that prevent

nuclear ERK1/2 translocation, namely lack of an interac-

tionwith IMP7 and lack of IMP7 translocation, are changed

during naive-to-primed transition. This might be one of

the first steps in mESC differentiation, as seen in EPiSCs

and all other cell lines tested by now (Maik-Rachline

et al., 2019).

Forcing ERK2 into the nucleus accelerates

pluripotencymarker disappearance, while prevention

of translocation maintains mECS pluripotency

To examine the importance of the nuclear ERK1/2 on the

differentiation of mESCs, we forced ERK2 into the nucleus.

For this purpose, we used ERK2-NLS, which is found

constantly in the nucleus. The transfected mESCs in

N2B27mediumwere treated for 2 days with FGF2 and acti-

vin to allow the initial stage of naive-to-primed transition.

Then, the cells were stained for nanog to follow differenti-

ation. As in the naive-to-primed transition (Figure S7A),

20% of GFP-ERK2 (wild type; WT) transfected cells lost

their nanog. However, 44% of ERK2-NLS-expressing cells

lost nanog expression, indicating a faster exit from

pluripotency (Figure 6A), equivalent to day 4 of the

naive-to-primed transition. These findings were similar to

those for OCT4 (Figure 6B), which, due to its slower disap-

pearance compared with nanog during differentiation (Pa-

patsenko et al., 2015), was tested after 5 days.

Then, we examined whether inhibition of nuclear

ERK1/2 translocation keeps the cells in a pluripotent stage

and can be used instead of MEKi for maintaining
ive-to-primed transition
ls during naive-to-primed transition. Cells were induced to undergo
edium with FGF2 (12 ng/mL) and activin A (20 ng/mL). On days 2, 3,
ndicated Abs and with DAPI. Scale bar, 20 mm.
lls were subjected to naive-to-primed transition as above. On each
untreated and then the cells were fixed and subjected to PLA using
ing disk confocal microscopy. Scale bar, 20 mm. The data presented
*p < 0.05 and **p < 0.01 as calculated by Tukey’s test indicate a

d transition. The cells were treated as above. Each day, the cells
e beads were boiled in sample buffer that was further subjected
re blotted as well, as seen in the bottom. The results in the bar
5 by Tukey’s test indicates a significant change compared with
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Figure 6. Forcing ERK2 into the nucleus accelerates exit from
pluripotency of mESCs
E14Tg2a cells were transfected with constructs expressing GFP-
ERK2 or GFP-ERK2-NLS.
(A) The cells were grown in N2B27 medium with FGF2 (12 ng/mL)
and activin A (20 ng/mL) for 2 days and then fixed and stained
with anti-nanog and DAPI, and the fluorescence was visualized by
spinning disk confocal microscopy. GFP- and nanog-expressing
cells were counted. The arrows in the nanog staining indicate
cells lacking nanog. Scale bar, 20 mm. The bar graph shows per-
centage of transfected cells without nanog. The dashed line
presents the part of cells that loss their nanog after the 2 days of
treatment (as in Figure S7). Fifty cells were counted in each
experiment.
pluripotency (Morey et al., 2015). MEKi blocks almost

exclusively ERK1/2 signaling to allow pluripotency (Ma

et al., 2016). Since we found that the lack of nuclear

ERK1/2 may lead to pluripotency, we examined the effect

of preventing nuclear translocation. For this purpose, we

used the EPE peptide, which attenuates ERK1/2 transloca-

tion in all cells examined and reduces proliferation of

various cancer cells (Plotnikov et al., 2015). This peptide

and its scrambled control (SCR) were added to the mESCs

in 2i medium instead of MEKi for 10 passages. Then we

analyzed the cells’ stemness characteristics, including

changes in colony morphology and number, differentia-

tion, and OCT4 expression of the cells. We found that

the cells grown with the EPE peptide are similar to the

cells grown in the regular 2i medium, while in the cells

grown with SCR peptide or DMSO, many colonies started

to differentiate (Figures 7A and 7B). In addition, the

numbers of the colonies formed in the 2i or EPE-pep-

tide-treated cultures were similar, while in the controls

(SCR peptide and DMSO) the number was reduced

(Figure 7C). This indicates that, similar to 2i, the

EPE peptide prevented the differentiation. To further

confirm this point, we used mESCs containing a stringent

DPE-OCT4-GFP pluripotency reporter (Rais et al., 2013).

These cells were grown with 2i, EPE peptide, or SCR pep-

tide control and then analyzed by fluorescence-activated

cell sorting (FACS) to detect GFP-containing pluripotent

cells. We found that in the SCR group there were more

cells that did not express GFP (lost their pluripotency)

than in the EPE and 2i groups (Figure 7D). This further

confirms that nuclear ERK1/2 translocation is important

for maintaining mESC pluripotency, and prevention of

this translocation can mimic the effect of MEK inhibitor

in maintaining these cells.
DISCUSSION

In mESCs, the ERK1/2 cascade is known to affect cell fate,

inducing exit from pluripotency to differentiation (Kim

et al., 2013). Thus, a lack of ERK1/2 activity is critical for

the maintenance of pluripotency, and indeed, treating

the cells with a MEK inhibitor is a very common method
(B) Because OCT4 disappears after a longer time, in such a way that
the GFP cannot be observed anymore, we used FACS to select
transfected cells 62 h after transfection. These cells were further
raised in N2B27 for an additional 2 days (total 110 h), fixed, and
stained with anti-OCT4 and DAPI. Scale bar, 20 mm. The arrows in
the bottom left image indicate cells lacking OCT4. The bar graph
shows percentage of OCT4-lacking cells. One hundred fifty cells
were counted in each experiment. The graphs represent means ± SE
of three experiments. **p < 0.01 and *p < 0.05, as calculated by t
test.

Stem Cell Reports j Vol. 18 j 305–318 j January 10, 2023 313



2i

2i

EPE

EPE

SCR

SCR

A

B C

D

In
iti

al
ly

 d
ife

re
nt

ia
te

d 
co

lo
ni

es
(p

er
ce

nt
ag

e)

R
el

at
iv

e 
ch

an
ge

 in
 

co
lo

ni
es

’ n
um

be
r

%
 G

F
P

 n
eg

at
iv

e

P
er

ce
nt

 o
f M

ax

GFP-A

16

40

100

100 101 102 103 104 105 106

75

50

25

0

14

35
30

12

25

8

10

10

20
15

6

5
0

4
2
0

1.3

1.2

1.1

0.6

0.7

0.8

0.9

1

2i
2i

EPE
EPE

SCR
SCR

DMSO
DMSO

*

**
**

*

NS

NS

*

Figure 7. Using ERK1/2 translocation in-
hibitor instead of MEKi for mESC plurip-
otency
(A–C) Pluripotency of mESCs is maintained
by 2i and EPE peptide. E14Tg2a cells were
grown in N2B27 with GSK3i (CHIR99021,
3 mM), LIF (1,000 U/mL), and MEKi
(PD0325901, 1 mM) (left), EPE peptide
(10 mM) (middle), or scramble peptide
(10 mM) (right). (A) The colony formation
and numbers were detected by regular light
microscopy. Scale bars, 500 mm. (B)
Quantification of the results in (A) as the
percentage of colonies with initial differ-
entiation, which was defined by losing the
round shape of the colony and the appear-
ance of single cells around it. The bar graph
represents the average and SE of 150 col-
onies in three experiments. **p < 0.01 by
Tukey’s test. (C) Another quantification of
(A) done by the relative changes in colony
number compared with the colonies formed
in 2i. The quantifications were done on 60
fields for each condition, including DMSO
(1 mL/mL). Data are the mean ± SE of three
distinct experiments. **p < 0.01, *p < 0.05;
NS, not significant by Tukey’s test.
(D) Loss of pluripotency determined byDPE-
OCT-GFP. DPE-OCT-GFP-containing cells
were grown in N2B27 with GSK3i

(CHIR99021, 3 mM), LIF (1,000 U/mL), and MEKi (PD0325901, 1 mM), EPE peptide (10 mM), or scramble peptide (10 mM). After 2 days the cells
were subjected to FACS analysis to determine GFP expression. The bar graph on the left represents mean ± SE of the percentage of negative
cells (lost pluripotency) of three experiments; *p < 0.05 as calculated by Tukey’s test.
in mESC culturing (Ying et al., 2008). Themolecular mech-

anisms that are involved in ERK1/2-regulated self-renewal

of mESCs include phosphorylation and modulation of

the activity of transcription factors and enhancers that

are involved in this process (Hamilton et al., 2019; Meng

et al., 2018; Ochiai et al., 2020). However, the determina-

tion of ERK1/2’s specificity and the interaction with other

signaling pathways remain elusive. Considering the

pivotal role of ERK1/2 in mESCs, we undertook to study

the role of the subcellular localization of ERK1/2 in

determining the mESC fate. To our surprise, we found

that in all mESCs examined (E14Tg2a, V6.5, and primary),

ERK1/2 did not translocate to the nucleus upon any stimu-

lation examined.

Very little is known to date about ERK1/2 localization in

mESCs. Indeed, it was previously shown that endogenous

pERK is observed solely in the cytoplasm of mESCs, but

some ERK1/2 activity can be detected also in the nucleus

(Deathridge et al., 2019). However, this point was not

confirmed, since: (1) no ERK1/2 phosphorylation was

shown in the nucleus; (2) overexpression might lead to

erroneous localization, which was not examined here; (3)
314 Stem Cell Reports j Vol. 18 j 305–318 j January 10, 2023
the reporter used might be phosphorylated by other

kinases downstream of ERK1/2; and (4) the biosensor itself

could transfer ERK1/2 to the nucleus by its conjugatedNLS.

Another study that claimed that active ERK1/2 may be

localized in the nucleus of mESCs used fractionation as

the main readout for nuclear accumulation (Dhaliwal

et al., 2018). However, this was problematic as: (1) it failed

to detect any cytoplasmic pERK1/2, which is very unlikely

according to the results obtained by us and others; (2) in

contrast to common knowledge (Shaul and Seger, 2007),

the authors claimed that ERK1/2 bind with exportin1,

which contradicts the lack of cytoplasmic ERK1/2 in that

study; and (3) the maintenance medium in that study

contained MEKi, which affects ERK1/2 activity and might

be the reason for the difference in results. These studies

and our findings above led us to study the mechanisms

that enable the lack of translocation in regulating

pluripotency.

We found that the lack of translocation in the mESC

does not include a non-reversible anchorage in the

cytoplasm, but does involve interaction of the SPS-phos-

phorylated ERK1/2 with the nuclear importer IMP7.



Interestingly, despite the relatively high level of SPS phos-

phorylation, we detected no ERK-IMP7 interaction, either

before or after stimulation (Figure 4). This result is sup-

ported by the fact that the phosphomimetic mutant

(EPE) of ERK1/2 was unable to translocate to the nucleus

as well. We believe that this lack of interaction is mediated

by dysregulation of IMP7 and is probably the main reason

for the lack of nuclear ERK1/2 translocation. The fact that

IMP7 is dysregulated in mESCs is also supported by the

fact that this protein does not change its localization

upon stimulation, as is apparent in 3T3-L1 cells (Figure 4).

Not enough information on IMP7 regulation in either

resting or stimulated cells exists in this stage, and there-

fore, it is difficult to assess the exact changes in the

mESC. However, a clue to such a change can be derived

by the very specific anti-Imp7 Abs that detect three

distinct bands in E14Tg2a, unlike the one band in the

3T3-L1. The nature of these bands is not known, but

might be due to distinct (unknown) alternatively

spliced isoforms or posttranslation modification. It is

possible that the modified form(s) of IMP7 that is ex-

pressed in mESCs is unable to interact with pERK1/2 and

drive their nuclear translocation. However, expression of

alternative splicing or phosphorylated IMP7 needs further

studies.

In mature mouse cells, ERK1/2 do translocate to the

nucleus upon stimulation, whichmeans that during differ-

entiation, the mechanism that prevents ERK1/2 from

translocating either disappears or changes to allow translo-

cation. While naive mESCs have no ERK1/2 activity, the

transition to the primed state is dependent on ERK1/2 acti-

vation (Hackett and Surani, 2014). Interestingly, a study of

mouse blastocyst showed that around day 3.25–3.75,

pERK1/2 is localized exclusively in the cytoplasm, while

on day 4.5, when the cells start to differentiate, pERK is

seen in the nucleus as well (Azami et al., 2019), supporting

our results that the naive-to-primed transition regains

nuclear ERK1/2 translocation. Importantly, we also show

that forcing ERK into the nucleus accelerates the differenti-

ation, while prevention of the nuclear ERK1/2 transloca-

tion can keep mESCs in their pluripotent state. These

results also show that nuclear ERK1/2 translocation is

required for mESC differentiation. These are unlike other

studies in which cytoplasmic ERK1/2 correlated with

differentiation (Formstecher et al., 2001; Michailovici

et al., 2014). Thus, our study and others (e.g., Herrero

et al., 2015) indicate that the effect is cell-type specific.

However, the exact mechanism that mediates the effects

in mESCs and other cells requires further clarification.

Moreover, translocation inhibitors such as the EPE peptide

(Plotnikov et al., 2015) can be used instead of MEKi to keep

the cells in the pluripotent state. Although the EPE peptide

was less effective than MEKi, it kept part of its activity. The
lower effect of the peptide could be because the peptide is

not as good an inhibitor as the small molecule MEKi.

Nonetheless, our results clearly indicate that the nuclear

translocation of ERK1/2 does play a role in the exit from

the pluripotent state of mESCs, and this point should be

further studied.

In summary, ERK1/2 do not translocate to the nucleus

upon stimulation in mESCs. This is probably due to

dysregulation of IMP7 and the reduced IMP7-ERK1/2 inter-

action. Our observations led us to hypothesize that preven-

tion of the ERK1/2 translocation serves as a safety

mechanism for proper self-renewal of native embryonic

stem cells. This is reversed in the first step toward differen-

tiation (naive-to-primed transition), which eventually

allows translocation of ERK1/2. Keeping the cells in the

pluripotent state by interrupting with ERK-IMP7 interac-

tion strengthens our hypothesis and indicates that nuclear

exclusion of ERK1/2 may serve as a safety mechanism to

prevent differentiation of mESCs in native conditions

during embryonic development.
EXPERIMENTAL PROCEDURES

Resource availability

Corresponding author

The corresponding author for this work is Rony Seger (rony.seger@

weizmann.ac.il).

Materials availability
All materials we generated will be made available upon request.

Data and code availability

The original uncropped blots and FACS data are deposited inMen-

deley Data: https://doi.org/10.17632/x4pdkhhxkb.1. This paper

reports no original code.
DNA constructs, knockdown by siRNA, and transient

transfection
erk2 was cloned in pEGFP-C1 (Clontech, Mountain View, CA).

Point mutations at the SPS motif (GFP-ERK2 EPE) were as previ-

ously described (Chuderland et al., 2008; Rubinfeld et al., 1999).

Adding NLS on the C-terminus side of ERK2 was previously done

in our lab. E14Tg2a cells were transfected with DNA constructs

using Xfect reagent according to the manufacturer’s instructions

(TAKARA Bio, Japan). All siRNAs were from Dharmacon and were

transfected using Dharmafect.
Coimmunoprecipitation
Cells were grown to 70% confluence and then serum starved

(0.1% fetal bovine serum [FBS] for 16 h). After stimulation or

other treatments, cells were rinsed twice with ice-cold phos-

phate-buffered saline (PBS) and once with buffer A. The cells

were then scraped into buffer H (0.5 mL/plate), sonicated (60

W, 2 3 7 s), and centrifuged (15,000 rpm, 15 min). Supernatants

were then incubated for 2 h (4�C, with rotation) with protein

A/G-agarose beads (Santa Cruz Biotechnology) pre-linked to
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specific Abs (1 h, 23�C). The bound protein A/G beads were

washed three times with ice-cold coIP washing buffer. The immu-

noprecipitated beads were then resuspended with sample buffer

and boiled; the resolved proteins were analyzed by western

blotting with the indicated Abs.

Proximity ligation assay
Protein-protein interactions were detected by using a Duolink

PLA kit (Olink Bioscience, Uppsala, Sweden), as previously

described (Wortzel et al., 2021). Briefly, cells were grown, fixed,

and permeabilized as described in the immunofluorescence stain-

ing section below. The samples were then incubated with Abs

against two examined proteins (1 h, 23�C), washed (0.01 M

Tris-HCl [pH 7.4], 0.15 M NaCl, and 0.05% Tween 20), and

then incubated with specific probes (1 h, 37�C), followed by

DAPI staining to visualize nuclei and then another wash (0.2 M

Tris-HCl [pH 7.5], 0.15 M NaCl). The signal was visualized as

distinct fluorescent spots by using spinning disk confocal micro-

scopy. The number of PLA events was counted automatically in

ImageJ, by the ‘‘analyze particles’’ feature, as previously described

(Wortzel et al., 2015). Each field was counted twice: first, for the

number of nuclei in the field, and second, for the number of

PLA events. Then the average number of events was calculated

per treatment. More than 100 cells were counted per treatment.

Background correction, contrast adjustment, and quantification

of the fluorescent signal were performed using Photoshop and

ImageJ software.

Immunofluorescence staining
Cells were fixed in 4% paraformaldehyde in PBS (20 min, 23�C)
and incubated with 2% bovine serum albumin (BSA) in PBS

(15 min, 23�C), followed by permeabilization with Triton X-100

(0.1% in PBS, 5 min, 23�C). The fixed cells were then incubated

with the primary Abs (1 h, 23�C), washed three times with PBS,

and incubated with Alexa Fluor 488-conjugated, Alexa Fluor

568-conjugated, or Alexa Fluor 647-conjugated secondary Ab

(1 h, 23�C) and DAPI. Slides were visualized by using spinning

disk confocal microscopy (363 magnification, Zeiss, Jena,

Germany). Background correction and contrast adjustment of

raw data images were performed using Photoshop (Adobe, San

Jose, CA, USA)

Subcellular fractionation
Cells were grown to subconfluence and serum starved for 16 h. Af-

ter treatments, the cells were rinsed twice with ice-cold PBS and

once with ice-cold buffer A, scraped into buffer H, and then centri-

fuged (500g, 5 min at 4�C). The cells were resuspended with 600 mL

buffer H, homogenized with 10 strokes of a 21G0 needle, 10 strokes

of a 27G0 needle, and 50 strokes with a manual pestle. The homog-

enized cells were then centrifuged (5 min, 2,000g, 4�C) and ho-

mogenized again (same steps). The supernatant was the cytosolic

fraction. The extract was washed twice with buffer H and once

with buffer H + 0.1% NP-40 (centrifugation between washes at

2,800g, 5 min at 4�C). Then the extract was resuspended in

150 mL extraction buffer, kept on ice for 10 min, sonicated (60

W, 23 7 s), and centrifuged (15,000 rpm, 5min at 4�C). The super-
natant was the nuclear fraction.
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Statistical analysis
Data are presented asmeans ± SE. The data were analyzed by a two-

way ANOVA, except for Figure S2, which was done by three-way

ANOVA, followed by post hoc Tukey or Dunnett’s test. p < 0.05

was considered statistically significant.

Other methods
Other methods can be found in the supplemental information.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/

10.1016/j.stemcr.2022.11.017.
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