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LIF signal in mouse embryonic stem cells
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Since the establishment of mouse embryonic stem cells (mESCs) in the 1980s, a number of important
notions on the self-renewal of pluripotent stem cells in vitro have been found. In serum containing
conventional culture, an exogenous cytokine, leukemia inhibitory factor (LIF), is absolutely essential
for the maintenance of pluripotency. In contrast, in serum-free culture with simultaneous inhibition of
Map-kinase and Gsk3 (so called 2i-culture), LIF is no longer required. However, recent findings also
suggest that LIF may have a role not covered by the 2i for the maintenance of naive pluripotency. These
suggest that LIF functions for the maintenance of naive pluripotency in a context dependent manner.
We summarize how LIF-signal pathway is converged to maintain the naive state of pluripotency.
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INTRODUCTION indefinitely in vitro.'” In earlier period, mESCs

were maintained in fetal calf serum (FCS)-con-

mESCs are derived from the inner cell taining medium with mouse embryonic fibro-
mass (ICM) of the blastocyst, and self-renew blast (MEF)-feeder cells. It was technically
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difficult to retain a fully pluripotent state of
mESCs due to the unknown factors of FCS.
Later it was found that FCS-medium condi-
tioned by Baffalo-rat liver (BRL) cells counter-
acted spontaneous differentiation of mESCs.?
This unidentified factor of BRL cells was
named differentiation inhibitory activity (DIA).
BRL-conditioned FCS-medium maintained
pluripotency of mESCs in the absence of MEF-
feeder cells. DIA was biochemically purified
and turned out that it was identical to the cyto-
kine LIF,*® which is now recognized as a criti-
cal factor for robust self-renewal of mESCs.”®
Since then LIF-supplemented FCS-medium
(referred to as FCS/LIF-culture hereafter)
became a global standard for the culture of
mESCs. mESCs rapidly exit from the pluripo-
tent state upon the removal of LIF from the
FCS/LIF-culture. The dependency on exoge-
nous LIF for the maintenance of pluripotency
is obvious in feeder-free culture but it is some-
what obscure in the presence of MEF-feeder
cells, which might be partly due to the secretion
of LIF or related ligands by MEF.

LIF shows the beneficial effect only on the
mESCs derived from limited types of genetic
background such as /29 inbred mouse
strain.”'® Efforts failed to establish mESCs
from mouse strains with other genetic back-
grounds in FCS/LIF-culture."'™'* From these
trials it became evident that there are permis-
sive and non-permissive genetic backgrounds
for LIF-dependent self-renewal. In other words,
the effect of LIF is not ubiquitously applicable
to all types of mESCs derived from various
genetic backgrounds.

Because of this limitation of LIF and also the
mischievous unknown factors of FCS, more
generally stable culture condition was desired.
In 2008, Ying ez al'® found that the combination
of 2 small molecule inhibitors targeting MAPK
and glycogen synthase kinase 3b (GSK3b),
respectively (2i), supports the self-renewal of
mESCs in serum-free culture without LIF.
Thus, LIF-dependency is influenced not only by
the genetic backgrounds but also by the culture
context. However, even in this seemingly LIF-
independent 2i-culture condition, addition of
LIF further promoted self-renewal of mESCs,
suggesting the synergistic effect of 2i and LIF."

Interestingly, the 2i-culture allows self-renewal
of mESCs even from non-permissive mouse
strains, which was not allowed in FCS/LIF-
culture, indicating the distinct action of 2i from
LIF rather than the replacement of LIF.

This raises interesting questions: how 2i can-
cels LIF-requirement for the self-renewal of
mESCs and overcomes the strain dependency,
and why LIF exhibits context-dependent activ-
ity to support pluripotency. We will summarize
our current understanding on LIF-signal that
maintains pluripotency of mESCs.

LIF and Its cell-surface receptors

LIF is a member of the interleukine-6 (IL-6)
cytokine family which consists of the following
members: IL-6, IL-11, IL-27, ciliary neurotro-
phic factor (CNTF), cardiotropin-1 (CT-1),
oncostatin M (OSM) and LIF.'20 The recep-
tors of the IL-6 family form a complex with the
receptor glycoprotein 130 (Gp130, also known
as Il6st) (Fig. 1). For example, LIF binds to a
hetero-dimer receptor complex that consists of
a low-affinity cell surface LIF-receptor (Lifr)
and Gp130. None of these receptors possess cat-
alytic domains for enzymatic activity in the
cytoplasmic region. The cytoplasmic domains
of these receptors are constantly bound by a
family of tyrosine kinases, janus kinases (Jaks)
that consists of Jakl, Jak2, Jak3 and Tyk2. In
the absence of the ligands, these Jaks are inac-
tive by their intra-molecular inhibitory regula-
tion.?! Upon the binding of the ligands to the
receptors, Jaks at the cytoplasmic domains
become active by auto-phosphorylation of the
inhibitory domain. Activated Jaks phosphory-
late the tyrosine residues at the Y-x-x-Q motifs
of Gp130 and Lifr,** which allows the binding
of the other Jaks-substrate, Stat3, to the cyto-
plasmic domain of the receptors (Fig. 1). When
phosphorylated by Jaks, Stat3 leaves the recep-
tor forming a dimer, then enters into the nucleus
where they act as a transcription factor to
induce the expressions of the target genes.”>*

Jak-Stat3 pathway possesses a negative feed-
back loop: activated Jaks phosphorylate Stat3,
which induces the expression of the suppressor
of cytokine signaling 3 (Socs3), which then
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inactivates Jaks in a short period.>>*’ Socs3
binds to Jaks through its Src homology 2
(SH2)-domain and blocks the kinase domain of
Jak by the kinase inhibitory region (KIR).
Therefore, Socs3 functions as a pseudo-sub-
strate of Jaks.?® In addition, activated Stat3 is
also inhibited by PIAS3 (protein inhibitor of
activated Stat3). PIAS3 directly binds to Stat3
and interferes with its DNA binding activity.?
These negative regulators ensure the temporal
activation of the LIF-signaling pathway.

For the culture of mESCs, LIF can be substi-
tuted by related IL-6 family cytokines, such as
OSM, CT-1 and CNTF, that bind to Lifr.”*
Also, a soluble form of the IL-6 receptor (sIL-

6R) together with IL-6 enables the self-renewal
of mESCs in the absence of LIF.>*** These
findings indicate that the signaling mediated by
Gp130, one of the components of the receptor
complex (Fig. 1), is sufficient for the self-
renewal of mESCs. This is further supported by
the evidence that a chimeric receptor made of
the ligand binding domain of granulocyte col-
ony-stimulating factor receptor (GCSFR) and
the cytoplasmic domain of Gp130 can replace
the function of LIF when stimulated by the
ligand of the chimeric receptor, GCSF.* In
contrast, the results of the functional analyses
with the cytoplasmic domain of Lifr using
the same system are controvertial.*® Taken

FIGURE 1. Schematic depiction on exogenous LIF mediated intra-cellular signaling pathways for
robust self-renewal in mESCs. LIF activates at least 3 intra-cellular signaling pathways: Jak-Stat3,
PI3K-Akt and Shp2-MAPK pathways. Upon LIF stimulation, Jaks (Jak1, Jak2, Jak3 and Tyk2) are
activated by auto-phosphorylation. Activated Jaks induce downstream cascades. Stat3 is phos-
phorylated and activated by Jaks, and subsequently induces the expressions of various pluripotent
associated genes. Activated PI3K-Akt by Jaks also positively regulates the genes. In contrast to
these 2 pathways, activated MAPK pathway inhibits the expressions of the pluripotency associated
genes both at transcriptional and post-transcriptional levels. In addition to signal mediated tran-
scriptional regulation, activated Jak2 tunes the chromatin status through histone modification. Also,
activated Erk1 and Erk2 directly interact with KIf2 and phosphorylate it, leading to ubiquitination
and degradion of KIf2 via proteasomal pathway. Also, LIF-PI3K-Akt axis stabilizes c-myc via inhibit-

ing Gsk3 activity.
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together, Gp130-mediated signaling is respon-
sible for the transduction of LIF-signal for the
self-renewal of mESCs.

Intra-Cellular signal transduction
pathways of LIF

Upon the addition of LIF, 3 intra-cellular sig-
naling pathways are mainly activated: Jak-Stat3,
phosphatidylinositol 3-kinase (PI3K)-Akt and
mitogen-activated protein kinase (MAPK) path-
ways. Each of the 3 pathways has its own signifi-
cant function downstream of LIF in mESCs
(Fig. 1).*" Jak-Stat3 and PI3K-Akt pathways
facilitate the self-renewal of mESCs, whereas
MAPK pathway promotes the differentiation of
mESCs. Jak-activation downstream of LIF is not
exclusive for the activation of the Jak-Stat3 path-
way: it activates the PI3K-Akt pathway, and also
via the recruitment and activation of Shp2, it acti-
vates the MAPK pathway (Fig. 1).

Jak-Stat3 pathway

Artificial activation of Stat3 is sufficient for
the self-renewal of mESCs.*® This was shown
by a fusion protein made of Stat3 and a mutated
ligand-binding domain of the estrogen receptor
(Stat3ER), which translocates into the nuclei
upon the activation of the ER by its ligand
tamoxifen (Tx), without the phosphorylation of
Stat3. mESCs expressing Stat3ER keep self-
renewing by the addition of Tx in the FCS-cul-
ture without LIF. Another evidence was
brought by the chimeric receptor GCSFR-
Gpl130 with a mutation at the Shp2-docking
site of Gp130 (Y118F), which activates the
Jak-Stat3 pathway but not the MAPK pathway
upon the binding of GCSF. With this receptor,
addition of GCSF was sufficient for the self-
renewal of mESCs without LIF.>> These data
indicated that among the 3 pathways down-
stream of LIF, the activation of Stat3-pathway
is sufficient to support the self-renewal of
mESCs. It was also shown that the removal of
the Stat3-docking sites from the cytoplasmic
domain of the GCSF-Gp130 chimeric receptor
abolished its ability to support the self-
renewal.>> Moreover, overexpression of a dom-
inant-negative form of Stat3 with a mutation at

the Jak-targeted phosphorylation site (Sta-
t3Y705F) strongly induced differentiation of
mESCs in FCS/LIF-culture.” Also Stat3-null
mESCs were unable to be derived from Stat3-
null blastocysts in FCS/LIF-culture."> There-
fore, the activation of Stat3 is essential for the
self-renewal of mESCs.

Stat3 is phosphorylated at Y705 by Jaks and
S727 by MAPK/JNKs (c-Jun N-terminal kin-
ases)/ PKCS$ (protein kinase C§), respec-
tively.**™*' Phosphorylation of Stat3 at Y705
is critical for the self-renewal of mESCs as
mentioned above. On the other hand, phos-
phorylation at S727 is dispensable for self-
renewal but promotes proliferation.** After
differentiated into the neural lineage, phos-
phorylation of Stat3 at S727 becomes essen-
tial,** suggesting the cell-type-specific role of
Stat3-phosphorylation.

Upon the stimulation by LIF, Stat3 and
MAPKs ERK1/2 are rapidly phosphorylated
and then dephosphorylated in a short time
period (~30 mins). Deletion of Socs3, the neg-
ative-regulator of Jaks, leads to the activation
of both Stat3 and MAPK downstream of LIF at
the maximum level for a long period (at least
for 4 hours) without significant reduction.****
Probably this prolonged activation of MAPK
causes endodermal differentiation in Socs3-null
mESCs because this propensity of the Socs3-
null mESCs is partially suppressed by Mek
(Map kinase kinase) inhibitor (MEKi).** This
result highlights the role of Jak-Stat3-Socs3
axis as a negative-feedback loop for the tight
regulation of LIF-induced intra-cellular signal-
ing that should be maintained within an ade-
quate range.

LIF-signaling possesses a positive-feedback
loop in which transcriptions of Gp130, Lifr and
Stat3 are enhanced downstream of LIF, further
activating the LIF-signal itself.*> Positive-
feedbacks are efficient to maintain highly
active status, which was first found during neu-
ral development: according to He er al.,*®
when gliogenesis starts after neurogenesis,
the positive-feedback loop of LIF-signaling
becomes active to provide highly active status
of the LIF signal in a stage-specific manner.

In like wise, the negative and positive feed-
back systems of LIF-signaling in mESCs may
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underlie the precise and sustained control of
pluripotency in mESCs.

MAPK pathway

LIF activates MAPK pathway via Shp2-
mediated Grb/Sos pathway (Fig. 1). Shp2 is
known as a non-receptor protein tyrosine phos-
phatase (PTP) with a SH2-domain on its N-ter-
minus.'” When the activity of Shp2 is blocked
by a Jak-inhibitor, MAPK is not activated.
Shp2 binds to Gp130 at the tyrosine 118 residue
(Y118) upon the phosphorylation by Jaks. The
chimeric receptor GCSF-Gp130 with a muta-
tion at the Shp2 docking site of Gp130 (Y118F)
activates the Jak-Stat3 pathway but not the
MAPK pathway and its activation by GCSF is
sufficient for the self-renewal of mESCs in
FCS-culture without LIF,*® indicating that the
activation of MAPK pathway is not required
for the self-renewal in mESCs.

The role of MAPK pathway in mESCs is
suggested by a series of loss-of-function experi-
ments. Addition of MEKi PD098059 promotes
self-renewal of mESCs in FCS/LIF-culture®’
and inhibits neural differentiation in serum-free
culture,*® suggesting the involvement of
MAPK pathway in differentiation. mESCs
lacking Grb2, a component of Grb/Sos pathway
upstream of MAPK cascade, were resistant to
the induction of differentiation by the with-
drawal of LIF in FCS-culture.*” Erk2-null
mESCs could be passaged without LIF in
serum-free medium and failed to differentiate
into either neural or mesodermal lineage with
sustained expression of Oct3/4, Nanog and
Rex1.”® Taken together, LIF-induced activation
of MAPK pathway is involved in the differenti-
ation of mESCs.

PI3K-Akt pathway

Upon the activation by LIF, PI3K is acti-
vated via Jaks, then it activates the downstream
Akt and mTOR pathways."” LY294002, a
potent PI3K inhibitor, made mESCs less prolif-
erative with prolonged Gl-phase of the cell
cycle.’! mTOR (mammalian target of rapamy-
cin)-null mESCs also show defects in

proliferation and a similar result was obtained
from chemical inhibition of mTOR with rapa-
mycin.52 Genetic ablation of Eras, a small
GTPase specifically expressed in mESCs, also
made mESCs less proliferative, with reduced
PI3K-activity without affecting pluripotency,
which was rescued by the overexpression of
constitutively-active form of p110c, a catalytic
subunit of PI3K.>? These data indicated that
PI3K-Akt pathway contributes to the prolifera-
tion of mESCs. Isoforms of PI3K have distinct
roles on the self-renewal of mESCs. Class-IA
PI3Ks consist of a 110-kDa catalytic subunit
and a regulatory subunit, and there are 3 iso-
forms with different 110-kDa catalytic subu-
nits. Among them, inhibition of p110c«-activity
reduces proliferation without affecting pluripo-
tency, whereas inhibition of pl1108 reduces
Nanog expression and leads to differentiation,
suggesting their differential roles.*®

Pten (phosphatase and tensin homolog)
antagonizes the PI3K-activity."’ Pten-null
mESCs have high proliferation-rates accompa-
nied by high G1/S-phase transition and low
p27kipl expression,54 consistent with the loss-
of-function of PI3K described above that
resulted in less proliferation.’'™* Expression of
constitutively active form of Akt, one of down-
stream effectors of PI3K, cancels the require-
ment of LIF for the self-renewal of mESCs in
FCS/LIF-culture.”® These data suggest that
PI3K-Akt signaling pathways are involved in
both proliferation and the maintenance of pluri-
potency in mESCs downstream of LIF.

Integration of LIF-signal into the
transcription factor network system

Downstream of the intracellular signal trans-
duction, transcription factor networks are
formed. It was shown that 3 pathways under
the LIF-signal integrate into the pluripotency-
associated transcription factor network that
forms a robust parallel pathway.>’

Jak-Stat3 pathway

Stat3 is a pivotal molecule for the integration
of the LIF-signal into the pluripotency-
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associated transcription factor network, in
which Stat3 itself works as a transcription fac-
tor after translocating into the nuclei.?*>¢-8
However, among the genes whose expressions
rapidly response to LIF, only a subset is
directly regulated by Stat3. For example, both
Kif4 and Tbx3, whose transgenic expressions
support self-renewal of mESCs in FCS-culture
without LIF,*” are induced rapidly upon the
stimulation by LIF.>’”%° However the analy-
ses using pathway-specific inhibitors revealed
that KIf4 is a direct target of Stat3>’° while
Thx3 is regulated by the PI3K-Akt path-
way.’”®! Several reports identified multiple
transcription factors regulated by Stat3: such
as  Zfp57.°%  NrObl/Dax1®® Gbx2** and
Tfep211.°°%° Among them, Gbx2 and Tfcp2ll
are interesting because the transgenic expres-
sions of Gbx2 or Tfcp2ll support LIF-indepen-
dent self-renewal in FCS-culture,’*®*% in a
similar manner as shown by the exogenous
expressions of KIf4 or Thx3.>" Further compre-
hensive analysis of Stat3-dependent transcrip-
tion revealed 58 direct target genes including
several transcription factors other than the ones
mentioned above: such as Junb, KIf5, Fos, SpJ,
Myc and Sall4.>® Among them, the transgenic
expressions of KIf5 and Myc support LIF-inde-
pendent self-renewal in FCS-culture.®®®” These
data indicate that multiple transcription factors
that function for the self-renewal of mESCs are
regulated by Stat3.

Stat3 cooperates with epigenetic regulators.
Brgl (also know as Smarca4) is a component
of the ES-specific ATP-dependent chromatin-
remodelling complex (esBAF), which estab-
lishes chromatin accessibility at Stat3-target
sites across the genome. On the other hand,
artificial activation of Stat3 partially rescued
the defect of the self-renewability in Brg/-null
mESCs, elucidating their mutual functional
1ink.®®%° Interestingly, genome-wide chroma-
tin-immunoprecipitation-sequencing (ChIP-
seq) revealed that Stat3 co-occupies a huge
number of target sites with Brgl1, which include
the sites at Oct3/4, Sox2 and Nanog loci, sug-
gesting a global transcriptional regulation by
Stat3.°® These transcription factors may not
solely be targeted by Stat3.*”-> It is shown that
in addition to Stat3, other transcription factors

regulate these genes cooperatively.’’ Taken
together, distinct responsiveness to Stat3 might
reflect quantitative (rather than qualitative) dif-
ferences in their dependency on Stat3.>”
Interestingly, Jaks are implicated in epige-
netic modifications apart from Stat3. In 2009,
Dawson et al’® reported that Jak2 is localized in
the nuclei of hematopietic cells and directly
phosphorylates the Tyr41 residue of histone H3
(H3Y41) and prevents the recruitment of the
heterochromatin protein 1o (HP1). The release
from HPl« results in de-repression of the genes
which are otherwise suppressed by heterochro-
matin-formation. When a constitutively-active
form of Jak2 (V617F) was expressed in mESCs,
they showed self-renewal without any growth
factors in serum-free N2B27 medium, indepen-
dent of Stat3 and PI3K-Akt pathways, with
increased levels of H3Y41-phosphorylation and
decreased HPla-recruitment to the chromatin.”’
Nanog is activated by epigenetic modification of
the promoter, which might occur via the Jak2-
mediated HPlo-release mentioned above, as
suggested by its requirement for the factor-inde-
pendency downstream of constitutively active
Jak2-V617F.”!  Jak2-mediated HPlo-release
that supports self-renewal might work in parallel
with the canonical Jak-Stat3 pathway in physio-
logical context but is not sufficient to compen-
sate the loss of Stat3, since Stat3-null mESCs
cannot be established in FCS/LIF-culture.

MAPK pathway

MAPK pathway, with its negative impact on
self-renewal as mentioned earlier, could be a
negative regulator of the pluripotency-associated
transcription factor network. Overexpression of
either Nanog or Tfcp2l1 that cancels the require-
ment of MEKi in serum-free culture supports
this idea.®%> Expression of Nanog is repressed
by a tyrosine phosphatase-inhibitor and is
restored by MEKi, suggesting the negative tran-
scriptional regulation of Nanog by the MAPK
pathway.”” In addition, while Nanog protein
expression is heterogeneous in mESCs in FCS/
LIF-culture, Nanog is up-regulated with
decreased heterogeneity in Erk2-null mESCs.”
Also it was recently reported that Nanog is
directly phosphorylated and destabilized by
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Erk1.”*”> These data suggested that Nanog could
be a functional target that is upregulated by one
of the components of the 2i-culture, MEKi.
However, since Nanog-null mESCs can be
maintained in 2i-culture,’® it seems not to be a
sole target of MAPK-inhibition. Tbx3 should
also be a possible target that is negatively regu-
lated by the MAPK pathway, because its het-
erogeneous expression becomes homogeneous
in FCS/LIF-culture by the addition of MEKi,”
and also because it is up-regulated and
expressed homogeneously in  Erk2-null
mESCs.” KIf2 could also be a target that is
negatively regulated by the MAPK pathway.
KIf2 protein is destabilized by direct phosphor-
ylation by Erk2.”” While KIf2-null mESCs can-
not self-renew in 2i-culture, over-expression of
KIf2 allows it.>* Moreover, the overexpression
of KIf2 cancels the requirement of MEKi in 2i-
culture,’® which means as long as KIf2 is
stablely expressed against the distabilization by
Erk2, inhibition of the MAPK-pathway is no
longer required for the maintenance of pluripo-
tency in mESCs. Taken together, MAPK path-
way exhibits negative impacts on the self-
renewal of mESCs through inhibition of the
transcription factor network at both transcrip-
tion- and protein stability/localization-levels.

PI3K-Akt pathway

Pharmacological inhibition of PI3K results
in the loss of self-renewability with repression
of Nanog, which is rescued by transgenic
expression of Nanog, suggesting the role of
Nanog under PI3K.”® Global gene expression
profiling identified genes repressed after the
inhibition of PI3K, which include Nanog,
Esrrb, Thx3 and Tcll.®' These transcription
factors are known as the downstream targets of
LIF-signal and they might have higher depen-
dency on PI3K-Akt pathway although they
may also have parallel regulations by the other
2 pathways.

Zscan4c, a member of the zinc finger and
SCAN domain containing 4, is also identified as
a putative PI3K target.®' In vivo, Zscan4 and its
related genes are expressed specifically at the 2-
cell stage in mouse embryos, while in vitro they
are expressed in a minor population (~5%) of

mESCs.” Interestingly, its function is essential
for continuous self-renewal of mESCs and its
knock-down causes crisis of mESCs after
1 month of continuous culture due to genomic
instability.®® Zscan4c interacts with the machin-
ery that mediates homologous recombination
and facilitates telomere elongation independent
of canonical telomerase activity.*® NrOb1/Dax]1
is a negative regulator of Zscan4c, and NrObl-
null mESCs show increased population of
Zscan4c-positive cells accompanied by higher
incidence of cell death, suggesting the impor-
tance of the repression of Zscan4c for proper
self-renewal in mESCs.®' Since NrOb1 is a tar-
get of Stat3,%® Zscan4c is regulated by multiple
pathways under the LIF-signal.

Interaction of LIF-signal with other
signals

LIF-signal shows multiple interactions with
other signals. This is partly because the intra-
cellular signaling pathways downstream of LIF
are not exclusively regulated by LIF but shared
by others. Due to these interactions, LIF and
other signals show synergistic effects.

Whnt signal

2i-culture supports robust self-renewal of
mESCs. One of the components of 2i, the
MEKi PD0325901, suppresses the differentia-
tion of mESCs but does not support prolifera-
tion.">? The other component, Gsk3-inhibitor
(Gsk3i) CHIR99021, restores the proliferation
of mESCs in the presence of MEKi. Gsk3, at
the downstream of canonical Wnt-signal, desta-
bilizes B-catenin. Activated Wnt-signal sup-
presses the Gsk3-activity, which prevents the
destabilization of S-catenin. Thus GSK3i
mimics the activation of Wnt, which stabilizes
B-catenin. Indeed, 2i-culture does not support
the self-renewal of B-catenin-null mESCs,®?
and ectopic expression of S-catenin recapitu-
lates the effect of Gsk3i on the self-renewal of
mESCs in 2i-culture.**® These lines of evi-
dence further suggest Gsk3i functions via stabi-
lization of B-catenin downstream of canonical
Whnt-signal.
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The role of Wnt-signal on the self-renewal of
mESCs was first suggested by the analysis
using the Gsk3i BIO. In this experiment, BIO
was able to replace the requirement of LIF in
FCS/LIF-culture.®” However, it might be an
artifact due to the broad spectrum of this inhibi-
tor on many kinases. Either the addition of
recombinant Wnt3a or artificial activation of
B-catenin could not replace the requirement of
LIF in FCS/LIF-culture although they had syn-
ergistic effect with a sub-threshold level of
LIF.®® CHIR99021 is highly specific to Gsk3
and it alone is not sufficient to support the self-
renewal of mESCs in serum-free culture.'
Moreover, the addition of BIO in FCS culture
causes moderate activation of Stat3,%® suggest-
ing that Wnt-signal alone is not sufficient to
support self-renewal of mESCs.

How does Wnt-signal show synergistic
effects with LIF-signal to support the self-
renewal of mESCs? Inhibition of the Gsk3-
activity stabilizes f-catenin. One of the func-
tions of B-catenin is to translocate into the
nuclei and repress the Tcf3 repressor.® ! As a
consequence of Gsk3-inhibition, the repressive
function of the Tcf3 repressor becomes abro-
gated, and the downstream target genes of
Tcf3, including Nanog, Tfcp2ll, Esrrb, KIf2
and NrOb1,’® becomes active. Overexpression
of Tcf3 causes the differentiation of mESCs,92
whereas Tcf3-null mESCs stably self-renew
with increased expressions of pluripotency-
associated genes.” Invention of the 2i-culture
tells us that mESCs are able to self-renew by
simply blocking 2 pathways with MAPKi and
Gsk3i. Why Gsk3i that up-regulates Tcf3-tar-
geted genes has such an impact? Gain- and
loss-of-function studies showed that among the
target genes of Tcf3, Esrrb is necessary and
sufficient to mediate the effects of Gsk3i: i.e.
with attenuated expression of Esrrb, the
response to Gsk3i was eliminated, and by trans-
genic expression of Esrrb, the requirement of
GSK3i was canceled in 2i-culture.”® Esrrb is
also a target gene of the LIF-signal. It could be
speculated that Esrrb, at the crossroad of LIF-
and Wnt-signals, might mediate the synergistic
action of the 2 pathways.

Gsk3 also destabilizes c-myc at
downstream of LIF in mESCs.®’

the
Gsk3

phosphorylates c-myc at the threonine 58 resi-
due, leading to its rapid degradation. Expres-
sion of phosphorylation-resistant form of c-
myc (T58A) replaces the requirement of LIF
in FCS/LIF-culture. Although it is still unclear
how Gsk3 is regulated by the LIF-signal, there
is one suggestive report showing that pro-
longed inhibition of PI3K results in reduced
phosphorylation of B-catenin.”*

Fgf signal

It is known that mESCs secrete fibroblast
growth factor 4 (Fgf4) that promotes differenti-
ation.”® Downstream of the Fgf-signal, MAPK
pathway is the major pathway. Although to a
lesser extent than the Fgf-signal, LIF-signal
also activates the MAPK pathway. This was
shown by Fgf4-null mESCs”: stimulation by
LIF increased Erk1/2 phosphorylation however
in a lower magnitude compared to wild-type
mESCs. In serum-free culture, addition of Fgf-
inhibitor enhances the effect of MEKi but can-
not replace it, which again suggests the exis-
tence of multiple inputs into the MAPK
pathway.'> Fgf signal may also contribute to
the activation of PI3K-Akt pathway’ but
whether that is the case in mESCs is unclear.

BMP signal

Bone morphogenetic protein (BMP) is impli-
cated in the self-renewal of mESCs in concert
with LIF in serum-free culture.*®* Canonical
BMP signal is mediated by Smadl/5/8 with
Smad4 and induces the expression of /d (inhibi-
tor of differentiation) gene.”®®” Overexpression
of Id replaces the function of BMP but not LIF,
which suggests LIF- and BMP-signals have, at
least partially, different target genes.*® The
identification of Dusp9 explains how BMP sup-
ports the self-renewal of mESCs.”® Dusp9 is
one of the target genes downstream of BMP-
signal, and encodes the Erk-specific dual-
specificity phosphatase that dephosphorylates
Erk1/2 and represses the Erkl/2-activity.
BMP4 up-regulates Dusp9 via canonical Smad
pathway, resulting in the repression of Erk-
activity. Thus as well as MEKi together with
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LIF,%® BMP together with LIF also supports the
self-renewal of mESCs in serum-free culture.*’

An alternative pathway that mediates the
synergy of BMP-signal with LIF-signal was
reported. In non-canonical BMP-signaling
pathway, BMP suppresses Erk1/2 and p38
MAPK pathways simultaneously,”® which
could confer its synergistic action with LIF.
Alk3 encodes a component of BMP receptor
and Alk3-null mESCs were unable to be estab-
lished from A/k3-null blastocysts in FCS/LIF-
culture but the inhibition of p38 MAPK by a
specific inhibitor enabled it.”” This suggests a
negative role of the p38MAPK-pathway that
destabilize the self-renewability of mESCs as
well as the canonical MAPK pathway, which
are both suppressed downstream of BMP.

E-cadherin

The characteristic compact colonies of
mESCs are formed by homophilic adhesion of
E-cadherin at the cell surface. Genetic ablation
of E-cadherin in mESCs converts them to an epi-
blast stem cell (EpiSC)-like state, suggesting the
requirement of E-cadherin to support naive
pluripotent state (see below).'**~'°? E-cadherin-
coated culture surface instead of gelatin reduces
the required dose of LIF to support self-
renewal.'®>'%* Interestingly, E-cadherin is
shown to interact directly with Lifr and Gp130
at the cell membrane of mESCs, and its over-
expression reduces the requirement of LIF for
self-renewal, which led to the speculation that E-
cadherin might enhance LIF-signaling by stabi-
lizing the receptor complex at the membrane.'®
It is also possible that E-cadherin-mediated sig-
nal may affect the intra-cellular LIF-signaling
pathway, or it may interfere with the Wnt-signal
by competing for S-catenin, although the exis-
tence of such indirect interactions between E-
cadherin and LIF-signal is still unknown.

Roles of the LIF-signaling
in development

Since mESCs are derived from the ICM of
the blastocyst-stage embryos, the requirement
of LIF in mESCs could reflect the character of

the pluripotent stem cells in vivo. Recent com-
prehensive transcriptome analysis revealed that
mESCs show closest similarity to epiblast cells
in the late blastocyst-stage embryos at E4.5.'%°
LIF-signal components Lif, Lifr and Gp130 are
not transcribed at detectable level in 1- or 2-cell
stage embryos but become detectable in the
blastocysts.'”” In the blastocysts, LIF-compo-
nents show complementary expression patterns:
Lifr and Gpl130 in the ICM, and Lif in the tro-
phectoderm, suggesting the function of LIF as a
paracrine factor to support pluripotency of the
ICM cells.'”” However, Lif, Lifr and GpI30-null
embryos are apparently normal at least until the
mid-gestation stage,'®''? suggesting that LIF-
signal is not exclusively necessary for the main-
tenance of pluripotent cells in normal develop-
ment. Alternatively, it is possible that there may
be compensatory effects by other related cyto-
kines such as OSM, CT-1 and CNTF.

This discrepancy between embryos and
mESCs was first explained in a particular con-
text. It is known that embryonic diapause occurs
when implantation is perturbed in mice, and
blastocysts become dormant in the uteri. In
these dormant blastocysts, the condition of plu-
ripotent stem cells are sustained, as shown by
the ability to undergo normal development
when their implantation is allowed and also by
the establishment of mESCs from them.'
When Gpl130-null blastocysts were kept in dia-
pause, they survived but were unable to resume
development due to increased number of apo-
ptotic cells, suggesting the role of LIF-signal to
sustain the pluripotent cell-population during
diapause. Embryonic diapause is observed in
almost 100 mammals in 7 different mammalian
orders and might have been evolved indepen-
dently in many occasions,''! so the function of
LIF-signal in embryonic diapause might be a
unique system evolutionally acquired in rodents.

The puzzle was solved by the recent revisit
to Stat3-null embryos. Pioneer study showed
that Star3-null embryos develop to the egg-
cylinder stage (E6.0) then undergo a rapid
degeneration,'' indicating that the function of
Stat3 is unnecessary to maintain the pluripotent
cell-population during pre-implantation devel-
opment. However, it did not rule out the
possibility that the maternally expressed Stat3
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compensates the loss of zygotic Stat3. Do
et al''® addressed this point and found that
maternally expressed Stat3 protein was pre-
sented in the oocytes, and ablation of both
maternal and zygotic Stat3 resulted in the loss
of epiblasts and primitive endodermal cells in
the late blastocysts. This result clearly indicates
that Srar3 is essential to maintain the pluripo-
tent cell-population during pre-implantation
development, and maternal Staz3 is sufficient to
support it.''* They also revealed that in Lif-null
blastocysts, active form of Stat3 with phosphor-
ylation at the Y705 residue was decreased,
although not completely eliminated, suggesting
the involvement of LIF-signal in activating
Stat3.''? These data clarified that LIF-signal is
implicated in the maintenance of the pluripo-
tent cell-population in mouse pre-implantation
embryos in physiological context.

Impact of the genetic background

The mESCs so far we described are derived
from the /29 mouse strain. This particular
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inbred strain is preferred because the derivative
mESCs can stably be cultured in conventional
FCS/LIF-culture. The efforts to establish
mESCs from other genetic backgrounds
resulted in 2 categories: permissive strains that
allow the establishment of mESCs in conven-
tional FCS/LIF-culture, and non-permissive
strains that do not allow it. /29 is an excep-
tional strain that delivers mESCs with robust
self-renewability, full pluripotency, the capa-
bility of giving rise to germ-line chimeras, and
the endurance for long-term culture as well as
gene manipulation. In contrast, non-obese dia-
betic (NOD) mouse strain, a model of type-I
diabetes, did not allow the establishment of
mESCs in conventional FCS/LIF-culture. Since
the addition of a huge amount of recombinant
LIF could not solve this problem, it seemed
like either the receptor or the downstream path-
way had differences, but still why the respon-
siveness to LIF-signal differed among the
genetic backgrounds was unknown.

Serum-free 2i-culture changed the paradigm.
This culture allows the establishment of

FIGURE 2. Comparison of LIF intra-cellular signaling activity in mESCs derived from permissive
and non-permissive genetic backgrounds. Permissiveness for derivation and maintenance of
mESCs is determined by the balance between Stat3 and MAPK pathways downstream of LIF
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mESCs from any genetic backgrounds.''*'"” It

even allowed the establishment of ESCs from
rats,''®"'7 which was impossible in conven-
tional FCS/LIF-culture.''® Establishment of
mESCs from both permissive and non-permis-
sive strains using 2i-culture made it possible to
compare their LIF-responsiveness. mESCs
established in 2i-culture showed distinct char-
acters depending on their genetic backgrounds
when transferred into FCS/LIF-culture: only
mESCs with permissive genetic backgrounds
continued self-renewal, indicating the inherited
capability of maintenaning pluripotency in
FCS/LIF-culture. When the mode of LIF-signal
integration was assessed, there were quantita-
tive differences in the activation of the intracel-
lular signal pathways downstream of
LIF'"°(Fig. 2). In permissive strains such as
129, Jak-Stat3 pathway was strongly activated
and the activation of MAPK pathway was mod-
erate. In contrast, in non-permissive strains
such as NOD, MAPK pathway was highly acti-
vated whereas the activation of Jak-Stat3 path-
way was weaker than that in permissive strains.
As mentioned earlier, Jak-Stat3 pathway is
obligatory to maintain pluripotency whereas
MAPK pathway counteracts it, and the differ-
ential balances of the quantitative activation of
these pathways fit to the genetic background-
dependent permissiveness. Artificial activation
of Stat3 partially restored the self-renewability
in mESCs derived from non-permissive strains
in FCS/LIF-culture, suggesting that the weak-
ness in the activation of obligatory Jak-Stat3
pathway partly confers the non-permissiveness.

In FCS/LIF-culture, it is unable to establish
ESCs from any mammals except for mouse.
Human ESCs are established and maintained
in a different culture condition without LIF
(see below). Even by the application of 2i-
culture, the problem has not been solved
except in the case of rat. Interestingly, the
quantitative balance of Jak-Stat3 and MAPK
pathways in rat ESCs was similar to that in
non-permissive mESCs,'"> suggesting that the
genetic regulation of the components down-
stream of LIF might be involved in the differ-
ent responsiveness to LIF-signal in different
mammalian species.

The function of LIF in distinct pluripotent
state

Human ESCs were established in the culture
containing Activin A and Fgf2 with MEF-
feeder cells without LIF.'" The difference in
the factor requirements between human and
mouse ESCs might reflect the different mecha-
nisms to maintain pluripotency among species.
However, establishment of mouse EpiSCs gave
different interpretation. Mouse EpiSCs were
established from post-implantation embryos
around E6.0 and were maintained in the culture
containing Activin A and Fgf2 with MEF-
feeder cells without LIF as human ESCs,!?%!?!
suggesting that the different factor require-
ments of human and mouse ESCs may be due
to the difference in the developmental stages
rather than the difference in the species. Indeed,
in addition to the factor requirement, there are
several similarities between human ESCs and
mouse EpiSCs, which are distinct from
mESCs.'?%!2! Baged on these observations, it
was proposed that there are 2 types of pluripo-
tent stem cells, designated as naive and primed
states, which resembles the characteristics of
pluripotent stem cells at early and late develop-
mental stages, respectively.'?*'%* The compari-
son between these pluripotent stem cells
identified several genes specifically expressed
in mESCs at naive state but not at primed state.
These naive state-specific genes include KIf2,
Kif4, KIf5, Tbx3, Esrrb and NrObl that are
known as transcription factors regulated down-
stream of LIF. These findings suggest that LIF-
signal may function particularly to maintain the
naive state of pluripotency.

Mouse EpiSCs are gradually reprogrammed
into naive state when they are maintained in
FSC/LIF-culture.'* When they are transferred
into 2i-culture, they cannot proliferate. However
transgenic expressions of Nanog, Klif2, Kif4,
Tbx3 or Esrrb allow their propagation in 2i-cul-
ture.'*~'?" Artificial activation of LIF-signal
with the chimeric receptor or Stat3ER is also
sufficient to reprogram EpiSCs into the naive
state, indicating that LIF-signal is instructive to
establish and maintain naive pluripotency.
Recently, establishment of naive human
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pluripotent stem cells were reported from sev-
eral groups.'?®'** Interestingly, most of them
(5 out of 6, except for Ware et al® 1) used the
combination of MEKi and human-LIF. Chen
et al'** recently reported that reinforcement of
Stat3 in human ESCs that are naturally at
primed state, promoted their reprogramming
into naive-like state. These findings suggested
that the function of LIF-signal to maintain naive
pluripotency might be conserved across mam-
mals but just the balance between Stat3 versus
MAPK pathways downstream of LIF is not
ideal in the species except for permissive mouse
strains. As in the case of non-permissive mouse
strains, most of the mammalian species (except
for permissive mouse strains) may have domi-
nant MAPK pathway downstream of LIF. And
thus supplementation of MEKi'#~'?7-12%:130 ¢
forced activation of Stat3'*' may have enabled
naive pluripotency in human ESCs.

CLOSING REMARKS

Here we described the molecular mechanisms
how LIF-signal functions to maintain pluripo-
tency. Since most of the findings were obtained
using mESCs derived from /29, the most domi-
nant strain for LIF-responsiveness, the interpre-
tation for now may not be generally applicable.
However, recent results suggested that the func-
tion of LIF-signal for the maintenance of naive
pluripotent stem cells is shared among the spe-
cies, at least to some degree. Further analysis on
the mechanisms of genetic differences down-
stream of LIF should open the door for ubiqui-
tous establishment of naive pluripotency.
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