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Abstract

LIF (leukaemia inhibitory factor) is a key cytokine for maintaining self-renewal and pluripotency

of mESCs (mouse embryonic stem cells). Upon binding to the LIF receptor, LIF activates three

major intracellular signalling pathways: the JAK (Janus kinase)/STAT3 (signal transducer and

activator of transcription 3), PI3K (phosphoinositide 3-kinase)/AKT and SHP2 [SH2 (Src

homology 2) domain-containing tyrosine phosphatase 2]/MAPK (mitogen-activated protein

kinase) pathways. These pathways converge to orchestrate the gene expression pattern specific to

mESCs. Among the many signalling events downstream of the LIF receptor, activation and DNA

binding of the transcription factor STAT3 plays a central role in transducing LIF’s functions. The

fundamental role of LIF for pluripotency was highlighted further by the discovery that LIF

accelerates the conversion of epiblast-derived stem cells into a more fully pluripotent state. In the

present review, we provide an overview of the three major LIF signalling pathways, the molecules

that interact with STAT3 and the current interpretations of the roles of LIF in pluripotency.

Keywords

cell differentiation; embryonic stem cell (ESC); kinase inhibitor; leukaemia inhibitory factor

(LIF); protein phosphorylation; signal transducer and activator of transcription 3 (STAT3)

INTRODUCTION

ESCs (embryonic stem cells) are characterized by three distinguishing features: pluripotency

(the capability of differentiating into tissues derived from all three germ layers), self-renewal

(maintenance of an undifferentiated state) and limitless proliferation (see [1-5] for reviews).

All three of these features are maintained in part in mESCs (mouse ESCs) by the cytokine

LIF (leukaemia inhibitory factor). LIF is routinely added to the culture medium of mESCs

and the removal of LIF results in a rapid differentiation of mESCs. Because of this critical

requirement, the intracellular signalling of LIF has been a main focus of investigators

studying the regulatory mechanisms of self-renewal and pluripotency in mESCs. In contrast

with mESCs, FGF (fibroblast growth factor) 2, also called basic FGF, and activin A or its

related cytokines are used to maintain self-renewal in hESCs (human ESCs) [4,6]. Recent

studies have suggested that hESCs exist in a slightly differentiated ‘primed state’ of

pluripotency rather than the ‘näive state’ characteristic of mESCs and that LIF facilitates the

acquisition of the näive state of pluripotency [7-9]. These findings reinforce the notion that

LIF is critical to the regulation of self-renewal and pluripotency in ESCs and that defining

its role in ESC biology is important for a full understanding of the ‘stemness’ of ESCs. In
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the present review, we will discuss the biochemistry of LIF signalling pathways and their

roles in maintenance and acquisition of pluripotency.

HISTORICAL BACKGROUND

As several independent lines of research converged, it became clear that LIF was an

essential cytokine for self-renewal and pluripotency of mESCs [10]. ESCs are derived from

blastocysts cultured on top of feeder cells commonly prepared from mouse embryonic

fibroblasts [11,12]. It was later discovered that mESCs retained self-renewal and

pluripotency in the absence of feeder cells when conditioned medium prepared from BRL

(Buffalo rat liver) cells was added to the culture dish [13]. The essential component of the

conditioned medium was biochemically purified and named DIA (differentiation inhibiting

activity) [14]. Bacterially expressed recombinant DIA could also be used in lieu of feeder

cells to maintain mESCs. Around the same time a novel cytokine that inhibited proliferation

and induced differentiation of mouse myeloid leukaemia cells was purified from the

conditioned medium of Krebs II ascites cells and was named LIF [15-17]. Another research

group isolated a cDNA clone encoding a novel human cytokine that promoted proliferation

of the mouse leukaemia cell line DA-1a and termed it HILDA (human interleukin for DA

cells) [18,19]. Eventually, investigators realized that all three proteins DIA, LIF and HILDA

were identical [14,20,21]. LIF turned out to be a member of the well-characterized IL

(interleukin)-6 cytokine family, and knowledge of IL-6 signalling pathways greatly

facilitated investigations into the intracellular signalling pathways of LIF.

BIOCHEMISTRY OF LIF SIGNALLING PATHWAYS

The IL-6 cytokine family comprises eight cytokines: IL-6, IL-11, IL-27, oncostatin M, LIF,

ciliary neurotrophic factor, cardiotrophin-1 and NNT/BSF-3/CLC (neurotrophin-1/B-cell-

stimulating factor-3/cardiotrophin-like cytokine), all of which use gp130 (glycoprotein 130)

as a signal transducing protein (see [22-30] for reviews of the IL-6 family; [25,26]

thoroughly cover the signalling pathways of the IL-6 family, and [30] provides a detailed

discussion of the ESC-specific roles of LIF). When LIF binds to the LIF receptor, it triggers

three signalling pathways: (i) the JAK (Janus kinase)/STAT3 (signal transducer and

activator of transcription 3) pathway; (ii) the PI3K (phosphoinositide 3-kinase)/AKT

pathway; and (iii) the SHP2 [SH2 (Src homology 2) domain-containing tyrosine

phosphatase 2]/MAPK (mitogen-activated protein kinase) pathway. Analyses of these

signalling pathways have greatly benefited from the use of chemical inhibitors specific to

different kinases involved in them. Commonly used inhibitors in the study of LIF are listed

in Table 1.

LIF/JAK/STAT3 signalling pathway

The LIF/JAK/STAT3 pathway has been extensively studied [22,24-26,28,29,31], and its

central role in self-renewal has been well established by the fact that activation of STAT3 is

sufficient to maintain mESC self-renewal [22,24-26,28,29,31]. STAT3 is a ubiquitously

expressed protein containing six domains: a dimerization domain, a coiled-coil domain, a

DNA-binding domain, a linker domain, an SH2 domain and a transactivation domain

(Figure 1) [24,28,29]. It is activated by JAKs. JAKs contain seven domains called JH (JAK

homology) domains 1–7, which are conserved among family members (Figure 1) [24,28,29].

JH1, located at the C-terminus, is the catalytic domain for tyrosine kinase activity. JH2 is a

kinase-like (pseudokinase) domain without enzymatic activity, but appears to be required for

the kinase activity of JH1 [29]. These two adjacent domains were thought to resemble the

image of Janus, the Roman god with two heads, hence the name Janus kinases. JH4–JH7 are

collectively called the FERM (band 4.1, ezrin, radixin and moesin) domain, which is

involved in binding to gp130.
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When LIF binds to the LIF receptor, the receptor recruits the membrane protein gp130 to

form a heterodimer (Figure 2). This heterodimer then activates the gp130-bound JAK

through transphosphorylation within a single JAK or between two JAKs [32].

Phosphorylation of the tyrosine at position 1022 is critical for activation of JAK1. Among

the four JAKs, JAK1 and JAK2 are the ones primarily involved in the LIF signalling

pathway [29]. In particular, JAK1 is important for the self-renewal of mESCs as shown by

the higher concentration of LIF required in culture medium to maintain Jak1−/− mESCs in

comparison with its wild-type counterpart [33]. Activated JAKs then phosphorylate four

tyrosine residues on gp130, creating a docking site for the SH2 domain of STAT3 [34-36].

JAKs also phosphorylate the recruited STAT3 on Tyr705, resulting in the homodimerization

of STAT3. This homodimerization is mediated by two identical interactions between

phosphorylated Tyr705 of one STAT3 and the SH2 domain of the other. The N-terminus

dimerization domain is also important for the interaction between two STAT3s, although the

details of this interaction need to be investigated. Bromberg et al. [37] replaced both the

alanine residue at position 661 and the asparagine at position 663 with cysteine residues to

induce STAT3 dimerization independent of Tyr705. This mutant STAT3 called STAT3C

spontaneously dimerizes, binds to DNA and activates its target genes, thus demonstrating

that spontaneous dimerization can create a constitutively active STAT3. Dimerized STAT3

is then imported into the nucleus via the binding of nuclear import proteins, importin-α3 and

importin-α6, to the coiled-coil domain of STAT3 [38,39]. STAT3 is constantly shuttled

between the cytoplasm and nucleus independently of Tyr705 phosphorylation. Dimerized

STAT3 finally binds to the consensus sequence TTCCSGGAA (S C or G) at the enhancer of

its target genes to regulate their expression = [40,41]. LIF also induces phosphorylation of

Ser727 on STAT3, but its significance for self-renewal is unknown [42]. Ser727 is

phosphorylated by several kinases including p38, ERK (extracellular-signal-regulated

kinase) and JNK (c-Jun N-terminal kinase) [27,43] in other settings, and this

phosphorylation is important for the transactivation potency of STAT3, although the details

of this mechanism remain to be studied [44,45].

Although LIF is the only member of the IL-6 family routinely used to culture mESCs, other

family members such as oncostatin M, ciliary neurotrophic factor and cardiotrophin 1 can

also maintain self-renewal of mESCs because of their shared signalling mechanisms that

converge on STAT3 [46-48]. STAT3 activation is necessary and sufficient for self-renewal

and pluripotency of mESCs cultured in the presence of FBS (fetal bovine serum) without

feeder cells. Niwa et al. [49] showed the essential requirement of STAT3 using a dominant-

negative mutant of STAT3 in which Tyr705 was replaced with a phenylalanine residue.

Sufficiency was proven by introducing a chimaeric protein called STAT3ER between full-

length STAT3 and the ligand-binding domain of the oestrogen receptor [31]. Addition of the

synthetic ligand 4-hydroxytamoxifen to mESC culture induces phosphorylation of Tyr705 in

STAT3ER, leading to self-renewal of mESCs in the presence of FBS without either LIF or

feeder cells. Although mESCs secrete LIF in an autocrine manner at a low level [50], this

was insufficient for self-renewal of mESCs in the study reported by Matsuda et al. [31]

because mESCs without STAT3ER differentiated in the absence of exogenous LIF.

The JAK/STAT pathway is subject to negative regulation by at least three protein families

[25,32]. First, several phosphatases dephosphorylate tyrosine residues in JAKs and STAT3

(Figure 3a). The phosphatases include SHPs, PTP1B (protein tyrosine phosphatase 1b) and

PTP-BL (protein tyrosine phosphatase basophil-like). Secondly, a group of proteins called

PIAS (protein inhibitor of activated STAT) directly binds to STAT and inhibits its activity

through several mechanisms, including SUMOylation and inhibition of DNA binding [51]

(Figure 3b). It is not known whether these phosphatases and PIAS are involved in the LIF/

STAT3 pathway in mESCs. A third inhibitory protein family is SOCS (suppressors of

cytokine signalling), which are up-regulated upon cytokine stimulation unlike the two other
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inhibitors of the JAK/STAT pathway [52-54] (Figure 3c). Among the eight members of this

family, SOCS1 and SOCS3 inhibit JAKs by inserting their kinase inhibitory region into the

activation domain of JAKs [32,55]. Loss of SOCS1 or SOCS3 does not affect the

development of blastocysts from which mESCs are derived, but is lethal in later stages of

development. ESCs established from Socs3−/− mice display prolonged retention of

phosphorylated STAT3 upon re-addition of LIF after its temporary depletion [56], which is

consistent with the role of SOCS3 as an inhibitor of JAK activity. Phenotypically, Socs3−/−

ESCs retain pluripotency as shown by teratoma (benign tumour containing tissues derived

from all three germ layers) formation upon injection into immunocompromized mice, but

some cells tend to spontaneously differentiate into endodermal cells even in the presence of

LIF in culture. This paradoxical result, differentiation via loss of a JAK inhibitor, is

explained by the concomitant activation of the SHP2/MAPK pathway, which facilitates

mESC differentiation, as described below, by the loss of SOCS3 [56]. Thus depletion of

SOCS3 disrupts the balance between the two opposing signalling pathways (self-renewal by

JAK/STAT3 and differentiation by SHP2/MAPK), resulting in differentiation of mESCs.

Overexpressed SOCS3 promotes the differentiation of mESCs as expected, in particular to

haematopoietic lineages, potentially through the inhibition of the LIF/STAT3 pathway [57].

LIF/PI3K/AKT signalling pathway

In a second LIF signalling pathway, JAKs activate PI3Ks, potentially through

phosphorylation of the regulatory subunit p85 [58], which then activates the AKT serine/

threonine kinases [59] (Figure 4). AKTs inhibit their major target protein GSK3β (glycogen

synthase kinases 3β) by two independent mechanisms, resulting in an increase of the levels

of Nanog and c-Myc, both of which are important for self-renewal of mESCs [60]. First,

AKTs directly inactivate GSK3β by phosphorylation of Ser9 [61]. Secondly, AKTs facilitate

nuclear export of GSK3β independently of phosphorylation, preventing access to target

proteins in the nucleus, most prominently c-Myc [60]. GSK3β promotes ubiquitin-

dependent degradation of c-Myc by phosphorylation of Thr58 [60,62]. GSK3β also inhibits

Nanog expression, although the exact mechanism remains unknown [63]. Although GSK3α
and GSK3β are structurally and functionally distinct [61,64], they are functionally redundant

for self-renewal and differentiation of mESCs [65]. Therefore, although previous studies

have focused on GSK3β, GSK3α might function in a similar way in the LIF/PI3K/AKT

signalling pathway. The importance of GSK3α/β inhibition for self-renewal of mESCs is

most strongly demonstrated using a chemical inhibitor in the ‘2i’ protocol in the absence of

LIF (see below). Another pluripotency gene Tbx3 (T-box3) is also up-regulated by AKTs,

although the involvement of GSK3α/β remains unknown [66].

The LIF/PI3K/AKT pathway also induces acetylation of lysine residues on STAT3 as

demonstrated using the PI3K inhibitor LY294002 [67,68], although this has not been shown

in ESCs. One of these acetylations occurs on Lys685 and is mediated by the acetyltrasferase

p300/CBP [CREB (cAMP-response-element-binding protein)-binding protein]

independently of STAT3 phosphorylation [69]. Acetylated STAT3 forms more stable dimers

and more actively transcribes target genes without phosphorylation of Tyr705 [70]. Thus LIF

activates STAT3 through two mechanisms: phosphorylation of Tyr705 and acetylation of

Lys685. The lysine residues at positions 49 and 87 are also acetylated by p300/CBP upon

stimulation by IL-6 and oncostatin M [71], resulting in binding between the N-terminal

domain of STAT3 and the bromodomain of p300/CBP. Although this leads to increased

recruitment of p300/CBP to the enhancers of STAT3 target genes, the role of these two

acetylations in the LIF signalling system in ESCs remains unclear. Watanabe et al. [72] have

reported that AKT activation is sufficient for self-renewal of feeder-free mESCs in the

absence of LIF by transfecting a constitutively active form of the AKT gene. Given the fact

that STAT3 activation is essential for self-renewal [49], it is possible that STAT3
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acetylation induced by Akt is playing a key role in this case. Down-regulation of STAT3 by

siRNA (short interfering RNA) or shRNA (small-hairpin RNA) should be able to verify this

possibility.

In mESCs, the PI3K/AKT pathway can also be activated by FGF4 [73], insulin, IGF1

(insulin-like growth factor 1) [74,75], retinol [76] and the ESC-specific Ras-like protein

Eras [77,78], and inhibited by the tumour suppressor protein PTEN (phosphatase and tensin

homologue deleted on chromosome 10) [79]. FGF4 functions as an autocrine stimulator for

differentiation of mESCs by inducing several signalling pathways, including the PI3K/AKT

pathway. However, the primary pathway involved in differentiation seems to be the Ras/

MEK (MAPK/ERK kinase)/ERK pathway rather than the PI3K/AKT pathway because

inhibition of MEK plays a decisive role for the maintenance of self-renewal of mESCs as

shown in the 2i and 3i protocols discussed below [73,80]. The significance of the PI3K/AKT

pathway induced by FGF4 for the loss of self-renewal of mESCs has not been characterized.

Retinol-mediated PI3K signalling does not appear to be relevant to STAT3 phosphorylation

[76]. Beyond this observation, the relationship between LIF and other PI3K stimulations has

not been elucidated.

It should be noted that GSK3β is also involved in the self-renewal of mESCs as one of the

key components of the canonical Wnt pathway (see [81-83] for reviews). Several groups

have reported that activation of Wnt signalling pathways prevents differentiation and

maintains pluripotency of ESCs [84-89] and promotes acquisition of pluripotency by mouse

embryonic fibroblasts during iPSC (induced pluripotent stem cell) generation [90], although

controversy still exists in the interpretation of some of the results as discussed in detail in

[91]. In the absence of Wnt, β-catenin is phosphorylated by CKI (casein kinase I) and

GSK3β with the support of the scaffold proteins Axin and APC (adenomatous polyposis

coli) [81,92]. Phosphorylation of β-catenin triggers ubiquitination and subsequent

degradation of the protein by the proteosome. This mechanism keeps the cytoplasmic level

of β-catenin low in the absence of Wnt. When Wnt binds to the cell surface receptor

complex Frizzled/LRP (LDL-receptor-related protein), the receptor complex induces three

main signalling pathways, including the most extensively studied canonical Wnt pathway.

When this pathway is activated, GSK3β is removed from Axin, resulting in stabilized and

increased β-catenin. β-Catenin then enters into the nucleus and forms a complex with TCF/

LEF (T-cell factor/lymphoid-enhancer-binding factor) transcription factors, activating

transcription of Wnt target genes. In the absence of Wnt signalling, TCF/LEF generally

functions as a transcriptional repressor by forming a complex with Groucho/Grg (Groucho-

related gene)/TLE (transducin-like enhancer of split) proteins. Among the four family

members of the TCF/LEF family, TCF3 is the most abundant member in mESCs [91]. This

protein is colocalized with Oct4 (octamer-binding protein 4) and Nanog to more than 1000

promoters in mESCs, including those of the three master transcription factor genes for

pluripotency: Oct4, Sox2 (SRY-box-containing gene 2) and Nanog, and contributes to

reduced expression of these three pluripotency genes when mESCs are cultured under

standard conditions where the endogenous Wnt activity is low [85]. Another study also

demonstrated a suppressive role of TCF3 in the expression of Nanog [93]. Cole et al. [85]

proposed that a TCF3-containing repressive complex is converted into an activating

complex by Wnt, facilitating self-renewal, but this hypothesis has not been tested.

Although the LIF/PI3K/AKT pathway and the canonical Wnt pathway use the common

protein GSK3β, these two pathways operate independently of each other. Acute treatment of

mESCs with LIF does not alter phosphorylation of β-catenin at GSK3β-dependent sites or

the level of β-catenin [59]. Additionally, enhanced activation of AKT does not increase

nuclear β-catenin [72]. Moreover, although activation of β-catenin in mESCs increases the

Stat3 mRNA level 2-fold, there is no consensus binding site for TCF/LEF in the promoter
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region of Stat3 and thus direct involvement of TCF/LEF in the increased Stat3 mRNA level

remains unclear [89]. As a related issue, whether Wnt is sufficient for self-renewal in the

absence of LIF is still controversial. Ogawa et al. [86] reported that Wnt is insufficient for

self-renewal, but facilitates the effect of LIF; however, Takao et al. [87] showed that an

activated β-catenin mutant can maintain self-renewal of mESCs in the absence of LIF or in

the presence of a neutralizing antibody against LIF. Takao et al. [87] observed that this LIF-

independency is specific to a certain mESC line and the expression level of the mutant β-
catenin might also explain the discrepancy.

LIF/SHP2/MAPK pathway and other LIF signalling pathways

The third LIF signalling pathway is less well characterized than the preceding two. When

combined with the available evidence for other IL-6 family members, the third pathway is

thought to signal through SHP2/MAPK (Figure 5) [94-97]. Binding of LIF to the LIF

receptor induces JAK-mediated tyrosine phosphorylation on gp130, which leads to the

recruitment and subsequent phosphorylation of SHP2 by JAKs. SHP2 then interacts with the

Grb2 (growth-factor-receptor-bound protein 2)–SOS (son of sevenless) complex to activate

the MAPK pathway involving the Ras/RAF/MEK/ERK cascade. Unlike the two pathways

mentioned above, this system induces differentiation of mESCs by down-regulating Tbx3

and Nanog [66,98]. The Ras/RAF/MEK/ERK cascade is also activated by autocrine FGF4,

inducing differentiation of mESCs as described above. It is known that the MEK inhibitor

PD098059 facilitates self-renewal of mESCs [99] and this can be interpreted as inhibition of

the converged differentiation-inducing pathway downstream of LIF and FGF4.

Additionally, LIF activates several other kinases, such as the Src family tyrosine kinases

cYes and Hck (haemopoietic cell kinase). Addition of the Src kinase inhibitor SU6656 and

siRNA against cYes induces differentiation of mESCs, indicating that it is essential for

mESC self-renewal [99,100]. Importantly, cYes inhibition by SU6656 does not affect LIF-

induced phosphorylation of STAT3 or ERK, suggesting that cYes is either located

downstream of STAT3 or ERK, or functions independently of these two kinases. Hck is

associated with gp130, but its relationship with other signalling proteins is not currently

known [101].

FUNCTIONAL ANALYSES OF STAT3 IN ESCs

Many groups have directed research efforts to understand how STAT3 regulates self-

renewal and pluripotency of mESCs. Two representative directions include identification of

target genes of STAT3 and analysis of proteins that interact with STAT3. These two

directions are discussed below.

STAT3 target genes

To understand which genes are regulated by STAT3, several research groups have employed

genome-wide approaches (Table 2). Chen et al. [40] applied ChIP (chromatin

immunoprecipitation) sequencing technology to map binding sites for STAT3 in mESCs.

They found 2546 genomic sites where STAT3 was bound and approximately one third (718)

of these loci were co-occupied by Oct4, Sox2 and Nanog. Among the STAT3-binding sites

were many pluripotency genes including Oct4 and Nanog. These findings are consistent

with the notion that STAT3 is tightly integrated into the gene regulatory mechanism of

pluripotency. Kidder et al. [102] used the ChIP-chip approach for the same purpose using

promoter arrays of mESCs that covered 28000 promoter regions in the genome. From this

study they identified 948 putative target genes for STAT3, with 29 of these genes also being

bound by both Oct4 and Nanog. The target gene list contains both transcriptionally active

and inactive genes. The inactive genes include developmentally regulated tissue-specific
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genes, such as Gata3 (ectoderm-specific), Foxa2 (forkhead box A2), Gata4 (both endoderm),

T (brachyury) and Lhx1 (LIM homeobox protein 1; mesoderm), and Eomes

(trophectoderm). Although it is not known whether STAT3 suppresses these genes, it is

possible that STAT3 mediates suppression of differentiation genes and that this mechanism

could be one way in which LIF prevents differentiation of mESCs into endoderm and

mesoderm lineages [103]. In a previous study, it was found that STAT3 was bound to 113

genes that were also bound by Suz12 and Eed, which are subunits of the PRC2 (polycomb

repressive complex 2), although the authors did not report whether any of these 113

suppressed genes included the developmentally regulated genes noted above [102].

Although STAT proteins generally function as transcriptional activators, STAT1 is known

to suppress transcription of matrix metalloproteinases and cell-cycle genes (c-Myc, cyclin D

and cyclin A) [104] and therefore STAT3 may also function as a suppressor. Along a related

line of inquiry, Bourillot et al. [105] knocked down 22 STAT3 target genes and found that

16 induced activation of endodermal genes and one activated mesodermal genes, supporting

the conclusion that STAT3 contributes to the prevention of mESC differentiation by

suppressing lineage-specific genes.

STAT3-binding proteins and gene activation

Another approach to understanding how STAT3 regulates gene expression is to identify

proteins that interact with STAT3. The list of interacting proteins includes the transcription

factors NF-κB (nuclear factor κB) [106] and c-Jun [107], co-activators NcoA/SRC1a [108]

and Ctr9 [109], and the chromatin remodelling ATPase Brg1 (Brahma-related gene 1)

[110,111], in addition to p300/CBP discussed above. Although these interactions have been

studied outside the field of stem cell biology, similar interactions are probably taking place

in mESCs since some of the interacting partners are co-localized with STAT3 on the mESC

genome. The transactivation domain of STAT3 at the C-terminus interacts with many

chromatin proteins such as p300/CBP [27] and not surprisingly it is co-localized with

STAT3 on many pluripotency genes [40].

Of particular interest is Ctr9, a subunit of the Paf1 complex which indirectly induces

multiple histone modifications including trimethylation of Lys4 and Lys36, dimethylation of

Lys79 on histone H3 and ubiquitination of histone H2B, all of which are important for gene

activation [112]. Consistent with this, the level of trimethylation of Lys4 on histone H3 on

some of the IL-6-inducible genes is dependent on the presence of Ctr9 [109]. It appears that

the interaction between STAT3 and Ctr9 is important for the recruitment of STAT3 to its

target genes in this case. Although it is not known whether LIF also induces the interaction

between STAT3 and Ctr9 in mESCs, if confirmed it would provide the first molecular link

between LIF and epigenetic modifications in ESCs. The Paf1 complex also binds to Oct4 in

mESCs [113,114], but it is unknown whether STAT3 is relevant to this binding.

The STAT3–Brg1 interaction is highly significant for pluripotency of mESCs because Brg1

is linked with pluripotency at several levels. Brg1 is a catalytic subunit of the SWI/SNF

(switch/sucrose non-fermentable) ATPase complex which is involved in chromatin

relaxation [115]. However, the role of Brg1 in mESCs is not limited to chromatin relaxation.

Recently, it was demonstrated that the ESC-specific chromatin remodelling esBAF complex

contains Brg1 [116,117]. esBAF is co-localized with STAT3 throughout the genome

including on pluripotency genes. Although esBAF binds to many pluripotency genes in

ESCs, it maintains pluripotency primarily by suppressing differentiation-specific genes

[115]. Additionally, Brg1 facilitates binding of Oct4 to its target genes and increases the

efficiency of dedifferentiation of fibroblasts to a pluripotent state [118]. Although little is

known about the details of the interaction between Brg1 and STAT3 during LIF stimulation,

recruitment of Brg1 can happen before or after STAT3 binding to its target genes, depending
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on the particular IL-6 target genes. For some IL-6 target genes, Brg1 is constitutively bound

and its presence is necessary for the recruitment of STAT3 [110]. For other IL-6 target

genes, STAT3 binds first to its DNA and then Brg1 is recruited depending of the presence of

STAT3 [111].

LIF IN ESC BIOLOGY

Two findings have further extended our understanding of the role of LIF in self-renewal and

pluripotency of ESCs. First, mESCs can be maintained undifferentiated in the absence of

LIF as long as the FGF receptor, MEK and GSK3 are inhibited by chemicals [73]. Secondly,

there are two stages of pluripotency, and LIF is important for only the more undifferentiated

‘näive state’ of pluripotency [119,120]. This finding may explain why hESCs do not require

LIF to remain undifferentiated unlike mESCs. These two developments will be discussed in

the next sections.

Self-renewal and pluripotency of mESCs without LIF

mESCs are usually maintained in an undifferentiated state using a combination of LIF and

FBS or a combination of LIF and BMP (bone morphogenetic protein) 2 or BMP4 [103].

Previously, mESCs were thought to be programmed to spontaneously differentiate unless

blocked by these cytokines, with LIF inhibiting endodermal and mesodermal differentiation

and BMP inhibiting neural differentiation [103] (Figure 6a). Although the inhibitory

mechanism of LIF for these two germ-layer lineages remains unknown, BMP is known to

prevent neural differentiation of mESCs by activating the inhibitor of differentiation proteins

(Id1 and Id3) and inhibiting ERK and p38 [121]. However, previous reports indicate that

LIF and BMPs can be replaced by chemical inhibitors of cytokine signalling pathways (see

[4,7-9,122,123] for reviews). The combination of three inhibitors called 3i, which includes

SU5402 (inhibiting FGF receptor tyrosine kinase), PD184352 (inhibiting MEK which

activates ERK by phosphorylation) and CHIR99021 (inhibiting GSK3), is sufficient to

derive and maintain mESCs in the absence of LIF and FBS (Figure 6b) [73]. Independence

of LIF for self-renewal was shown by the lack of STAT3 phosphorylation when mESCs

were cultured with 3i. Additionally, ESCs could be established from Stat3−/− mouse

blastocysts with the 3i protocol [73]. When the more potent MEK inhibitor PD0325901 is

used, this and CHIR99021 (called 2i) is sufficient for self-renewal of mESCs without LIF

and FBS [73] (Figure 6c). Although SU5402, PD184352 and PD0325901 maintain self-

renewal via blocking the autocrine FGF4 signalling which promotes differentiation, the

precise role for GSK3 inhibition remains unclear. Because GSK3 inhibits Nanog expression

[63] and overexpression of Nanog supports self-renewal in the absence of LIF [124,125],

release of Nanog suppression by the GKS3 inhibitor might explain the role of GSK3

inhibition. However, Ying et al. [73] showed that GSK3 inhibition does not induce Nanog.

Instead, they suggested that the role of GSK3 inhibition is beyond the issue of self-renewal

and is more widely related to overall cell metabolism and viability. Given the rapid cell

cycle in mESCs [126], this is certainly a possibility for the future study.

Although the LIF/JAK/STAT3 pathway is critical for self-renewal of mESCs, mouse

blastocysts can develop normally in the absence of key components of this pathway, with

the exception of failed recovery from diapause in the absence of gp130. Mouse

embryogenesis can be temporarily arrested at the blastocyst stage in the uterus without

implantation for up to several weeks (a phenomenon called diapause) when the maternal

physical condition is suboptimal (see [127] for details). The arrested blastocysts can still

implant into the uterus and resume normal development when the maternal condition

improves. However, pluripotent cells in the inner cell mass of gp130−/− blastocysts undergo

apoptosis after 6 days of diapause, resulting in failed development [127]. This result
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indicates the necessity of gp130 for the prolonged maintenance of pluripotent cells in the

inner cell mass. Other than this diapause problem, each of the homozygous knockout mice

for the genes encoding LIF, LIF receptor, gp130, JAK1 and STAT3 can develop beyond the

blastocyst stage (Table 3). The most severe phenotype is observed with Stat3−/−, which

results in embryonic lethality between 6.5 and 7.5 dpc (days post-coitum) [128]. Although

smaller than the wild-type embryos, they can develop to the egg cylinder stage (6 dpc)

which comes after the blastocyst stage (4–5 dpc). Female sterility in the Lif−/− mouse is due

to a failure of the uterus to support implantation of blastocysts, not the developmental

potential of blastocysts themselves [129]. These blastocysts develop normally when

implanted into the uterus of a pseudopregnant wild-type female. There are several

possibilities that might explain why LIF-dependency is different between mESCs and

blastocysts. First, ESCs might represent an artificial state created by culture conditions that

do not exist in vivo. For instance, ESCs are commonly cultured in the presence of 21%

oxygen, instead of approximately 0.7–7% oxygen in vivo. Oxygen concentration is known

to influence a variety of cell functions [130]. Secondly, some unknown aspects of the

complex cellular environment in vivo might compensate for the disrupted LIF/STAT3

pathway in vivo.

LIF-independent self-renewal of mESCs with overexpressed pluripotency

genes

Overexpression of some of the key genes for pluripotency, such as Nanog [124,125], Klf2

(Krüppel-like transcription factor 2) [131] and a mutant form of Myc (c-Myc) [62], also

allows self-renewal of mESCs in the absence of the LIF signalling system. Before

describing these genes in detail, it should be noted that mESCs secrete LIF [50] and the level

of LIF secreted at a low cell density could be sufficient for self-renewal of mESCs in some

cases [131]. Therefore, even if a given mESC population can continue self-renewal in the

absence of exogenous LIF, it does not prove LIF-independence of self-renewal. LIF-

independence is commonly tested through inhibiting multiple LIF signalling components,

such as by adding a JAK inhibitor, a LIF antagonist (hLIF-05) and a dominant-negative

STAT3, and by using mutant ESCs that lack one of the LIF signalling components, such as

Lifr−/− cells [62,124,131].

Among the three master transcription factors for self-renewal, only Nanog has been shown

to be sufficient for self-renewal of mESCs in the absence of LIF [124,125]. Because

activation of STAT3 is essential for self-renewal of mESCs [49], overexpressed Nanog

probably plays a function equivalent to STAT3 activation, but this link has not been well

characterized. Although STAT3 binds to the regulatory region of Nanog as described above

[40], the expression of Nanog is not regulated by the LIF/STAT3 pathway as shown by

blocking this pathway using several approaches [124]. Since at least 18 genes are bound by

both Nanog and STAT3 and co-regulated by these two proteins [105], overexpressed Nanog

might compensates for the lack of LIF at least for some common target genes. However, the

details of this possibility have not been investigated.

At least three members of the Klf genes, Klf2, Klf4 and Klf5, are expressed in mESCs and

only overexpressed Klf2 can sustain self-renewal independently of LIF [131]. Although the

expression levels of Klf4 and Klf5 are increased by LIF, the level of Klf2 is not altered by

LIF, consistent with the observation that only Klf4 and Klf5 are direct targets of STAT3

[105]. Additionally, Klf2 does not require Nanog to support LIF-independent self-renewal

[131], but it is not known whether Nanog can sustain self-renewal in the absence of Klf2 and

LIF. Ema et al. [132] showed that Klf5 also supports self-renewal in the absence of

exogenous LIF when overexpressed in mESCs, but Hall et al. [131] demonstrated the

inability of Klf5 to sustain self-renewal of Lifr−/− mESCs. Since mESCs secrete LIF [50],
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the result based on Lifr−/− cells appears to more accurately indicate the LIF-dependence of

overexpressed Klf5 for self-renewal. It is possible that LIF secreted by the feeder cells

contributed to the maintenance of self-renewal in the study by Ema et al. [132].

Overexpression of a stabilized mutant of Myc, one of the key target genes of LIF, also

maintains self-renewal of mESC in the absence of exogenous LIF [62]. The mRNA level of

Myc is regulated by LIF through the binding of phosphorylated STAT3 to the Myc

promoter. When LIF is removed from the culture medium of mESCs, the level of Myc

mRNA is rapidly down-regulated. In addition, LIF withdrawal triggers GSK3β-dependent

phosphorylation of Thr58 of c-Myc, resulting in ubiquitin-mediated degradation of c-Myc.

However, if the c-Myc T58A mutant, in which Thr58 is replaced with an alanine residue

[133], is overexpressed, it can sustain self-renewal of mESCs in the absence of LIF or in the

presence of a dominant-negative STAT3. The contribution of c-Myc to self-renewal is

partially explained by its inhibition of endoderm differentiation through suppression of

Gata6 (GATA-binding protein 6), a key regulator of endoderm differentiation [134].

Potential roles of c-Myc in ectoderm and endoderm differentiation remain to be investigated.

Another approach to investigate how the c-Myc T58A mutation compensates for the lack of

LIF signalling is to compare DNA-binding sites between c-Myc and STAT3. A ChIP-chip

study with promoter arrays detected only 218 genes bound by both c-Myc and STAT3

among the 1459 genes bound by c-Myc and the 948 genes bound by STAT3 [102]. Thus it is

highly unlikely that overexpressed c-Myc T58A is sufficient to regulate all of those STAT3

target genes. Additionally, Nanog does not seem to be involved in c-Myc-dependent self-

renewal [134]. Therefore, as with Nanog and Klf2, it is still unclear how the c-Myc T58A

mutant maintains self-renewal of mESCs.

EpiSCs (epiblast stem cells) and LIF

It is well known that mouse and human ESCs are biologically different despite sharing a

core genetic regulatory network for pluripotency (see [4,7-9,135,136] for reviews) (Table 4).

One important difference is that, whereas mESCs rely on LIF and BMP for self-renewal and

pluripotency, LIF is dispensable for hESCs. Instead, FGF2 and activin A are the primary

determinants of hESC self-renewal and pluripotency. This is not because hESCs do not

respond to LIF. LIF does induce phosphorylation and nuclear translocation of STAT3 in

hESCs as in mESCs [42,84,137]; however, LIF fails to have any effect on self-renewal of

hESCs for unknown reasons. Another noticeable difference is that mESCs express the cell-

surface antigen SSEA1 (stage-specific embryonic antigen1), but hESCs express SSEA3,

SSEA4, TRA1-60 and TRA1-81 [4,7-9,135,136]. A third difference is that mESCs can be

dissociated to a single cell by trypsin without compromising cell viability, but hESCs are

prone to enter apoptosis during this procedure due to actin- and myosin-based cell

contraction [138,139]. Colony morphologies are also different: mESC colonies are dome-

shaped and hESC colonies display a flatter appearance. The differences between mESCs and

hESCs are also applicable to mouse and human iPSCs. iPSCs are prepared from

differentiated somatic cells, most commonly fibroblasts, by introducing up to four genes,

such as Oct4, Sox2, Klf4 and Myc [140-143]. Mouse iPSCs are generally prepared with LIF

and FBS, and human iPSCs are established with FGF2 and FBS. These differences did not

have an adequate mechanistic explanation until the recent discovery of a new type of

pluripotent stem cell EpiSCs.

In 2007, two groups independently reported the establishment of EpiSCs from mouse

epiblasts [119,120]. Epiblast is a tissue in a post-implantation embryo destined to become

the embryo proper, thus a descendant of the inner cell mass from which mESCs are derived

(Figure 7; see [144,145] for reviews of early mouse embryogenesis). More recently, EpiSCs

were also established from mouse pre-implantation blastocysts, the same as is the case for
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ESCs, by changing the culture condition [146]. mEpiSCs (mouse EpiSCs) closely resemble

hESCs in several respects including colony morphology and cytokine requirements (Table

4) (see [4,7-9,135,136] for reviews). These similarities suggest that hESCs are in fact more

closely related to a later stage of development than mESCs. Subsequent studies by several

research groups have confirmed this notion and have established that there are at least two

states of pluripotency: the ‘näive’ state (or ground state) represented by mESCs and the

‘primed’ state represented by mEpiSCs and hESCs (Table 4). The most striking functional

difference between these two states is that cells in the primed state have very limited or no

capability of contributing to a chimaeric animal, although for an ethical reason this can not

be tested for hESCs. Although both mESCs and mEpiSCs form teratomas upon injection

into immunocompromized mice, mEpiSCs cannot contribute to chimaeric mice. Thus

mEpiSCs have more restricted pluripotency than mESCs. Both mESCs and mEpiSCs

express core pluripotency genes such as Oct4, Sox2 and Nanog; however, expression of

other pluripotency genes, such as Rex1 [Zfp42 (zinc finger protein 42)], Stella [Dppa3

(development pluripotency-associated 3)], Gbx2 (gastrulation brain homeobox 2), Fgf4 and

Klf4, is limited to mESCs, and Fgf5 is specifically expressed in mEpiSCs [4,7,119,120]. In

addition, only one X chromosome is active in female mEpiSCs unlike in mESCs. Most

importantly for the current discussion, mEpiSCs require FGF2 and activin A, like hESCs, in

order to maintain pluripotency and self-renewal.

mEpiSCs and mESCs can be bidirectionally converted by changing the cytokines in the

culture medium [7,136]. Differentiation from the näive state to the primed state is readily

achieved as shown by Guo et al. [147], who created mEpiSC-like cells from mESCs by

replacing LIF plus 2i with the combination of FGF2 and activin A. In contrast,

dedifferentiation of primed pluripotent cells to näive pluripotent cells is more difficult and is

accomplished at a frequency of 0.1–10% (Table 5). This process usually involves the

replacement of FGF2 and activin A with LIF and 2i or other chemical inhibitors of

signalling proteins. For instance, transduction of the Klf4 gene combined with LIF and 2i

reverses mEpiSC to mESCs at the frequency of 0.1–1% [147]. However, it is important to

note that the dedifferentiation from the primed state to the näive state can be achieved

without LIF or in the presence of a JAK inhibitor, although it becomes less efficient [148].

This is consistent with mouse iPSC production, another example of the acquisition of a

näive state. Mouse iPSCs can be prepared from neural stem cells with 2i in the absence of

LIF at a 3–4-fold reduced efficiency compared with the efficiency in the presence of LIF

[149]. The current understanding is that LIF is not essential for acquisition of the näive state,

but the activation of the JAK/STAT3 pathway does accelerate this process [148].

FUTURE DIRECTIONS

The biochemical analysis of the intracellular signalling mechanism of LIF appears to have

already matured, due in part to the extensively overlapping mechanisms of the IL-6

signalling system. We expect that future development of the study of LIF primarily lies in

working out the functions of LIF in cell and developmental biology. In particular, LIF can

be used as a tool to dissect molecular differences between the näive and primed states of

pluripotency. Although many target genes of STAT3 have been identified, the roles of these

genes in distinguishing between these two pluripotent states have not yet been elucidated.

The functions of the binding proteins of STAT3 and the potential contribution of

microRNAs require further investigation as well. It is also possible that LIF/PI3K/AKT,

LIF/SHP2/MAPK and other LIF signalling pathways may be involved in the distinction

between the näive and primed states of pluripotency. Additional study of these molecular

mechanisms is expected to further expand our understanding of pluripotency, which will in

turn greatly benefit medical applications of pluripotent stem cells.
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Abbreviations used

BMP bone morphogenetic protein

Brg1 Brahma-related gene 1

CBP CREB (cAMP-response-element-binding protein)-binding protein

ChIP chromatin immunoprecipitation

DIA differentiation inhibiting activity

dpc days post coitum

Dppa3 development pluripotency-associated 3

EpiSC epiblast stem cell

ERK extracellular-signal-regulated kinase

ESC embryonic stem cell

FBS fetal bovine serum

FGF fibroblast growth factor

Gbx2 gastrulation brain homeobox 2

gp130 glycoprotein 130

GSK3 glycogen synthase kinases 3

Hck hemopoietic cell kinase

hESC human ESC

HILDA human interleukin for DA cells

Id inhibitor of differentiation protein

IL interleukin

iPSC induced pluripotent stem cell

JAK Janus kinase

JH JAK homology

Klf Krüppel-like transcription factor

LIF leukaemia inhibitory factor

LIFr LIF receptor

MAPK mitogen-activated protein kinase

MEK MAPK/ERK kinase

mEpiSC mouse EpiSC

mESC mouse ESC
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Oct4 octamer-binding protein 4

PI3K phosphoinositide 3-kinase

PTP1B protein tyrosine phosphatase 1B

PTP-BL protein tyrosine phosphatase basophil-like

SH2 Src homology 2

SHP SH2 domain-containing tyrosine phosphatase

siRNA short interfering RNA

SOCS suppressors of cytokine signalling

STAT signal transducer and activator of transcription

PIAS protein inhibitor of activated STAT

Sox2 SRY-box-containing gene 2

SSEA stage-specific embryonic antigen

Tbx3 T-box 3

TCF/LEF T-cell factor/lymphoid-enhancer-binding factor

Zfp42 zinc finger protein 42
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Figure 1. Domain structures of STAT3 and JAK1

Amino acid numbers are shown above each rectangle.
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Figure 2. LIF/JAK/STAT3 signalling pathway
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Figure 3. Three inhibitory mechanisms of the LIF/JAK/STAT3 pathway

(A) Inhibition of JAK1 and STAT3 by SHP, PTP1B and PTP-BL. (B) Inhibition of STAT3

by PIAS. (C) Inhibition of JAK1 by SOCS1 and SOCS3.
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Figure 4. LIF/PI3K/AKT signalling pathway

Ac, acetylation.
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Figure 5. LIF/SHP2/MAPK signalling pathway
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Figure 6. Self-renewal using cytokines (LIF and BMP) or chemical inhibitors

(A) Inhibition of differentiation by LIF and BMP. (B) Inhibition of differentiation by 3i. (C)

Inhibition of differentiation by 2i.
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Figure 7. Embryonic sources of mESCs and mEpiSCs
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Table 3

Phenotypes of knockout mice homozygous for key genes involved in the LIF/JAK/STAT3

signalling pathway

Gene Major phenotype Reference(s)

Lif Mice grow normally to adulthood
A homozygous male is fertile when mated
 with a wild-type female
A homozygous female is sterile when
 mated with a wild-type male because
 blastocysts do not implant in the
 uterus. The blastocysts can implant in
 the wild-type uterus
Several types of blood stem/progenitor
 cells are severely decreased in the
 spleen and bone marrow

[129,157]

Lifr Newborn mice die within 24 h after birth
Placental architecture is disrupted
Bone volume is lost by two-thirds
Motor neurons are lost in the brainstem,
 spinal cord and face

[158,159]

gp130 Embryos die between 12.5 dpc and term
Multiple developmental failures occur in
 cardiac, haemapoietic and neural
 tissues
Inner cell mass cells undergo apoptosis
 after 6 days of diapause

[127,160,161]

Jak1 Newborn mice die within 24 h after birth
Lymphocyte development is severely
 impaired

[162]

Stat3 Embryos develop to the egg cylinder
 stage, but die between 6.5 and 7.5 dpc

[128]
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