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Abstract

IL-6 family cytokine leukaemia inhibitory factor (LIF) study has deciphered a variety of effects, in physiology as well as
pathology. Despite the sudden arousal in LIF interest in cancers, its study in the gastric cancer (GC) context has been put
aside. Only few related studies can be found in literature, most of them investigating IL-6/STAT3 signalling in GC, and not
the particular LIF/LIFR signalisation. LIF/LIFR has opposing effects depending on the signalling pathways involved. This
review relates the pro- and anti-tumorigenic aspects of LIF/LIFR in GC, taking also into account facts from other types of
cancer. A better understanding of these issues would undoubtedly help postulate interesting hypotheses and perspectives for
future LIF/LIFR study and its use in GC therapies, where options tend to be limited in number and efficiency.
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LIF: generalities

Leukaemia inhibitory factor (LIF) is a multifaceted IL-6
family cytokine. This monomeric protein, often modified
by glycosylation, binds to its specific LIF receptor (LIFRp)
GP190, allowing the recruitment of the GP130 subunit of
the receptor, heterodimerization and induction of several
cell signalling pathways involved in many physiological
processes [1]. Indeed, LIF was simultaneously identified by
several research teams and was attributed different functions
as well as different names. Gearing et al. showed that it was
able to induce differentiation and inhibit the proliferation of
murine myeloid leukemic M1 cells, naming it LIF [2]. Smith
et al. called it DIA for Differentiation Inhibiting Activ-
ity for its role in the pluripotency maintenance of murine
embryonic stem (ES) cells in vitro, still exploited today in
ES cell culture [3]. Finally, Moreau et al. named it HILDA,
Human Interleukin for DA cells, and demonstrated its
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pro-proliferation effects in the murine interleukin-3-depend-
ent leukemic cell line DA-la [4]. Today, LIF is also known
for its essential role in embryo implantation [5]. Defective
embryo implantation, leading to infertility is observed in
female under-expressing LIF. In addition, LIF~'~ female
mice infertility can be counteracted by recombinant LIF sin-
gle dose injection [5]. LIF is also important for neurogenesis
and tissue regeneration after brain or spinal cord injury [6]
as well as for muscle stimulation and regeneration [7].

LIF/LIFR signalling

LIF signalisation (Fig. 1) is mediated by LIFRB-GP130
subunit heterodimerization, preferentially formed when
cells are in contact with LIF [8]. GP130 subunit of the
receptor is shared with other members of the IL-6 family
of cytokines while LIFR is shared only with oncostatin M
(OSM), cardiotrophin-1 (CT-1), ciliary neurotrophic growth
factor (CNTF) and cardiotrophin-like cytokine (CLC). Like
most members of IL-6 family, CT-1, CNTF and CLC require
an additional LIFRa chain for mediating their signalisation
while LIFRB-GP130 is sufficient for OSM and LIF signali-
sation [8]. LIF/LIFR canonical pathway is the JAK-induced
STATS3 phosphorylation after LIF/LIFR interaction, STAT3
homodimerization and nuclear translocation followed by the
induction of target genes for example c-MYC, c-FOS, MMP2
mostly involved in pro-oncogenic processes through their
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Fig. 1 LIF/LIFR signalling: known aspects. Schematical representation of LIF/LIFR signalisation networks. Phosphorylation of the different
receptor subunits involved in the respective signalisation processes are highlighted in red

role in survival, differentiation, invasion and in apoptosis
inhibition [9-11]. The proximal parts of IL-6 receptors are
constitutively bound to JAKS [8, 12], but LIF fixation on
its receptor can trigger many other signalling cascades. At
least three of the four JAK family members (JAKI, JAK2
and TYK2) can bind to LIFR, but JAK1 seems to be the
dominant one since LIF/LIFR signalling is highly affected
in its absence [13]. JAK1 phosphorylates different tyrosine
residues on GP130 and GP190, upon LIF fixation, which
serves as scaffold for proteins allowing different signali-
sation processes. For instance, phosphorylation of Y767,
Y814, Y905 and Y915 in GP130 and Y981, Y1001, Y1028
in GP190 allows STAT3 fixation while that of Y759 in
GP130 and Y974 in GP190 allows GRB2 recruitment via
its SHP2 domain for MAPK pathway [8] (Fig. 1). LIF/LIFR
induces MAPK/ERK pathway through GRB2 phosphoryla-
tion leading to RAF and RAS activation followed by MEK
and ERK activating phosphorylation [14]. LIF/LIFR main
feedback mechanisms involve SOCS3 protein whose expres-
sion is induced by STAT3. SOCS3 can attach to JAK1 and
GP130 to promote their ubiquitination or inhibit JAK activ-
ity [15, 16]. Interestingly, SOCS3 fixation sites on GP130
and GP190 are the same as those of GRB2 since SOCS3
also binds via its SHP2 domain [15] (Fig. 1). SOCS3 thus
also inhibits LIF-induced MAPK signalling by binding
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competition. LIF/LIFRp can also trigger AKT/mTOR sig-
nalisation pathway [17] and Ali et al. demonstrate the impli-
cation of many other signalling pathways including Rapl,
PI3K-AKT and Hippo signalling downstream LIF/LIFR and
suggests different effects of LIF/LIFR depending on the dif-
ferent pathways [18].

LIF is being more and more studied in pathological
context and more particularly in the cancer context where
pleiotropic contradictory effects are being demonstrated.
LIF/LIFR signalling is found to be anti-metastatic in breast
cancer [19], hepatocellular carcinoma (HCC) [20] and clear
cell renal carcinoma [21] while it stimulates melanoma cell
migration [22], oesophageal adenocarcinoma treatment
resistance [23] and chordoma aggressiveness [24]. In pan-
creatic cancer, both anti-metastatic [25] and pro-tumorigenic
[26] effects of LIF were described.

LIF/LIFR in gastric cancer
Pro-tumorigenic aspects
Despite the knowledge acquired in many cancers, LIF/LIFR

in gastric cancer (GC) is still not thoroughly understood. Ter-
awaki et al. have associated cancer cachexia (CC) syndrome,
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where cancer subjects become frail and lose weight, with an
increase in LIF plasma levels in a rat model of GC-associ-
ated CC [27] (Fig. 2). The authors demonstrate that surgical
ablation of the rat tumours decrease CC symptoms as well
as LIF plasma level and suggest Toll-like receptor (TLR) 5
signalling to be involved in LIF-induced CC mechanism.
Another study showed that TLR2 upregulation promotes
gastric carcinogenesis and is associated to GC patient low
survival, thus providing another link between TLRs, GC and
IL-6 family signalling [28] (Fig. 2). Here, the authors iden-
tify STAT3 as being involved in TLR2 overexpression [28].

In GC, STAT3 was shown to be pro-tumorigenic through
the regulation of tumour growth and vascularization in mice
models lacking STAT3 negative feedback regulators SHP2/
SOCS3 binding sites [29]. Interestingly, these mouse mod-
els mimic one of the gastric tumours-promoting capacity
of carcinogen type I bacterium Helicobacter pylori, which
is the disruption of intracellular SHP2 signalling by bac-
terium oncogenic protein CagA. SHP2 disruption leads to
less feedback regulation of STAT3 and an increase in its
activity [29, 30] (Fig. 2). In this regard, the authors found
STAT3 hyper-activation in H. pylori-infected antrum and
especially in intestinal histological subtype of GC com-
pared to non-tumorous gastric tissue. Fukui et al. found
more inactivated methylated SOCS3 in non-neoplastic
mucosa of patients with early GC that those without GC
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[31]. They also demonstrated a correlation between STAT3
activating phosphorylation, SOCS3 methylation and the
proliferation marker Ki67. SOCS3 methylation seems to be
linked to early GC cells proliferation. Furthermore, Zhang
et al. show STAT3 over-activation in late GC as well as in
GC lymph node metastasis cases [32]. STAT3-SOCS3 dys-
regulation can also be attributed to SOCS3 regulation by
miRNAs. miR-340, seen to be overexpressed in GC, can
target 3’-UTR regions of SOCS3 mRNA and lead to SOCS3
under-expression in GC compared to non-tumorous gastric
tissues [33]. STAT3 feedback regulation by SOCS3 is, in this
case, attenuated, leading to increase in pSTAT3-induced cell
proliferation and cell survival mechanisms (Fig. 2).

Tumour development and progression is being more often
linked to tumour microenvironment and associated stromal
cells [34, 35]. IL-6/JAK/STATS3 signalling seems to be
involved in cancer associated fibroblasts-(CAFs) induced
GC cells migration and epithelial to mesenchymal transition
[36]. Here, JAK/STAT pathway serves as crosstalk between
tumour cells and members of the associated microenviron-
ment and stimulate GC progression.

The pro-tumorigenic effects (Fig. 2) of STAT3 in GC
context described here mostly involve the GP130 subunit of
the receptor, shared with other members of the IL-6 family
of cytokines and demonstrate the role of IL-6 signalling in
gastric carcinogenesis. However, LIF-mediated signalling
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Fig.2 Pro- and anti-tumorigenic LIF signalling. Overview of LIF/LIFR pro- (red) and anti-tumorigenic (blue) properties and the related signali-
sation pathways. miRNA regulation of the pathways is represented by red arrows and crosses reflecting respective miRNA-induced inhibition
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which solicits GP190 has not been thoroughly studied in
GC and the pleiotropic property of this cytokine makes it an
interesting research point to dig in this context.

Induction of MAPK/ERK pathway by LIF leads to pro-
proliferation capacities [14] and has been demonstrated as
pro-tumorigenic in GC (Fig. 2). Similarly, AKT activation
by LIF is found to have pro-proliferation, survival, or apop-
totic roles. Pro-tumorigenic and pro-metastatic roles of LIF
through AKT/mTOR pathway have been described in breast
cancer [17] but have not been investigated in GC context.
Despite the several signalling pathways known to be affected
by LIF/LIFR}, there is not much data assessing the role of
LIF/LIFR signalling, independent of JAK/STAT3 in GC.
Evidence from other types of cancer show that studying LIF/
LIFR through other pathways could undoubtedly bring to
light some beneficial aspects of LIF [19-21, 25].

Anti-tumorigenic aspects

Indeed, LIF appears to have a more positive side and its
opposing effects in cancer seem to be related to the signali-
sation processes solicited [19, 21, 37]. LIFR has a tumour
suppressor role in GC (Fig. 2). Zhang et al. show that LIFR
is downregulated by miR-589, which is overexpressed in
gastric tumour tissues and GC cells, compared to non-
tumorous gastric tissues and cells [37]. miR-589 decreases
LIFR inhibition of PI3K-AKT-c-Jun axis and contributes to
cell migration, metastasis, and invasion (Fig. 2). miR-589
oncogene expression is in turn increased by c-Jun which
activates its transcription by binding to its promoter. LIFR
tumour suppressor action in GC was also reported by Zhao
et al. who show that long coding RNA LOWEG can increase
LIFR expression and decrease GC cells invasion capacity
[38]. LOWEG is found to be under-expressed in GC tissues
and cell lines compared to non-tumorous gastric tissue and
cell lines, and its expression is positively correlated to that
of LIFR.

Several studies make the Hippo pathway one possible
cell signalisation process to be exploited in the LIF/LIFR/
GC context. Cancer stem cells (CSCs) are a crucial aspect
of gastric tumours, being at the origin of tumour initiation,
resistance, and dissemination [39, 40] and their targeting
is of utmost significance. The Hippo pathway’s importance
in GC and cancer stem cells (CSCs) maintenance is a well-
established fact today, making it a target of choice, and many
studies involving other types of cancers relate Hippo/LIF/
LIFR signalling connection. Chen et al. describes LIF/LIFR
as upstream the Hippo pathway, participating to the anti-
metastatic effects in breast cancer and LIFR-targeting by
miR-9 as responsible for LIFR protein expression loss and
associated metastasis [19]. Nandy et al. shows that miR-125a
targets LIFR in breast cancer and in so doing, deregulates
Hippo effector TAZ phosphorylation leading to increased
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tumorigenesis and CSCs maintenance [41]. Indeed, the
Hippo pathway is made up of two opposing components:
a tumour suppressor kinase core (MST1/2-LATS1/2) nega-
tively phosphorylating a downstream block of oncogenic
effectors (YAP/TAZ) which, when activated, can act as tran-
scriptional co-factors for genes exacerbating CSCs’ role in
tumour initiation, growth, dissemination and relapse contrib-
uting to the pro-tumorigenic and pro-CSC role of this path-
way [40, 42—44]. In clear cell renal carcinoma, the authors
also demonstrate that LIF/LIFR anti-invasive effects passes
through a decrease in the expression of Hippo oncogenic
effector YAP [21]. In the meanwhile, Guo et al. successfully
verified that LIF/LIFR pro-metastatic effects in melanoma
do not implicate the Hippo signalling pathway downstream
LIF/LIFR, but the canonical pathway JAK/STAT showing
the opposing effects of LIF/LIFR depending on the solicited
pathway and confirming Hippo pathway study interest in the
LIF/LIFR context [22]. Furthermore, the recent link between
Hippo, GC tumorigenesis and gastric CSC makes LIF/LIFR/
Hippo regulation study in GC even more attracting [42, 43].

In addition, both Ali et al. and Nandy et al. interestingly
suggest a possible crosstalk between LIF/LIFR/STAT3 and
LIF/LIFR/Hippo signalling and more a regulation of STAT3
downstream LIF/LIFR/Hippo since JAK/STAT3 inhibi-
tion does not change Hippo effectors level, but inhibition
of Hippo effector TAZ phosphorylation leads to increased
levels of STAT3 and pSTAT?3 [18, 41]. Hippo pathway onco-
genic effectors having transcriptional co-factor roles when
activated, this suggests STAT3 as a possible target gene of
Hippo oncogenic effectors and LIF/LIFR as negative reg-
ulator of this oncogenic core [19]. This appeals for more
investigation on LIF/LIFR/Hippo/STAT3 and more specifi-
cally in the GC context where this has not been thoroughly
inquired yet.

Nevertheless, among the few published studies exploiting
LIF/LIFR signalling in GC, one shows LIFR as a tumour
suppressor [38] and another that LIF can inhibit the prolif-
eration of GC through a G1-phase arrest [45]. In the latter,
authors show that LIF is under-expressed in GC and more
specially in tissues with poorly differentiated GC cells and
this is associated to poor prognosis of GC patients [45]. LIF
overexpression in GC cells as well as recombinant LIF treat-
ment upregulates p21 and decreases cyclin D1 expression
and leads to delayed tumour progression in vivo [45]. This
study again shows opposing effects of LIF/LIFR in cancer
and though the mechanisms behind such an effect has not
been investigated here, it arouses even more curiosity about
LIF/LIFR potential effect and mechanism in GC and carves
new paths and hypotheses for a possible anti-tumorigenic
effect in this bad prognosis disease. In accordance with
this, recent data from our team show that GC cell lines and
patient-derived xenograft cells treatment with LIF is able to
decrease gastric CSC population and properties in vitro by
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promoting the activity of Hippo pathway tumour suppressor
kinase core and the JAK/STAT pathway does not seem to be
implicated in the observed effects [44]. This hereby opens
the field to more interesting research in this topic for LIF use
in anti-CSC therapy, which is vital in GC where CSCs play
a key role in tumour progression and relapse.

LIF: a new Gastric cancer therapeutic option?

LIF’s pleiotropy makes its possibility as therapy question-
able. Nevertheless, in vivo attempts with LIF can be more
and more found in literature (Table 1). LIF injection in
mice has shown potential in cardiomyocyte regeneration
[46], type 2 immunity suppression in Duchenne muscular
atrophy [47] and Th17 accumulation inhibition for intestinal
epithelium repair in inflammatory bowel disease [48]. Few
clinical trials have also been carried out, notably the phase 11
trial of Davis et al. using Emfilermin, a commercial human
LIF, for the prevention of peripheral neuropathy induced by
chemotherapy [49]. Although LIF did not show any posi-
tive response on peripheral neuropathy in this context, it
was noted that patients did not show any side effects cor-
roborating the fact that LIF could potentially be used as a
therapeutic drug in human. Several clinical trials have also
been carried out by Merck kGaA and Rambam Health Care
Campus for embryo implantation improvement in in vitro
fertilisation processes [5S0-54]. Despite these clinical trials,
caution must be exercised, and more tests are necessary, tak-
ing into account LIF’s high pleiotropy.

Furthermore, strategies have been developed for the tar-
geted delivery of LIF, using as test LIF anti-proliferation
capacity in murine leukemic M1 cells [55]. The authors
conceived nanoparticles made of poly-ethylene glycol-
poly(lactic acid), filled with LIF and coated with CD11b
antibody allowing the targeting of activated peripheral mac-
rophages, and capable of decreasing proliferation of M1
cells in vitro, giving hope for future use of LIF in targeted
therapies, for example in the gastric CSC context. Despite
its known anti-tumorigenic effects, no clinical trials using
LIF in cancer therapy have been attempted yet, maybe due
to its high pleiotropy.

Conclusion

LIF is indeed a remarkably interesting cytokine and LIF/
LIFR signalling a complex process with all the different
pathways which can be triggered or inhibited by LIFRp-
induced JAK phosphorylation. LIF/LIFR pleiotropy is
highly related to the signalling pathways involved and fur-
ther explorations might help elucidate LIF signalisation
affinities depending on the cellular context. This review

Table 1 Known therapeutical strategies/experimentation involving LIF

References

Molecules Known/tested use

Models

Strategies

Kanda M et al. [46]

Cardiomyocyte regeneration

LIF

In vivo experimentation mice

Welc SS et al. [47]

Type 2 immunity suppression. Duch-
enne muscular atrophy

Zhang YS et al. [48]

Inhibition of Th17 accumulation.

Inflammatory Bowel Disease

Davis ID et al. [49]

Emfilermin, a commercial human LIF  Peripheral neuropathy prevention

Phase 11 trial: patients with solid

Clinical trials

induced by chemotherapy

tumours & treated with carboplatin/

paclitaxel chemotherapy

Rambam Health Care Campus et al. [50,

Embryo implantation improvement.

Phase I & II trials: infertile women with

51], Merck KGaA et al. [52, 53], MD

Yg et al. [54]

In vitro fertilisation process and LIF

blood level measurement

several implantation failures or women
undergoing pregnancy termination

Davis SM et al. [55]

targeting of activated peripheral mac-

Coating with CD11b antibody allows
rophages —anti-proliferation

glycol-poly (lactic acid), filled with

Nanoparticles made of poly-ethylene
LIF

In vitro experimentation murine leukemic M1 cells
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puts to light the complexity of LIF/LIFR biology in cancer
and more particularly in GC. LIF/LIFRf signalling has not
been thoroughly investigated in the GC context, most stud-
ies involving IL-6/STAT?3. This review relates the pro- and
anti-tumorigenic aspects of LIF/LIFRp signalling in GC.
LIF, especially in a STAT3-independent context, seems to
be promising in terms of anti-GC effects and therapy.
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