Genes & Diseases (2022) 9, 973—980

. ; ; ; Genes &
Available online at www.sciencedirect.com Diseases

ScienceDirect

journal homepage: http://ees.elsevier.com/gendis/default.asp

REVIEW ARTICLE

Targeting LIF/LIFR signaling in cancer s

Check for
updates

Suryavathi Viswanadhapalli >, Kalarickal V. Dileep °,
Kam Y.J. Zhang °, Hareesh B. Nair , Ratna K. Vadlamudi %*

@ Department of Obstetrics and Gynecology, University of Texas Health San Antonio, San Antonio, TX
78229, USA

® Laboratory for Structural Bioinformatics, Center for Biosystems Dynamics Research, RIKEN,
Yokohama, Kanagawa 230-0045, Japan

€ Evestra, Inc., San Antonio, TX 78245, USA

9 Mays Cancer Center, University of Texas Health San Antonio, San Antonio, TX 78229, USA

Received 7 January 2021; received in revised form 5 April 2021; accepted 9 April 2021
Available online 29 April 2021

KEYWORDS Abstract Leukemia inhibitory factor (LIF), and its receptor (LIFR), are commonly over-
LIF; expressed in many solid cancers and recent studies have implicated LIF/LIFR axis as a prom-
LIFR; ising clinical target for cancer therapy. LIF/LIFR activate oncogenic signaling pathways
LIFR inhibitor; including JAK/STAT3 as immediate effectors and MAPK, AKT, mTOR further downstream.
STAT3; LIF/LIFR signaling plays a key role in tumor growth, progression, metastasis, stemness and
Targeted therapy therapy resistance. Many solid cancers show overexpression of LIF and autocrine stimulation

of the LIF/LIFR axis; these are associated with a poorer relapse-free survival. LIF/LIFR
signaling also plays a role in modulating multiple immune cell types present in tumor micro
environment (TME). Recently, two targeted agents that target LIF (humanized anti-LIF anti-
body, MSC-1) and LIFR inhibitor (EC359) were under development. Both agents showed effec-
tivity in preclinical models and clinical trials using MSC-1 antibody are in progress. This article
reviews the significance of LIF/LIFR pathways and inhibitors that disrupt this process for the
treatment of cancer.

Copyright © 2021, Chongging Medical University. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/
by-nc-nd/4.0/).

Abbreviations: leukemia inhibitory factor, (LIF); LIF receptor, (LIFR); programmed death-ligand 1, (PD-L1); cancer stem cells, (CSCs); tumor
micro environment, (TME); oncostatin M, (OSM); ciliary neurotrophic factor, (CNTF); cardiotrophin 1, (CTF1); humanized Anti-LIF antibody,
(MSC-1); breast cancer, (BCa); endometrial cancer, (ECa); ovarian cancer, (OCa); prostate cancer, (PCa); colorectal cancer, (CRC);
pancreatic ductal adenocarcinoma, (PDAC); AKT, protein kinase B; HER2, human epidermal growth factor receptor 2; JAK, Janus kinase;
mitogen activated protein kinase, (MAPK); mammalian target of rapamycin, (mTOR); signal transducer and activator of transcription 3,
(STAT3); triple negative breast cancer, (TNBC).
* Corresponding author. Department of Obstetrics and Gynecology, Mays Cancer Center, University of Texas Health San Antonio, San

Antonio, TX 78229, USA.

E-mail address: vadlamudi@uthscsa.edu (R.K. Vadlamudji).

Peer review under responsibility of Chongging Medical University.

https://doi.org/10.1016/j.gendis.2021.04.003
2352-3042/Copyright © 2021, Chongging Medical University. Production and hosting by Elsevier B.V. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:vadlamudi@uthscsa.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.gendis.2021.04.003&domain=pdf
https://doi.org/10.1016/j.gendis.2021.04.003
http://creativecommons.org/licenses/by-nc-nd/4.0/
www.sciencedirect.com/science/journal/23523042
http://ees.elsevier.com/gendis/default.asp
https://doi.org/10.1016/j.gendis.2021.04.003
https://doi.org/10.1016/j.gendis.2021.04.003

974

S. Viswanadhapalli et al.

Introduction

Leukemia inhibitory factor (LIF) is the most pleiotropic
member of the interleukin-6 family of cytokines." LIF me-
diates its signaling using membrane receptor complex that is
comprised of LIFR and glycoprotein 130 (gp130).% LIF first
binds to LIFR which leads to the formation of high affinity
functional complex with gp130. The LIFR does not have an
intrinsic tyrosine kinase activity. However, LIFR and gp130
constitutively associate with JAK-Tyk family of cytoplasmic
tyrosine kinases, which facilitates downstream signaling.’
Tumors exhibit upregulated LIF/LIFR-JAK-STAT3 signaling via
autocrine and paracrine mechanisms.*~’ LIF promotes acti-
vation of mTORC1/p70S6K signaling pathway enhancing
tumor growth and inhibit DNA damage responses.® LIF/LIFR
signaling promotes tumorigenesis and metastasis of breast
cancer by enhancing AKT-mTOR signaling.” LIFR regulates
tumor angiogenesis through ERK/IL-8 pathway.'® LIF/LIFR
signaling negatively regulates tumor-suppressor p53 through
STAT3/ID1/MDM?2 axis."" LIFR signaling is complex as multiple
ligands such as Oncostatin M (OSM), Ciliary Neurotrophic
Factor (CNTF), and Cardiotrophin 1 (CTF1) also have the
potential to interact with LIFR and activate its downstream
signaling.” Earlier studies revealed that LIF, CTF1, and OSM
share an overlapping binding site located in the Ig-like
domain of LIFR and different behaviors of LIF, CTF1, and
OSM can be related to the different affinity of their site for
LIFR." In this review, we summarize the emerging signifi-
cance and functions of LIF/LIFR signaling in cancer. We will
also discuss recent therapeutic strategies that are being
developed in targeting LIF/LIFR axis in cancer.

Significance of LIF/LIFR signaling in cancer

LIF/LIFR axis is implicated in tumor growth and progression
by acting on multiple aspects of cancer biology."® LIF
functions as a growth factor in pancreas carcinoma cells*
and high LIF expression in pancreatic ductal adenocarci-
noma (PDAC) was associated with shorter overall survival.'
Aberrant production of LIF in the pancreas is restricted to
pathological conditions and circulating LIF correlates well
with tumor response to therapy.'® LIFR expression identifies
highly malignant melanocytic lesions at an early stage; and
LIFR is associated with unfavorable prognosis in mela-
noma.'® LIFR also serves as a novel prognostic biomarker for
gallbladder cancer."”

Histone methyltransferase KMT2D sustains prostate
carcinogenesis and metastasis by epigenetically activating
LIFR.'® The LIF promoter is hypermethylated in normal
breast epithelial cells, but extensively demethylated during
Breast Cancer (BCa) progression.> LIF promotes prolifera-
tion and metastasis of BCa cells, and overexpression of LIF
is commonly associated with poorer relapse free survival in
BCa patients.” Triple Negative Breast Cancer (TNBC) cells
exhibit a higher expression of LIF and LIFR compared to that
of ER + BCa cells and the overexpression of LIF is signifi-
cantly associated with a poorer relapse free survival in BCa
patients.’ BCa progression increases the expression of OSM,
LIF, OSMR, LIFR and gp130. The secretion of OSM and LIF by
both epithelial and stromal cells may further contribute to
BCa progression by autocrine and paracrine manner.?°

LIFR expression is upregulated in colorectal cancer (CRC)
and represents a potential therapeutic target.'® Over-
expression of LIF is associated with poor prognosis in CRC.""
LIF is also frequently overexpressed in osteosarcoma, and
promotes the growth and invasion by activating STAT3
pathway.?" PI3K subunit p110a controls the expression of
LIFRa via c-Myc and miR-125b axis to promote Medullo-
blastoma cell proliferation.'® LIF/LIFR/STAT axis maintain
programmed death-ligand 1 (PD-L1) protein stability and
promote metastasis-associated gene expression and may
serve as a prognostic biomarker and potential therapeutic
target for prostrate cancer.?

Furthermore, LIF/LIFR axis exhibits differential effects
in various cell types including stimulating or inhibiting cell
proliferation, differentiation and survival depending on the
cell type.”'>% LIF promotes gastric cancer cell prolifera-
tion, migration, and invasion via the LIFR-Hippo-YAP
pathway and inhibited apoptosis. LIF inhibits the activity
of the Hippo pathway by reducing phosphorylation of YAP,
increased YAP nuclear translocation, and increased cell
proliferation.?* LIFR is also reported to function as a
metastasis suppressor through the Hippo-YAP pathway?’
and confer a dormancy phenotype in BCa cells dissemi-
nating to bone.?® Despite the ability of LIF to activate
JAK1/STAT3, PI3K/AKT and MAPK pathways in these cells,
differences in signaling outcome may in part arise from
differential levels of activation of these three pathways,
multiple ligands to LIFR and differences in tumor micro
environment (TME)."**” Collectively, these findings impli-
cate that LIF binding to LIFR complex activates multiple
signaling events and in many solid cancers LIF/LIFR
signaling promote cancer progression (Fig. 1).

LIF/LIFR signaling in tumor microenvironment

LIF/LIFR signaling plays a role in modulating multiple im-
mune cell types present in tumor micro environment (TME)
including T-eff, T-reg, macrophages,’® and myeloid cells
which leads to immune suppression.?’ LIF regulates CXCL9
in tumor-associated macrophages and prevents CD8" T cell
tumor-infiltration impairing anti-PD1 therapy. The combi-
nation of LIF neutralizing antibodies with the inhibition of
the PD1 immune checkpoint promotes tumor regression,
immunological memory, and an increase in overall sur-
vival.®® LncAMPC upregulates LIF/LIFR expression to stim-
ulate the Jak1-STAT3 pathway to maintain PD-L1 protein
stability and immunosuppression.??

Ovarian Cancer (OCa) cells secrete LIF and are impli-
cated in the development of immune deficiency in the
peritoneal cavity of OCa patients.? 3! Obesity signals (such
as estrogen, leptin) promote endometrial cancer (ECa)*?
and function as potent inducers of LIF.>*3* LIF is an
established E2-responsive gene in the uterus.>” LIF signaling
promotes crosstalk between tumor cells and fibroblasts,
and mediate pro-invasive activation of stromal fibro-
blasts.*® Obese people have unusually high levels of leptin;
and leptin increases p-STAT3, LIF, LIFR, levels in cultured
human endometrial cells.®*

Tumors upregulate LIF/LIFR signaling via autocrine and
paracrine mechanisms.* ® LIF functions both as paracrine
or autocrine growth factor for breast, kidney and prostate
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Figure 1

LIF/LIFR oncogenic signaling network. LIF/LIFR signaling promotes tumor progression by regulating multiple signaling

aspects including activation of STAT3 signaling, mTOR, AKT, MAPK. LIF/LIFR axis promotes cell survival, enhances stemness and
inhibits apoptosis. Further LIF/LIFR axis regulates multiple aspects of tumor microenvironment including macrophage signaling.
Further, autocrine or paracrine loops of LIF/LIFR signaling also drives cancer progression.

cancers.”® TGFB induces the self-renewal capacity of gli-
oma stem cells through the SMAD-dependent induction of
LIF.>” Hypoxia induces LIF expression in human cancer
cells.® LIF signaling plays a role in crosstalk between tumor
cells and fibroblasts, and mediate pro-invasive activation of
stromal fibroblasts.>® LIF is produced by OCa associated
mesenchymal stem cells, induces tumor cell JAK-STAT
signaling via LIFR, increases the percentage of cancer
stemlike cells, and promotes tumor growth.>® Autocrine
loop involving LIF, LIF Receptor, and STAT4 drives sustained
fibroblast production of inflammatory mediators.“

Role of LIF/LIFR axis in stemness and therapy
resistance

The evidence for the role of LIF/LIFR axis in its contribution
to therapy resistance is well supported by literature. Several
studies demonstrated that cancer stem cells (CSCs) are
highly tumorigenic, spared by chemotherapy, sustain tumor
growth, and are implicated in tumor recurrence.*'~** LIF/

LIFR axis is a key regulator of CSCs'3; further, LIF-STAT3 axis
is implicated in stem cell self-renewal and pluripotency™®
and in the regulation of the transcription factors SOX2 and
NANOG that play a critical role in stemness.*® Recent studies
showed that the switch from migration to proliferation was
regulated by BM-MSC-secreted LIF/LIFR/p-ERK/pS727-STAT3
signaling to promote early disseminated cancer cells mes-
enchymal—epithelial transition and premetastatic niche
formation.”” TGFp is shown to promote BCa stem cell self-
renewal through an Interleukin-like EMT Inducer (ILEI)/LIFR
signaling axis.“® Glioma-initiating cells (GICs) are responsible
for the initiation/recurrence of gliomas and TGFp/LIF
signaling induces the self-renewal capacity and prevents
the differentiation of GICs.*’

High circulating LIF levels correlate well with tumor
recurrence and contribute to chemoresistance.®*’ Over-
expression of LIF is an important mechanism for the
attenuation of p53, which promotes chemoresistance in
CRCs." LIF is a commonly upregulated gene in carbopla-
tin- and paclitaxel-resistant cells and its expression cor-
relates with poor outcome in ECa patients.’® Additionally,
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Binding mode of LIFR inhibitors. (A) Structures of the compounds that preferentially block the interactions of LIF with

LIFR. The 11-B position is shown in green color. (B) Three dimensional structure of hLIF—LIFR complex. Domains in hLIFR are
displayed in blue (domain D1), green (domain D2), red (domain D3), cyan (domain D4) and gray (domain D5) color surfaces and as a
black ribbon. The hLIF is displayed in green ribbon and white surface. The red circle in the hLIFR denotes potential binding pocket.
(C) Domain representation of LIFR receptor illustrated in cartoon. (D—G) Binding modes of EC359 (represented as green ball and
stick), EC330 (yellow), EC357 (violet), and EC363 (cyan). hLIFR is shown in black ribbon and pink stick, hLIF is shown in yellow

ribbon and sticks.

LIF/LIFR signaling contributes to drug-resistant OCa.’
Autocrine and paracrine LIF signaling is shown to promote
chemoresistance in cholangiocarcinoma by up-regulating
Mcl-1 via a novel STAT3-PI3K/AKT-dependent pathway.®
Androgen deprivation therapy (ADT) upregulates
EGFR—LIFR signaling that activates succinate-CoA ligase
GDP-forming beta subunit (SUCLG2), which subsequently
stimulates the metabolic changes associated with neuro-
endocrine differentiation and aggressive prostate cancer
phenotype.>?

Elevated circulating LIF is a marker of poor response to
neo-adjuvant treatment in oesophageal adenocarcinoma
(OAC) and targeting LIF signaling enhances neoadjuvant
treatment responses.> LIFR mediated activation of STAT3

confers resistance to T-DM1 in HER2-positive breast can-
cer.>* LIF promotes nasopharyngeal carcinoma (NPC)
tumorigenesis and serum LIF levels predict local recurrence
and radiosensitivity.® Collectively, the ability of LIF/LIFR
axis to promote therapy resistance can be attributed to its
propensity to enhance stemness, promoting survival and
reduce apoptosis.

Structural features of LIFR for blocking ligand
signaling

To understand the structural features of LIFR, we con-
ducted homology modeling of the human LIFR (hLIFR)
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Schematic depicting the drugs that inhibit LIF/LIFR downstream signaling. Anti LIF antibody MSC-1 or LIFR inhibitor

EC359 can be used to directly interfere LIF/LIFR signaling. Targeting LIF/LIFR signaling using inhibitors of LIFR activated pathways
including Jak1/STAT3 inhibitors, PI3K inhibitors or BRD inhibitors may also be useful to interfere LIF/LIFR signaling.

based on human LIF—mouse LIFR complex (hLIF—mLIFR).
This model suggested the presence of two cytokine-
binding modules (CBM-1 and 2). The CBM-1 is constituted
by domains D1 and D2, whereas the CBM-2 is constituted
by domains D4 and D5. The D1 and D2 domains are con-
nected by a short linker. The two CBMs are separated by an
Ig-like domain, D3 is packed across the end of the D2
domain through loops originating from the end of D2
domain. D3 domain is connected to the D4 domain through
loops. Similarly, D4 domain is also connected to D5 domain
through loops. Although three-membrane proximal fibro-
nectin type-Ill (FNIIl) domains are present in the LIFR, they
were not resolved in previously reported crystal structures
(PDB IDs: 2q7n, 3e0g and 1pvh). Due to the high sequence
identity between the mLIFR and hLIFR, it was no surprise
that our modeled hLIFR structure also adopted the
extended zigzag conformation seen in mLIFR (Fig. 2B, C).
A saddle-shaped protein—protein interacting (PPI) inter-
face is constituted by a four-helix bundle from LIF, and
one sheet (D3) and loops (D4) from LIFR. Potential binding
pockets are found on both the LIF and LIFR in the vicinity
of the PPl interface (Fig. 2B, red circle). We surmise that
small molecules that could interact with these binding
pockets may interfere with LIF-LIFR interactions. Our
previous molecular docking studies suggested that ligands
such as EC359, EC330, EC357 and EC363 are able to bind to

the hLIFR at the PPI interface and block interactions with
LIF (Fig. 2D—G).?>%® In silico binding energy calculations
ranked the affinity of these compounds towards hLIFR in
the order of EC359 > EC330 > EC357 > EC363. Similarly,
our previous structure activity relationship studies sug-
gested that the 11-f substitution in the ligands is the
determining factor for the blockade of LIF-LIFR in-
teractions. Ligands with a bulkier substitution displayed
more steric clashes with LIF and exhibited higher inhibit-
ing properties compared to those with a smaller substi-
tution. Collectively, these modeling studies helped to
design and develop potent small molecule inhibitors for
targeting LIFR.

Therapeutic strategies targeting LIF/LIFR

Analyses of LIF KO mice have revealed that many of the LIF
actions are not apparent during normal development,’
indicating a potential therapeutic window for LIF/LIFR axis
inhibitors in addition to less toxicity in normal adult tissues.
A recent study demonstrated that LIF is a key paracrine
factor from stromal cells acting on cancer cells; and LIF
blockade or genetic LIFR deletion slows tumor progression,
and augments the efficacy of chemotherapy to prolong
survival of PDAC." It is suggested that LIF serves as a target
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to limit neural remodeling in pancreatic cancer, which
contributes to poorer quality of life with increased meta-
static progression and LIF-blocking antibody reduced
intratumoral nerve density.>” Another study also confirmed
that blockade of LIF by neutralizing antibodies represents
an attractive approach to improving therapeutic outcome
in KRAS driven pancreatic cancer.>®

Concomitantly, antibodies to LIF significantly suppressed
growth of breast, kidney and prostate cancer cells sug-
gesting that LIF acts as either a paracrine or an autocrine
growth factor for these solid cancers.’® Considering the
importance of the LIF/LIFR pathway, Northern Biologics/
Celgene recently developed a humanized Anti-LIF antibody
(MSC-1) that blocks LIF signaling, and its utility is being
tested in a phase | clinical trial to determine its safety and
tolerability (ClinicalTrials.gov, NCT03490669). A recent
study examined the antitumor effect of immunization
against LIF and LIFR. This study found that immune-
mediated blockage of LIF and LIFR delayed/prevented
breast tumor growth and immunotherapy of LIFR was a
more efficient approach in the inhibition of tumor growth
compared to immunotherapy of LIF.>’

Recently, several small molecules that preferentially
target LIF/LIFR axis were identified including EC330, EC357,
and EC363 (US patent 10,053,485) (Fig. 2A). Of these mol-
ecules, EC330 efficiently inhibited LIF/LIFR mediated pro-
liferation and tumor growth and molecular docking studies
suggested EC330 target LIFR.%® Further optimization of
EC330 to emulate the LIF binding site in LIFR and to improve
PK properties resulted in the development of a first-in-class
LIFR inhibitor (EC359) (Fig. 2A).%¢ The specificity of EC359
to target LIFR and its activity was rigorously tested using
biophysical assays (SPR, MST, modeling, biotin pull down),
and CRISPR KO cells. EC359 also has the ability to block
signaling mediated by other cytokines (CTF1, CNTF, and
OSM) that interact LIFR at LIF/LIFR interface.>® We specu-
late that the unique ability of EC359 to bind to common
ligand binding site which blocks multiple ligands interaction
with LIFR, offers an advantage over biologics or small
molecules that can only target either of these ligands alone
(Fig. 3). Modeling studies predicted that EC359 will interact
at the LIF-LIFR binding interface and block the interaction
of LIF to LIFR (Fig. 2). EC359 showed effectivity in pre-
clinical xenograft and PDX models and has substantiated PK
properties.>® Utilizing pancreatic cell line-derived organo-
ids, EC359 is also shown to be effective in targeting onco-
genic LIF/LIFR signaling in pancreatic tumor stroma.®’ Since
EC359 is a small, stable molecule; it is amenable for
translation in cancer patients as monotherapy, or in com-
bination with current standard of care.®

HDAC inhibition upregulates LIFR expression, activates
JAK1-STAT3 signaling and JAK1 or BRD4 inhibition sensitizes
BCa to HDAC inhibitors, implicating combination inhibition
of HDAC with JAK1 or BRD4 as potential therapies for BCa
(Fig. 3).°" Recent study showed that LIF functions in par-
allel with IL-6 to promote OCa growth and that therapeutic
targeting of a single cytokine axis may be less effective.>’
Therefore, combination therapy of LIF/LIFR inhibitors along
with blockage of JAK/STAT pathway may be beneficial
(Fig. 3).

Conclusion and future perspectives

In closing, LIF/LIFR signaling is implicated in the cancer
progression and deregulation of LIF/LIFR axis occurs in
many solid cancers. Preclinical studies using in vitro and
in vivo models confirmed oncogenic functions of LIF/LIFR in
tumor progression, stemness, therapy resistance, and al-
terations in tumor microenvironment. Humanized Anti-LIF
antibody (MSC-1) therapeutics for targeting LIF are in
Phase | clinical trials to test the efficacy of LIF antibody as a
therapeutic in cancer (Fig. 3). However, LIFR can be acti-
vated by multiple ligands in addition to LIF, activating LIFR
downstream pathways. Because cancer cells express mul-
tiple ligands that activate LIFR, it may be prudent to
develop inhibitors that target common binding pocket for
all the ligands in LIFR. EC359 is a rationally designed organic
molecule that can emulate the LIF/LIFR binding site which
functions as a first-in class LIFR inhibitor blocking its in-
teractions with multiple ligands (Fig. 3). In preclinical
studies EC359 showed effectivity; however, future studies
are needed to better the understanding of LIF/LIFR
signaling mechanisms in solid cancer cells using global ap-
proaches, validating efficacy of LIF/LIFR axis inhibitors in
multiple solid tumor models and establishing LIF/LIFR
signaling effects in modulating tumor micro environment.
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