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Simple Summary: In this study, we utilized global RNA-seq to elucidate the molecular mechanisms
by which obese conditions promote progression of endometrioid endometrial cancer (EEC). Our
results suggest that obese conditions upregulate LIF/LIFR signaling, and EEC tumors collected from
obese patients have high levels of LIF. Mechanistic studies suggest that LIF/LIFR signaling plays an
important role in obesity-driven EEC progression and the LIFR inhibitor, EC359, has the potential to
suppress the tumor progression driven by increased adiposity found in obese patients.

Abstract: Endometrial cancer (EC) is the fourth most common cancer in women, and half of the
endometrioid EC (EEC) cases are attributable to obesity. However, the underlying mechanism(s) of
obesity-driven EEC remain(s) unclear. In this study, we examined whether LIF signaling plays a
role in the obesity-driven progression of EEC. RNA-seq analysis of EEC cells stimulated by adipose
conditioned medium (ADP-CM) showed upregulation of LIF/LIFR-mediated signaling pathways
including JAK/STAT and interleukin pathways. Immunohistochemistry analysis of normal and
EEC tissues collected from obese patients revealed that LIF expression is upregulated in EEC tissues
compared to the normal endometrium. Treatment of both primary and established EEC cells with
ADP-CM increased the expression of LIF and its receptor LIFR and enhanced proliferation of EEC cells.
Treatment of EEC cells with the LIFR inhibitor EC359 abolished ADP-CM induced colony formation
andcell viability and decreased growth of EEC organoids. Mechanistic studies using Western blotting,
RT-qPCR and reporter assays confirmed that ADP-CM activated LIF/LIFR downstream signaling,
which can be effectively attenuated by the addition of EC359. In xenograft assays, co-implantation
of adipocytes significantly enhanced EEC xenograft tumor growth. Further, treatment with EC359
significantly attenuated adipocyte-induced EEC progression in vivo. Collectively, our data support
the premise that LIF/LIFR signaling plays an important role in obesity-driven EEC progression and
the LIFR inhibitor EC359 has the potential to suppress adipocyte-driven tumor progression.

Keywords: leukemia inhibitory factor; leukemia inhibitory factor receptor; endometrioid endometrial
cancer; obesity; EC359; RNA-seq
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1. Introduction

While endometrial cancer (EC) occurs most commonly in older women, the mortality
rate and incidence are exponentially increasing in women under 40 years of age [1,2].
Estrogen (E2, 17-β-estradiol) signaling plays an important role in the progression of the
EEC subtype of EC [3], and unopposed E2 exposure is implicated as a major risk factor for
EEC [4]. Despite the promising results of progestins, hormone therapy confers moderate
benefits on EC patients with a recurrence rate of approximately 50% [5]. There is an
unmet need for the development of new targeted therapies that complement existing
EC-directed therapies.

More than half of EC cases are attributable to obesity [6,7]. Body mass index (BMI) rep-
resents a major modifiable risk factor; approximately half of all EC cases in postmenopausal
women are attributable to being overweight or obese [8]. Visceral adipose tissue is a sig-
nificant and reliable prognostic indicator for EC prognosis [9]. The mechanisms by which
obesity contribute to the pathogenesis of EC are poorly understood.

Obesity signaling enhances E2 biosynthesis [10] and E2 function as a potent inducer
of leukemia inhibitory factor (LIF) [11–13], which mediate its signaling using a receptor
complex comprising LIFR and glycoprotein 130 (gp130) [14]. JAK/STAT3 functions as an
immediate effector while MAPK, AKT and mTOR function as further downstream effectors
of the LIF/LIFR complex [15]. The role of LIF/LIFR signaling in obesity-mediated EEC
progression remains unclear and is the focus of this study.

Here, using global RNA-seq analyses, we found that obesity conditions promote
activation of IL6 cytokine and JAK/STAT3 signaling. EEC tumors from patients with a high
BMI have increased levels of LIF expression. Obese conditions promote EEC proliferation
and activation of LIF/LIFR signaling. Treatment with the LIFR inhibitor EC359 abolished
obesity-mediated increases in LIFR signaling in vitro and EEC progression in vivo.

2. Materials and Methods
2.1. Cell Culture and Reagents

Human EC cell lines HEC-1-A, AN3 CA and RL95-2 were purchased from the Ameri-
can Type Culture Collection (ATCC, Manassas, VA, USA) and cultured as described [16].
Ishikawa cells were purchased from Sigma (Millipore Sigma, St. Louis, MO, USA). All
model cells were free of mycoplasma contamination, and identity was confirmed us-
ing short tandem repeat polymorphism analysis (STR). EC359 was synthesized as de-
scribed [17].

2.2. Primary EC Cells

Primary EC cells were established from patient-derived EC tissues using a University
of Texas Health San Antonio (UTHSA) Institutional Review Board-approved protocol.
These specimens were de-identified; both the PI and research staff did not have access
to clinical linkers or codes. All cell lines were maintained in a humidified chamber with
5% CO2 at 37 ◦C. All the methods involving human tissues were conducted in accor-
dance with the Declaration of Helsinki and the standards defined by UTHSA Institutional
Review Board.

2.3. Human Adipose Tissue Samples

The University of Texas Health San Antonio (UTHSA) Institutional Review Board
approved the protocol to collect the human adipose tissue. The visceral adipose tissues
were collected in DMEM medium from human female patients with BMI > 30 kg/m2.
Consent from patients was obtained as per approved guidelines.

2.4. Isolation of Mature Adipocytes from Human Adipose Tissue

The primary adipocytes (ADPs) were isolated from human adipose tissue as described
previously [18]. Briefly, adipose tissue was minced, washed with DPBS and digested in
1 mg/mL Collagenase (type 1) solution for 1 h at 37 ◦C with gentle shaking. The digestion
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mixture was passed through a 100 µm cell strainer (BD Biosciences) and centrifuged
at 800 rpm for 5 min. The upper floating layer containing the mature adipocytes was
collected, washed and cultured in DMEM. After 48 h, the culture medium containing
primary adipocytes was passed through a syringe filter (0.22 µm, Millipore) to collect
adipocyte-conditioned medium (ADP-CM). Basal DMEM medium as serum-free medium
(SFM) and 50% (v/v) ADP-CM were used in all in vitro experiments.

2.5. In Vitro Co-Culture Model

For co-culture, ADPs were seeded on an insert of a Boyden chamber. In the bottom
well, endometrial cancer cells were seeded for the co-culture experiment. Control wells
contained the insert without ADPs. Co-cultures were carried out in triplicate for 24 h,
followed by lysis of endometrial cancer cells for protein and RNA isolation.

2.6. Cell Viability and Clonogenic Assays

The effect of EC359 treatment on adipose-induced cell viability of EEC cells was
assessed after 5 days of treatment using MTT cell viability assay as previously described [17].
For clonogenic assays, EEC cells (500 cells/well) were plated in 6-well plates in triplicate
treated with vehicle or ADP-CM or ADP-CM+EC359 for 5 days, and colonies that contained
≥50 cells were counted after 2 weeks.

2.7. Western Blotting and RT-qPCR

Cells were lysed using RIPA buffer, and Western blotting was performed as previously de-
scribed [16,17]. The phosphorylation-specific antibodies (p-p70S6K(T389), p70S6K, p-Akt(S473),
Akt, p-mTOR(S2448), mTOR, p-S6(S235/236), S6, p-ERK1/2, ERK, p-STAT3(Y705), and STAT3),
were obtained from Cell Signaling Technology (Beverly, MA, USA). LIF and LIFR antibodies
were purchased from Santa Cruz Biotechnology (Dallas, TX, USA). Anti β-actin antibody
was obtained from Sigma. RT-qPCR was carried out using High-Capacity cDNA Reverse
Transcription Kit and PowerUp SYBR Green master mix (Applied Biosystems) on a CFX96
Real-Time PCR system. Primer sequences are included in Supplementary Table S1. Original
blots see Supplementary Figure S1.

2.8. Reporter Gene Assays

STAT3-luc assays were carried out as previously described [16]. Briefly, STAT3-luc
reporter cells were serum-starved for 24 h and treated with ADP-CM or ADP-CM + EC359
for 24 h. Reporter activity was measured in luminometer using the dual-luciferase reporter
assay system (Promega, Madison, WI, USA).

2.9. RNA-seq Analysis

The effect of ADP-CM on the global transcriptome was determined by RNA sequenc-
ing. Total RNA was isolated using RNeasy mini kit (Qiagen, Valencia, CA, USA), and
RNA sequencing was performed by the genome sequencing core facility at UT Health San
Antonio. Sequence data were aligned to human genome (UCSC hg19) with TopHat2 [19].
Genes were annotated by NCBI RefSeq and quantified by HTSeq [20]. Differentially
expressed genes were identified using DESeq [21]. For pathway analyses, genes with
fold change > 1.5 and multiple-test-adjusted p-value < 0.01 were used. Gene Set Enrich-
ment Analysis (GSEA) was performed on 13 February 2021 using published protocol
(http://www.gsea-msigdb.org/gsea/index.jsp, accessed on 21 September 2022) [22].

2.10. In Vivo Xenograft Models

All animal experiments were performed using approved UT Health San Antonio
IACUC protocol and guidelines. Female SCID mice (n = 5 tumors/group) were injected
with RL95-2 and mature ADP cells (1 × 106) mixed with equal volume of growth-factor-
reduced Matrigel. After establishment of tumors, mice were randomized into control (0.3%
hydroxy propyl cellulose) group and the treatment group (EC359-5 mg/kg/bw/day/ip).

http://www.gsea-msigdb.org/gsea/index.jsp
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Body weight and tumor growth were measured at 3-4-day intervals. Tumor volume was
calculated using a formula: tumor volume = 1/2(L × W2), where L is the longitudinal
diameter and W is the transverse diameter. At the end of the experiment, mice were
euthanized, and tumors were collected and processed for histological studies.

2.11. Tissue Microarray (TMA) and Immunohistochemistry (IHC)

EEC TMAs were obtained from the UTHSA Ob-Gyn Tissue Core and used for this
study. The Core has a collection of both normal and cancerous endometrial tissues with
BMIs ranging from 30 to 68 kg/m2 (Supplementary Table S2). Immunohistochemistry
(IHC) was performed as described [16]. TMAs were probed with the anti-LIF antibody,
and tumor sections were incubated with anti-Ki67 antibody (Abcam, Cambridge, MA,
USA) overnight at 4 ◦C. Secondary antibody incubation took place over 45 minutes at room
temperature. IHC slides were developed using the DAB substrate and counterstained with
hematoxylin (Vector Lab, Burlingame, CA, USA).

2.12. Patient-Derived Organoid (PDO) Studies

Patient-derived organoids (PDOs) were established, cultured and plated as previously
described [16]. Organoids were treated with indicated concentration of EC359 in the
presence or absence of ADP-CM. Cell viability was measured after 7 days of treatment using
the CellTiter-Glo Assay kit and quantified using a GloMax® Discover System (Promega,
Madison, WI, USA).

2.13. Statistical Analyses

The unpaired Student’s t-test and one-way ANOVA were used to analyze the differ-
ences, and p < 0.05 was considered as significant. Statistical analyses were carried out using
GraphPad Prism 9 software (San Diego, CA, USA).

3. Results
3.1. RNA-seq Analysis of EEC Cells Identified Unique Pathways Modulated by Adipose Conditions

To better understand the mechanisms by which obese conditions stimulate EEC pro-
liferation, we used a global RNA-seq approach. For this experiment, we used EEC cells
cultured in the presence or absence of ADP-CM. A total of 209 genes were significantly
changed by ADP-CM treatment compared to the control (Figure 1A). Analyses of ADP-
CM-regulated genes using GSEA revealed a positive correlation with cytokine and STAT3
signaling pathways, stem cells, inflammation, TGFβ and the interferon signaling pathway
(Figure 1B–D). Further analyses showed that ADP-CM increased the STAT3-induced genes
and reduced the STAT3-repressed genes in EEC cells (Figure 1E). IPA analyses also con-
firmed that culturing of EEC cells in adipose-conditioned medium positively modulated
several signaling pathways including IL6 and STAT3 (Figure 1F). RT-qPCR analysis of
ADP-CM-treated samples showed increased expression of LIFR target genes compared to
the control (Figure 1G).

3.2. EEC Tumors from High-BMI Cases Have Elevated LIF Expression

Earlier studies showed that increased BMI and obesity are strongly associated with
EEC incidence and mortality [8]. Since our RNA-seq analyses identified that STAT3 and
IL6 pathways are modulated by obese conditions, we examined whether obese conditions
altered levels of LIF, an IL6 family of cytokine. We used tumor tissue arrays that contained
normal (n = 33) and EEC (n = 46) tumors for IHC analyses using the LIF antibody. Results
show that LIF expression from high-BMI cases was upregulated in EEC tumors compared
to normal cases (Figure 2A,B; Supplementary Table S2).
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Figure 1. Global RNA-seq analysis of RL95-2 cells treated with ADP-CM identified unique path-
ways. (A) Heatmap showing differentially expressed genes upon ADP-CM treatment with |FC | > 
1.5. (B–D) GSEA showing positively enriched pathways in ADP-CM-treated cells. GSEA plots show 
JAK-STAT pathway (C) and interferon alpha (D) response gene signatures were positively enriched 
in ADP-CM-treated group. (E) Heatmap shows the regulation of several known STAT3 target genes 
in ADP-CM-treated cells. (F) Ingenuity pathway analysis shows the top 10 pathways upregulated 
in ADP-CM-treated cells. (G) Validation of LIFR target genes by RT-qPCR. Data are represented as 
mean ± SE. **** p < 0.0001. 
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Figure 1. Global RNA-seq analysis of RL95-2 cells treated with ADP-CM identified unique pathways.
(A) Heatmap showing differentially expressed genes upon ADP-CM treatment with |FC | > 1.5.
(B–D) GSEA showing positively enriched pathways in ADP-CM-treated cells. GSEA plots show
JAK-STAT pathway (C) and interferon alpha (D) response gene signatures were positively enriched
in ADP-CM-treated group. (E) Heatmap shows the regulation of several known STAT3 target genes
in ADP-CM-treated cells. (F) Ingenuity pathway analysis shows the top 10 pathways upregulated
in ADP-CM-treated cells. (G) Validation of LIFR target genes by RT-qPCR. Data are represented as
mean ± SE. **** p < 0.0001.
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Figure 2. LIF is overexpressed in EEC. (A) Tissue microarray consisting of samples from patients with
EEC (n = 46) and from individuals with normal endometrial tissue (n = 33) were evaluated for LIF
expression, and representative IHC images are shown with LIF intensity score 0–3. (B) Quantitation of
expression of LIF in normal and EEC tissue microarray is shown. Data are represented as mean ± SE.
* p < 0.05; ** p < 0.01; **** p < 0.0001.

3.3. Obese Conditions Enhance Cell Viability and LIF/LIFR Downstream Signaling

We then examined whether obese conditions promote LIF/LIFR signaling using two
widely used models: (1) culturing of EEC cells in the presence or absence of conditioned
medium (CM) collected from mature adipocytes (ADPs) (Figure 3A); (2) co-culture of
EEC cells with adipocytes (Figure 3G). Western blotting analyses showed that ADP-CM
increased the expression of LIFR in AN3 CA, Ishikawa, RL95-2 and HEC1-A cells (Figure 3B)
and enhanced phosphorylation of STAT3, a downstream effector of LIFR (Figure 3B).
Western blotting analysis also confirmed that ADP-CM enhances activation of several
LIF/LIFR downstream effectors including mTOR, AKT, S6 and ERK kinases (Figure 3C).
The addition of ADP-CM enhanced cell proliferation of EEC cells (Figure 3D). We validated
the expression of LIFR in established and primary EEC cell lines by RT-qPCR analysis
(Figure 3E). Further, RT-qPCR analyses confirmed that ADP-CM enhanced expression of
known LIF/LIFR target genes (Figure 3F). Co-culture of primary EEC cells with adipocytes
also showed increased expression of LIF/LIFR target genes (Figure 3H). Collectively, these
results suggest that obese conditions enhance LIF/LIFR signaling activation in EEC.

3.4. LIFR Inhibitor, EC359, Reduced ADP-CM-Induced Cell Viability, Colony Formation and LIFR
Downstream Signaling

We examined whether the recently developed LIFR inhibitor, EC359, has the ability
to block obesity-induced LIF/LIFR-mediated proliferation and signaling in EEC. The
addition of EC359 decreased ADP-CM-induced cell viability in a dose-dependent manner
(Figure 4A). Further, ADP-CM enhanced the colony formation ability of EEC cells that
is abolished by EC359 treatment (Figure 4B). The addition of ADP-CM increased the
viability of EEC organoids, which was attenuated by the addition of EC359 (Figure 4C,D).
Western blotting analysis confirmed that ADP-CM increased the expression of LIF, LIFR
and activated LIF/LIFR downstream signaling, which was effectively reduced with the
addition of EC359 (Figure 4E). Using model cells that stably express the STAT3 reporter, we
also confirmed that ADP-CM activated STAT3 reporter activity, which can be effectively
decreased by the addition of EC359 (Figure 4F). RT-qPCR results also confirmed that EC359
effectively blocked the expression of LIFR target genes (Figure 4G). Collectively, these
studies suggested that EC359 has the ability to block ADP-CM-mediated increases in
LIF/LIFR signaling.
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Figure 3. Adipocytes induced LIFR signaling in EEC cells. (A) Schematic of ADP-CM treatment
of EEC cells. EEC cells were treated with ADP-CM for 24 h, and the expression of LIFR, pSTAT3,
STAT3 (B) and LIFR downstream signaling (C) was determined by Western blotting. (D) Effect of
adipose conditions on EEC cell proliferation was determined by MTT cell viability assay. (E) LIFR
gene expression in established and primary EEC cells was analyzed by RT-qPCR. (F) Ishikawa cells
were incubated with ADP-CM for 24 h, and the expression of LIFR target genes was analyzed by
RT-qPCR. (G) Schematic of transwell co-culture system. (H) Adipocytes were indirectly co-cultured
with primary EEC model cells (EC16) using a transwell culture system for 24 h, and the expression
of LIFR target genes was analyzed by RT-qPCR. Data are represented as mean ± SE. ** p < 0.01;
*** p < 0.001; **** p < 0.0001.
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Figure 4. EC359 reduced adiposity-induced cell viability, colony formation and LIFR downstream
signaling. (A) Established and primary endometrial cancer cells were incubated with ADP-CM with
or without EC359 and cell proliferation was determined by MTT cell viability assay. (B) Effect of
EC359 on adiposity-induced cell survival of EEC cells was measured using colony formation assays,
and quantitation is shown on the right panel. (C) Representative images of PDOs cultured in ADP-CM
in the presence or absence of EC359 are shown. (D) Effect of EC359 on adiposity-induced cell viability
of organoids was measured using CellTiter-Glo 3D-Superior Cell Viability Assay. (E) Ishikawa and
primary EEC (EC14) cells were treated with ADP-CM, and expression of LIFR and downstream
signaling proteins were analyzed using Western blot analysis. (F) EEC cells stably expressing STAT3-
luc were treated with ADP-CM in the presence or absence of EC359, and STAT3 reporter activity
was measured after 24 h. (G) Primary EEC cells (EC16) incubated with ADP-CM with or without
EC359, and the expression of LIFR target genes was analyzed by RT-qPCR. Data are represented as
mean ± SE. ** p < 0.01; *** p < 0.001; **** p < 0.0001.
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3.5. EC359 Reduced LIFR Downstream Signaling in EEC Cells Co-Cultured with Adipocytes

To test the potential of EC359 in blocking direct adipocyte-mediated enhanced LIFR
signaling in EEC cells, we co-cultured primary human adipocytes (ADP-CC1 and ADP-
CC2) obtained from the Ob/Gyn Core with primary EEC cell line EC16 (Figure 5A) or
established EEC cell line RL95-2 (Figure 5B) in transwell inserts using a previously pub-
lished protocol [23,24]. Western blotting results show that co-culture with adipocytes
significantly enhanced LIFR expression; its downstream signaling in EEC model cells is
effectively blocked by EC359 treatment (Figure 5A,B). Further, co-culture of adipocytes with
EEC cells also activated LIFR target genes, and the activation was then blocked by EC359
treatment (Figure 5C,D). Collectively, the results support that EC359 has the potential to
block adipocyte-mediated enhanced LIF/LIFR signaling.
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Figure 5. EC359 reduced LIFR downstream signaling in EEC cells co-cultured with adipocytes. (A,B),
primary EEC (EC16) (A) and RL95-2 (B) cells were co-cultured with adipocytes (ADP-CC1 and
ADP-CC2) for 24 h with or without EC359, and the expression of LIFR and downstream signaling
proteins were analyzed using Western blot analysis. (C,D) Effect of EC359 treatment using RL95-2
cells co-cultured with ADP-CC1 (C) and ADP-CC2 (D) for 24 h on LIFR-targeted genes was measured
using RT-qPCR. Data are represented as mean ± SE. **** p < 0.0001.

3.6. Adipose Cells Promote EEC Progression, and Functional LIFR Signaling Is Needed for
Optimal Growth of EEC In Vivo

To confirm that adipocytes enhance growth of EEC cells in vivo, we co-implanted RL95-2
cells with adipose cells. RL95-2 cells alone or in combination with mature adipocytes were in-
jected subcutaneously with growth-factor-reduced Matrigel into the flanks of 8-week-old female
SCID mice using a published procedure [25]. As shown in Figure 6A–C, co-implantation
of adipocytes significantly enhanced EEC xenograft tumor growth. Further, treatment
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with EC359 significantly attenuated adipocyte-induced EEC progression (Figure 6A–C).
IHC analysis of xenograft tissues showed that co-implanted tumors had high levels of
proliferation marker Ki67 compared to RL95-2 xenografts and EC359 treated xenografts
showed reduced expression of Ki67 (Figure 6D) compared to co-implanted xenografts.
These data support the premise that LIFR signaling plays an important role in adipocyte-
driven EEC progression and EC359 has the potential to suppress the adipocyte-driven
tumor progression (Figure 6E).
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Figure 6. EC359 treatment inhibits adiposity-induced in vivo xenograft tumor growth. A-C, RL95-2
cells were injected along with mature adipocytes and treated with or without EC359. RL95-2 cells
injected along with mature adipocytes served as a vehicle. Tumor volume was measured twice a
week. Tumor volume (A), tumor images (B), tumor weights (C) and IHC of Ki67 (D) are shown.
(E) Schematic representation: Obesity conditions activate LIF/LIFR signaling, and this promotes
EC progression via activation of STAT3, mTOR, AKT, MAPK signaling. Data are represented as
mean ± SE. * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001.

4. Discussion

The obesity epidemic is expected to increase EEC cases in the USA [6]. Adjuvant
hormone therapy only confers a moderate benefit on EC patients with a recurrence rate of
approximately 50% [5]. Targeted agents in clinical trials, such as bevacizumab, everolimus
and metformin, despite showing moderate efficacy, did not led to durable remission in
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patients with recurrent or advanced EC [26–28]. Patients diagnosed with type I early-stage
EC often have a favorable prognosis; however, those with advanced stage, recurrent or
high-grade EC have worse outcomes [27]. Therefore, understanding the mechanisms
that contribute obesity-driven EC is critical to discovering new therapeutic targets and to
developing new therapies for EC.

Among all cancers, increased BMI and obesity are strongly associated with EC inci-
dence and mortality [8]. BMI represents a major modifiable risk factor; approximately half
of all EC cases in postmenopausal women are attributable to being overweight or obese [8].
Visceral adipose tissue is a significant and reliable prognostic indicator for EC prognosis [9].
More than half of ECs are currently attributable to obesity, which is an independent risk
factor for EEC [29]. Using tumor tissues collected from high-BMI and low-BMI cases, we
have demonstrated that tumors from high-BMI patients exhibit increased levels of LIF
compared to low-BMI patients.

Cellular components of adipose tissue (adipocytes, preadipocytes and mesenchymal
stem cells) are the predominant source of aromatase, the enzyme that facilitates the produc-
tion of estrogen [30]. Obesity increases the local concentration of E2 levels, which directly
promotes EEC proliferation [30]. The mechanisms by which obesity and adipose tissue
contribute to the pathogenesis of EC are poorly understood. Our studies using global
RNA-seq suggested that obese conditions aberrantly activate cytokines and Jak/STAT3
pathway. Mechanistic studies confirmed that obese conditions enhance the expression of
LIF/LIFR and activate LIFR downstream signaling.

Tumors are shown to exhibit LIF/LIFR autocrine and paracrine signaling mecha-
nisms [31–33]. LIF signaling promotes tumor cells crosstalk with fibroblasts and is impli-
cated in pro-invasive activation of stromal fibroblasts [34]. Obese conditions promote high
levels of leptin; leptin increases LIF and LIFR levels in endometrial cells [12]. Further, LIF
is a commonly upregulated gene in carboplatin- and paclitaxel-resistant cells [35]. In this
study, we found that obese conditions promote activation of LIF/LIFR signaling. These
findings are in agreement with published studies and suggest that obese conditions have
the potential to create LIF/LIFR autocrine signaling loops, leading to progression of EEC.

The LIF/LIFR axis is implicated in tumor growth and progression by acting on multi-
ple aspects of cancer biology [36]. Obese conditions promote E2 synthesis, and E2 is shown
to enhance LIF expression in the uterus [37]. Recently, a first-in-class inhibitor of LIFR,
EC359, was developed and shown to block LIF/LIFR signaling. In this study, we examined
the utility of EC359 in blocking obesity-mediated signaling that occurs via the LIF/LIFR
axis. Using in vitro cell-based assays and in vivo xenograft assays, we demonstrated that
EC359 substantially reduced obesity-mediated EEC progression.

5. Conclusions

The global RNA-seq results from this study suggest that obese conditions have the
potential to promote activation of IL-6 cytokine and STAT3 signaling pathways in EEC. EEC
tumor patients with a high BMI exhibited elevated levels of LIF expression. Using multiple
in vitro assays and EEC model cells, this study provided evidence that obese conditions
activate STAT3 signaling via the LIF/LIFR axis. Our xenograft studies confirmed that
LIF/LIFR signaling driven by obese conditions plays a role in the progression of EEC
in vivo and blocking LIFR signaling with EC359 represents a novel therapeutic approach.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cancers14215400/s1. Supplementary Table S1: List of primers;
Supplementary Table S2: Detailed description of normal and cancerous Tissue microarray. Supple-
mentary Figure S1: Original blots.

Author Contributions: Conceptualization, L.B., H.B.N., R.K.V., E.R.K., G.R.S., R.R.T. and S.V.;
methodology, L.B., U.P.P., X.Y., B.S., S.K., K.R., Z.L. (Zexuan Liu) and H.B.N.; pathology, P.T.V.;
software, S.Z., Z.L. (Zhao Lai) and Y.C.; validation, L.B., X.Y. and Z.L. (Zexuan Liu); formal analysis,
L.B., Z.L. (Zhao Lai)., Y.C. and S.V.; data curation, Y.C.; writing—original draft preparation, S.V.,

https://www.mdpi.com/article/10.3390/cancers14215400/s1
https://www.mdpi.com/article/10.3390/cancers14215400/s1


Cancers 2022, 14, 5400 12 of 13

R.K.V.; writing—review and editing, K.A.A., G.R.S., R.K.V. and S.V.; supervision, E.R.K., R.R.T., R.K.V.
and S.V.; funding acquisition, R.K.V. and S.V. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by NIH-R01CA267893 (R.K.V., S.V.); 170711-44096-T.E.A.L.®’s
2021 Medical Research Program, 170722-44096-ThriveWell Cancer Foundation (S.V.) and American
Cancer Society Research Scholar Grants 132931-RSG-18-187-01-TBG (G.R.S.) and IRG-21-147-01-IRG
(S.V.). K.A.A. was supported by a predoctoral fellowship from the Institutional CPRIT Research
Training Award (RP170345). RNA-seq data were generated by Genome Sequencing Facility/Mays
Cancer Center Next-generation Sequencing Facility and supported by NIH-NCI P30 CA054174
(Cancer Center at UT Health San Antonio), NIH Shared Instrument grant no. 1S10OD021805-01 (S10
grant) and the CPRIT Core Facility Award (RP160732).

Institutional Review Board Statement: This study utilized tumor samples and primary cell lines
collected by Ob-Gyn Tissue Core. These samples were procured by the core using approved IRB
protocol. The study was conducted in accordance with the Declaration of Helsinki and approved by
the Institutional Review Board (or Ethics Committee) of UT Health San Antonio (HSC20190695N and
9 March 2019). The animal study protocol was approved by the Office of the Institutional Animal
Care and Use Committee (Protocol number: 20220021AR) for studies involving animals.

Informed Consent Statement: Not applicable and no patients are recruited for this study.

Data Availability Statement: All data generated for this study are included within this article. RNA-
seq data have been deposited in the GEO database under a GEO accession number (GSE214872).

Conflicts of Interest: Authors Bindu Santhamma and Hareesh B. Nair are current employees of
Evestra Inc. All other remaining authors declare no competing interests.

References
1. Moore, K.; Brewer, M.A. Endometrial Cancer: Is This a New Disease? Am. Soc. Clin. Oncol. Educ. Book 2017, 37, 435–442.

[CrossRef] [PubMed]
2. Scott, O.W.; Tin Tin, S.; Bigby, S.M.; Elwood, J.M. Rapid increase in endometrial cancer incidence and ethnic differences in New

Zealand. Cancer Causes Control 2019, 30, 121–127. [CrossRef] [PubMed]
3. Rodriguez, A.C.; Blanchard, Z.; Maurer, K.A.; Gertz, J. Estrogen Signaling in Endometrial Cancer: A Key Oncogenic Pathway

with Several Open Questions. Horm. Cancer 2019, 10, 51–63. [CrossRef]
4. Setiawan, V.W.; Yang, H.P.; Pike, M.C.; McCann, S.E.; Yu, H.; Xiang, Y.B.; Wolk, A.; Wentzensen, N.; Weiss, N.S.; Webb, P.M.; et al.

Type I and II endometrial cancers: Have they different risk factors? J. Clin. Oncol. 2013, 31, 2607–2618. [CrossRef]
5. Gien, L.; Kwon, J.; Oliver, T.K.; Fung-Kee-Fung, M. Adjuvant hormonal therapy for stage I endometrial cancer. Curr. Oncol. 2008,

15, 126–135. [CrossRef] [PubMed]
6. Onstad, M.A.; Schmandt, R.E.; Lu, K.H. Addressing the Role of Obesity in Endometrial Cancer Risk, Prevention, and Treatment. J.

Clin. Oncol. 2016, 34, 4225–4230. [CrossRef] [PubMed]
7. Guo, H.; Kong, W.; Zhang, L.; Han, J.; Clark, L.H.; Yin, Y.; Fang, Z.; Sun, W.; Wang, J.; Gilliam, T.P.; et al. Reversal of obesity-driven

aggressiveness of endometrial cancer by metformin. Am. J. Cancer Res. 2019, 9, 2170–2193.
8. Reeves, G.K.; Pirie, K.; Beral, V.; Green, J.; Spencer, E.; Bull, D.; Million Women Study, C. Cancer incidence and mortality in

relation to body mass index in the Million Women Study: Cohort study. BMJ 2007, 335, 1134. [CrossRef]
9. Celik, E.; Kizildag Yirgin, I.; Goksever Celik, H.; Engin, G.; Sozen, H.; Ak, N.; Saip, P.; Onder, S.; Topuz, S.; Salihoglu, M.Y. Does

visceral adiposity have an effect on the survival outcomes of the patients with endometrial cancer? J. Obstet. Gynaecol. Res. 2021,
47, 560–569. [CrossRef]

10. Daley-Brown, D.; Oprea-Ilies, G.M.; Lee, R.; Pattillo, R.; Gonzalez-Perez, R.R. Molecular cues on obesity signals, tumor markers
and endometrial cancer. Horm. Mol. Biol. Clin. Investig. 2015, 21, 89–106. [CrossRef]

11. Wang, T.S.; Gao, F.; Qi, Q.R.; Qin, F.N.; Zuo, R.J.; Li, Z.L.; Liu, J.L.; Yang, Z.M. Dysregulated LIF-STAT3 pathway is responsible
for impaired embryo implantation in a Streptozotocin-induced diabetic mouse model. Biol. Open 2015, 4, 893–902. [CrossRef]
[PubMed]

12. Gonzalez, R.R.; Rueda, B.R.; Ramos, M.P.; Littell, R.D.; Glasser, S.; Leavis, P.C. Leptin-induced increase in leukemia inhibitory
factor and its receptor by human endometrium is partially mediated by interleukin 1 receptor signaling. Endocrinology 2004, 145,
3850–3857. [CrossRef] [PubMed]

13. Nicola, N.A.; Babon, J.J. Leukemia inhibitory factor (LIF). Cytokine Growth Factor Rev. 2015, 26, 533–544. [CrossRef] [PubMed]
14. Stahl, N.; Boulton, T.G.; Farruggella, T.; Ip, N.Y.; Davis, S.; Witthuhn, B.A.; Quelle, F.W.; Silvennoinen, O.; Barbieri, G.; Pellegrini,

S.; et al. Association and activation of Jak-Tyk kinases by CNTF-LIF-OSM-IL-6 beta receptor components. Science 1994, 263, 92–95.
[CrossRef] [PubMed]

http://doi.org/10.1200/EDBK_175666
http://www.ncbi.nlm.nih.gov/pubmed/28561715
http://doi.org/10.1007/s10552-019-1129-1
http://www.ncbi.nlm.nih.gov/pubmed/30671687
http://doi.org/10.1007/s12672-019-0358-9
http://doi.org/10.1200/JCO.2012.48.2596
http://doi.org/10.3747/co.v15i3.204
http://www.ncbi.nlm.nih.gov/pubmed/18596890
http://doi.org/10.1200/JCO.2016.69.4638
http://www.ncbi.nlm.nih.gov/pubmed/27903150
http://doi.org/10.1136/bmj.39367.495995.AE
http://doi.org/10.1111/jog.14560
http://doi.org/10.1515/hmbci-2014-0049
http://doi.org/10.1242/bio.011890
http://www.ncbi.nlm.nih.gov/pubmed/26002932
http://doi.org/10.1210/en.2004-0383
http://www.ncbi.nlm.nih.gov/pubmed/15142989
http://doi.org/10.1016/j.cytogfr.2015.07.001
http://www.ncbi.nlm.nih.gov/pubmed/26187859
http://doi.org/10.1126/science.8272873
http://www.ncbi.nlm.nih.gov/pubmed/8272873


Cancers 2022, 14, 5400 13 of 13

15. Chen, C.L.; Hsieh, F.C.; Lieblein, J.C.; Brown, J.; Chan, C.; Wallace, J.A.; Cheng, G.; Hall, B.M.; Lin, J. Stat3 activation in human
endometrial and cervical cancers. Br. J. Cancer 2007, 96, 591–599. [CrossRef]

16. Tang, W.; Ramasamy, K.; Pillai, S.M.A.; Santhamma, B.; Konda, S.; Pitta Venkata, P.; Blankenship, L.; Liu, J.; Liu, Z.; Altwegg, K.A.;
et al. LIF/LIFR oncogenic signaling is a novel therapeutic target in endometrial cancer. Cell Death Discov. 2021, 7, 216. [CrossRef]

17. Viswanadhapalli, S.; Luo, Y.; Sareddy, G.R.; Santhamma, B.; Zhou, M.; Li, M.; Ma, S.; Sonavane, R.; Pratap, U.P.; Altwegg, K.A.;
et al. EC359-A first-in-class small molecule inhibitor for targeting oncogenic LIFR signaling in triple negative breast cancer. Mol.
Cancer Ther. 2019, 18, 1341–1354. [CrossRef]

18. Carswell, K.A.; Lee, M.J.; Fried, S.K. Culture of isolated human adipocytes and isolated adipose tissue. Methods Mol. Biol. 2012,
806, 203–214. [CrossRef]

19. Trapnell, C.; Pachter, L.; Salzberg, S.L. TopHat: Discovering splice junctions with RNA-Seq. Bioinformatics 2009, 25, 1105–1111.
[CrossRef]

20. Anders, S.; Pyl, P.T.; Huber, W. HTSeq–a Python framework to work with high-throughput sequencing data. Bioinformatics 2015,
31, 166–169. [CrossRef]

21. Anders, S.; Huber, W. Differential expression analysis for sequence count data. Genome Biol. 2010, 11, R106. [CrossRef] [PubMed]
22. Subramanian, A.; Tamayo, P.; Mootha, V.K.; Mukherjee, S.; Ebert, B.L.; Gillette, M.A.; Paulovich, A.; Pomeroy, S.L.; Golub, T.R.;

Lander, E.S.; et al. Gene set enrichment analysis: A knowledge-based approach for interpreting genome-wide expression profiles.
Proc. Natl. Acad. Sci. USA 2005, 102, 15545–15550. [CrossRef] [PubMed]

23. Nickel, A.; Blucher, C.; Kadri, O.A.; Schwagarus, N.; Muller, S.; Schaab, M.; Thiery, J.; Burkhardt, R.; Stadler, S.C. Adipocytes
induce distinct gene expression profiles in mammary tumor cells and enhance inflammatory signaling in invasive breast cancer
cells. Sci. Rep. 2018, 8, 9482. [CrossRef] [PubMed]

24. Polusani, S.R.; Huang, Y.W.; Huang, G.; Chen, C.W.; Wang, C.M.; Lin, L.L.; Osmulski, P.; Lucio, N.D.; Liu, L.; Hsu, Y.T.; et al.
Adipokines Deregulate Cellular Communication via Epigenetic Repression of Gap Junction Loci in Obese Endometrial Cancer.
Cancer Res. 2019, 79, 196–208. [CrossRef] [PubMed]

25. Sahoo, S.S.; Lombard, J.M.; Ius, Y.; O’Sullivan, R.; Wood, L.G.; Nahar, P.; Jaaback, K.; Tanwar, P.S. Adipose-Derived VEGF-mTOR
Signaling Promotes Endometrial Hyperplasia and Cancer: Implications for Obese Women. Mol. Cancer Res. 2018, 16, 309–321.
[CrossRef] [PubMed]

26. Lorusso, D.; Ferrandina, G.; Colombo, N.; Pignata, S.; Pietragalla, A.; Sonetto, C.; Pisano, C.; Lapresa, M.T.; Savarese, A.; Tagliaferri,
P.; et al. Carboplatin-paclitaxel compared to Carboplatin-Paclitaxel-Bevacizumab in advanced or recurrent endometrial cancer:
MITO END-2—A randomized phase II trial. Gynecol. Oncol. 2019, 155, 406–412. [CrossRef] [PubMed]

27. McDonald, M.E.; Bender, D.P. Endometrial Cancer: Obesity, Genetics, and Targeted Agents. Obstet. Gynecol. Clin. N. Am. 2019, 46,
89–105. [CrossRef]

28. Soliman, P.T.; Westin, S.N.; Iglesias, D.A.; Fellman, B.M.; Yuan, Y.; Zhang, Q.; Yates, M.S.; Broaddus, R.R.; Slomovitz, B.M.; Lu,
K.H.; et al. Everolimus, Letrozole, and Metformin in Women with Advanced or Recurrent Endometrioid Endometrial Cancer: A
Multi-Center, Single Arm, Phase II Study. Clin. Cancer Res. 2020, 26, 581–587. [CrossRef]

29. Calle, E.E.; Kaaks, R. Overweight, obesity and cancer: Epidemiological evidence and proposed mechanisms. Nat. Rev. Cancer
2004, 4, 579–591. [CrossRef]

30. Blakemore, J.; Naftolin, F. Aromatase: Contributions to Physiology and Disease in Women and Men. Physiology 2016, 31, 258–269.
[CrossRef]

31. Kamohara, H.; Ogawa, M.; Ishiko, T.; Sakamoto, K.; Baba, H. Leukemia inhibitory factor functions as a growth factor in pancreas
carcinoma cells: Involvement of regulation of LIF and its receptor expression. Int. J. Oncol. 2007, 30, 977–983. [CrossRef] [PubMed]

32. Shin, J.E.; Park, S.H.; Jang, Y.K. Epigenetic up-regulation of leukemia inhibitory factor (LIF) gene during the progression to breast
cancer. Mol. Cells 2011, 31, 181–189. [CrossRef] [PubMed]

33. Morton, S.D.; Cadamuro, M.; Brivio, S.; Vismara, M.; Stecca, T.; Massani, M.; Bassi, N.; Furlanetto, A.; Joplin, R.E.; Floreani, A.;
et al. Leukemia inhibitory factor protects cholangiocarcinoma cells from drug-induced apoptosis via a PI3K/AKT-dependent
Mcl-1 activation. Oncotarget 2015, 6, 26052–26064. [CrossRef] [PubMed]

34. Albrengues, J.; Bourget, I.; Pons, C.; Butet, V.; Hofman, P.; Tartare-Deckert, S.; Feral, C.C.; Meneguzzi, G.; Gaggioli, C. LIF
mediates proinvasive activation of stromal fibroblasts in cancer. Cell Rep. 2014, 7, 1664–1678. [CrossRef] [PubMed]

35. Hellweg, R.; Mooneyham, A.; Chang, Z.; Shetty, M.; Emmings, E.; Iizuka, Y.; Clark, C.; Starr, T.; Abrahante, J.H.; Schutz, F.; et al.
RNA Sequencing of Carboplatin- and Paclitaxel-Resistant Endometrial Cancer Cells Reveals New Stratification Markers and
Molecular Targets for Cancer Treatment. Horm. Cancer 2018, 9, 326–337. [CrossRef]

36. Kellokumpu-Lehtinen, P.; Talpaz, M.; Harris, D.; Van, Q.; Kurzrock, R.; Estrov, Z. Leukemia-inhibitory factor stimulates breast,
kidney and prostate cancer cell proliferation by paracrine and autocrine pathways. Int. J. Cancer 1996, 66, 515–519. [CrossRef]

37. Chen, J.R.; Cheng, J.G.; Shatzer, T.; Sewell, L.; Hernandez, L.; Stewart, C.L. Leukemia inhibitory factor can substitute for nidatory
estrogen and is essential to inducing a receptive uterus for implantation but is not essential for subsequent embryogenesis.
Endocrinology 2000, 141, 4365–4372. [CrossRef]

http://doi.org/10.1038/sj.bjc.6603597
http://doi.org/10.1038/s41420-021-00603-z
http://doi.org/10.1158/1535-7163.MCT-18-1258
http://doi.org/10.1007/978-1-61779-367-7_14
http://doi.org/10.1093/bioinformatics/btp120
http://doi.org/10.1093/bioinformatics/btu638
http://doi.org/10.1186/gb-2010-11-10-r106
http://www.ncbi.nlm.nih.gov/pubmed/20979621
http://doi.org/10.1073/pnas.0506580102
http://www.ncbi.nlm.nih.gov/pubmed/16199517
http://doi.org/10.1038/s41598-018-27210-w
http://www.ncbi.nlm.nih.gov/pubmed/29930291
http://doi.org/10.1158/0008-5472.CAN-18-1615
http://www.ncbi.nlm.nih.gov/pubmed/30389702
http://doi.org/10.1158/1541-7786.MCR-17-0466
http://www.ncbi.nlm.nih.gov/pubmed/29133593
http://doi.org/10.1016/j.ygyno.2019.10.013
http://www.ncbi.nlm.nih.gov/pubmed/31677820
http://doi.org/10.1016/j.ogc.2018.09.006
http://doi.org/10.1158/1078-0432.CCR-19-0471
http://doi.org/10.1038/nrc1408
http://doi.org/10.1152/physiol.00054.2015
http://doi.org/10.3892/ijo.30.4.977
http://www.ncbi.nlm.nih.gov/pubmed/17332938
http://doi.org/10.1007/s10059-011-0020-z
http://www.ncbi.nlm.nih.gov/pubmed/21191816
http://doi.org/10.18632/oncotarget.4482
http://www.ncbi.nlm.nih.gov/pubmed/26296968
http://doi.org/10.1016/j.celrep.2014.04.036
http://www.ncbi.nlm.nih.gov/pubmed/24857661
http://doi.org/10.1007/s12672-018-0337-6
http://doi.org/10.1002/(SICI)1097-0215(19960516)66:4&lt;515::AID-IJC15&gt;3.0.CO;2-6
http://doi.org/10.1210/endo.141.12.7855

	Introduction 
	Materials and Methods 
	Cell Culture and Reagents 
	Primary EC Cells 
	Human Adipose Tissue Samples 
	Isolation of Mature Adipocytes from Human Adipose Tissue 
	In Vitro Co-Culture Model 
	Cell Viability and Clonogenic Assays 
	Western Blotting and RT-qPCR 
	Reporter Gene Assays 
	RNA-seq Analysis 
	In Vivo Xenograft Models 
	Tissue Microarray (TMA) and Immunohistochemistry (IHC) 
	Patient-Derived Organoid (PDO) Studies 
	Statistical Analyses 

	Results 
	RNA-seq Analysis of EEC Cells Identified Unique Pathways Modulated by Adipose Conditions 
	EEC Tumors from High-BMI Cases Have Elevated LIF Expression 
	Obese Conditions Enhance Cell Viability and LIF/LIFR Downstream Signaling 
	LIFR Inhibitor, EC359, Reduced ADP-CM-Induced Cell Viability, Colony Formation and LIFR Downstream Signaling 
	EC359 Reduced LIFR Downstream Signaling in EEC Cells Co-Cultured with Adipocytes 
	Adipose Cells Promote EEC Progression, and Functional LIFR Signaling Is Needed for Optimal Growth of EEC In Vivo 

	Discussion 
	Conclusions 
	References

