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Abstract

Although obesity is one of the strongest risk factors for esophageal adenocarcinoma (EAC), the
molecular mechanisms underlying this association remain unclear. We recently identified 4 EAC-
specific master regulator transcription factors (MRTF) ELF3, KLF5, GATAG, and EHF. In the
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present study, Gene Set Enrichment Analysis (GSEA) of both EAC patient samples and cell line
models unbiasedly underscore fatty acid synthesis as the central pathway downstream of three
MRTF (ELF3, KLF5, GATAG). Further characterizations unexpectedly identified a transcriptional
feedback loop between MRTF and fatty acid synthesis, which mutually activated each other
through the nuclear receptor PPARG. MRTF cooperatively promoted PPARG transcription by
directly regulating its promoter and a distal EAC-specific enhancer, leading to PPARG
overexpression in EAC. PPARG was also elevated in Barrett’s esophagus, a recognized precursor
to EAC, implying that PPARG might play a role in the intestinal metaplasia of esophageal
squamous epithelium. Upregulation of PPARG increased de novo synthesis of fatty acids,
phospholipids, and sphingolipids as revealed by mass spectrometry-based lipidomics. Moreover,
ChlIP-Seq, 4C-Seq, and a high-fat diet murine model together characterized a novel, noncanonical,
and cancer-specific function of PPARG in EAC. PPARG directly regulated the ELF3 super-
enhancer, subsequently activating the transcription of other MRTF through an interconnected
regulatory circuitry. Together, elucidation of this novel transcriptional feedback loop of MRTF/
PPARG/fatty acid synthesis advances our understanding of the mechanistic foundation for
epigenomic dysregulation and metabolic alterations in EAC. More importantly, this work identifies
a potential avenue for prevention and early intervention of EAC by blocking this feedback loop.
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INTRODUCTION

Esophageal cancer is classified into either squamous cell carcinoma (ESCC) or
adenocarcinoma (EAC). In Western countries, while ESCC remains infrequent, the
incidence of EAC has increased nearly six-fold over last three decades, representing the
highest rate increase of any cancer type(1). Patients with EAC are often diagnosed at late
stages and have poor quality-of-life and dismal prognosis.

In each cell type, a limited number of transcription factors (TFs) are critical for establishing
cell identity by controlling gene expression programs(2). These TFs are often termed master
regulator TFs (MRTFs), which occupy most cell-type-specific enhancers and super-
enhancers(3). Considering that transcriptional dysregulation is a hallmark of cancer(4),
characterization of MRTFs has imperative significance for the understanding of the cancer-
specific transcriptome. Focusing on EAC, we recently identified 4 EAC-specific MRTFs,
ELF3/KLF5/GATAG/EHF(5). These EAC-specific MRTFs form an inter-connected auto-
regulatory loop by binding to each other’s super-enhancers. Moreover, all 4 proteins are
strongly overexpressed in EAC primary tumors compared with normal gastroesophageal
junction (NGEJ) samples, and are required for EAC cell proliferation and survival(5).

Although this previous work identified a set of EAC-specific MRTFs with functional
significance, important questions remain to be addressed: i) what are the key target genes
and signaling pathways downstream of these MRTFs? ii) can we identify actionable targets
for either prevention or treatment of EAC from such downstream target genes and signaling
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pathways? To address these questions, in the present study we initially performed unbiased
Gene Set Enrichment Analysis (GSEA) using both /n vivo EAC patient samples and /n vitro
perturbation experiments, and identified fatty-acid metabolism as the most significantly
enriched pathway downstream of MRTFs (Fig. 1LA). This finding is of great interest, given
the prominent link between fatty-acid synthesis, obesity and EAC risk. Indeed, as one of the
most significant risk factors for EAC, obesity has been consistently associated with
increased risk of EAC in many different cohorts(6,7).

However, the mechanisms underlying the association between obesity and EAC risk remain
incompletely understood, and direct causality has not been established between obesity and
EAC development. Indeed, multiple studies have suggested that obesity per se may not be
the culprit; instead, certain dietary and/or metabolic factors in obese patients may increase
the risk of EAC. Particularly, across different cohorts of patients, both high-fat diet (HFD)
(8-10) and metabolic syndrome have been consistently associated with increased risk of
EAC(1-14) sypporting the importance of fatty-acid metabolism in the pathophysiology of
EAC, among the metabolites from various categories (carbohydrate, amino acid,
xenobiotics, lipid), fatty-acids accounted for a large faction of increased molecules in the
serum of EAC patients compared with normal individuals(14). This finding is especially
interesting considering that in the obese condition, adipose tissue releases more fatty-acids,
which are present in both serum and nonadipose tissues(15-17). High-fat dietary similarly
increases the level of lipids (including fatty-acids and triglyceride) in the serum and other
tissues(18-20). Clearly, a better understanding of the molecular basis of the link between
obesity, fatty-acid metabolism and EAC is of great clinical significance. Towards this end,
here we explored the molecular foundation between our previously-identified MRTFs, fatty-
acid metabolism and EAC, using in vivo patient samples, in vitro perturbation of cell lines,
animal modeling as well as metabolomic and epigenomic profiling.

MATERIALS AND METHODS

Human cancer cell lines

Human esophageal cancer cell lines were kindly provided by the Stephen Meltzer’s
laboratory from Johns Hopkins University. Flo-1, SKGT4, JH-EsoAd1 and OE33 were
cultured in Dulbecco’s modified Eagle medium (DMEM, Gibco, USA) and TE7, KYSE30,
KYSE140, KYSE150, OE19, ESO26, OACp4C and OACMb.1 were grown in RPMI-1640
medium (Gibco, USA). Both media were supplemented with 10% FBS (Omega Scientific,
Tarzna, USA) and 1% penicillin-streptomycin sulfate (Thermo Scientific, USA). All cultures
were maintained in a 37 °C incubator supplemented with 5% CO,. All of the cell lines were
tested for mycoplasma and verified by us using short tandem repeat analysis.

Animal experiments

Nude mice were purchased from and housed at Suzhou University. All animal studies were
approved by the ethical regulations of Institutional Animal Care and Use Committee
(IACUC) of Suzhou University. For the TO070907 experiment, 10 six-week-old male nude
mice were subcutaneously injected with 1x108 ES026 cells re-suspended in 100 pl PBS on
their dorsal flanks. After 10 days, mice were separated randomly into two groups. Either
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T0070907 or vehicle control (5% DMSO+45% PEG 300+H,0) were administered twice
daily by intraperitoneal injection at 5 mg/kg. Mouse weight was measured every 4 days for a
total of 20 days of treatment. Mice were euthanized at the end of experiment and xenograft
tumors were extracted for analyses.

In the high/low-fat diet experiments, 40 six-week-old male nude mice were fed with either
high-fat chow (D12492, Researchdiets, USA) or its control low-fat chow (D12450B,
controlled for calorie level) for one week, and followed by subcutaneous implantation of
1x108 ESO26 cells expressing either scrambled shRNA or PPARG-shRNA. Mice were
maintained on either high-fat or low-fat chow for another 30 days, and tumor volumes were
measured at indicated time points. At the end of experiments, mice were euthanized and
xenograft tumors were dissected for further analyses.

Chromatin immunoprecipitation (ChIP)

ChIP assay was performed as described previously(5). In brief, 1x107 cells were harvested
in 15 ml tubes and fixed with 4 ml of 1% paraformaldehyde for 10 min at room temperature,
and the reaction was stopped by 2 ml of 250 mM of glycine. Samples were rinsed with 1X
PBS twice and lysed with 1 ml of 1X lysis/wash buffer (150 mM NaCl, 0.5 M EDTA pH
7.5, 1M Tris pH 7.5, 0.5% NP-40). Cell pellets were resuspended in shearing buffer (1%
SDS, 10 mM EDTA pH 8.0, 50 nM Tris pH 8.0) and sonicated in a Covaris sonicator. After
sonication, debris were removed by centrifuge and supernatants were diluted 5X with buffer
(0.01% SDS, 1% Triton X-100, 1.2 mM EDTA pH 8.0, 150 nM NacCl). Primary antibodies
were added and incubated by rotation at 4°C overnight. Dynabeads Protein G beads (Life
Technologies, USA) were added the next morning and incubated by rotation for additional 4
hours. Dynabeads were washed with 1X wash buffer followed by cold TE buffer. DNAs
were reverse crosslinked and purified. For ChIP-Seq, DNAs were subject to library
preparation and sequencing on Illumina HiSeq platform. Primer sequences for ChlP-qPCR
were listed in Supplementary Table 1.

Liquid chromatography tandem mass spectrometry (LC-MS/MS)-based lipidomics

LC-MS/MS-based lipidomics was performed as described previously(21) with
modifications. Briefly, the total cellular lipids were extracted with methyl tert-butyl ether
(MTBE) (Sigma Aldrich) from fresh cell pellets and dried in a SpeedVac concentrator
(Thermo Scientific). Lipid samples were resuspended in 50% isopropanol/50% methanol
and analyzed by LC-MS/MS. Twenty microliters of lipid solution were loaded onto a 15-cm
Accucore Vanquish C18 column (1.5 pm particle size, 2.1 mm diameter) and separated using
an Ultimate 3000 XRS ultraperformance LC system (Thermo Scientific). The mobile phase
consisted of 60% acetonitrile, 10 mM ammonium formate, 0.1% formic acid (phase A), and
90% isopropanol, 10% acetonitrile, 10 mM ammonium formate, 0.1% formic acid (phase
B). The LC gradient was 35-60% B for 4 min, 60-85% B for 8 min, 85%-100% for 9 min,
100% B for 3 min, 100-35% B for 0.1 min, and 35% B for 4 min at a flow rate of 0.3 ml/
min. Mass spectra were acquired by an Orbitrap Fusion Lumos Tribrid mass spectrometer
(Thermo Scientific) operated in a data-dependent manner. The parameter settings for
FTMS1 included orbitrap resolution (120,000), scan range (m/z 250-1,200), AGC (2x105),
maximum injection time (50 ms), RF lens (50%), data type (profile), dynamic exclusion for
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8s using a mass tolerance of 25 ppm, and cycle time (2 s); FTMS2 included orbitrap
resolution (30,000), isolation window (1.2 m/z), activation type (HCD), collision energy
(30£3%), maximum injection time (70 ms), AGC (5x104), and data type (profile). The
acquired raw files were analyzed using LipidSearch (v1.4) (Thermo Scientific) for sample
alignment, MS2 identification, and MS1 peak area calculation. Statistical analysis was
conducted using the Perseus (v1.6.6.0) software(22), wherein the p values were calculated
by two-tailed Student’s t-test and corrected for multiple hypothesis testing via the
Benjaminin-Hochberg method. Volcano plots were generated using the ggplot2 in the R
environment (R Development Core Team; https://www.r-project.org/) (v3.5.0).

Data availability

RESULTS

The accession numbers for ChlP-Seq and RNA-Seq data are GEO: GSE143195.

The rest of Materials and Methods are described in Supplementary Data.

MRTFs (ELF3, KLF5, GATA®6) functionally promote fatty-acid synthesis pathway in EAC

As introduced earlier, we recently characterized an inter-connected circuitry formed by 4
MRTFs (ELF3, KLF5, GATAG6, EHF) in an EAC-specific manner(5). To explore
downstream signaling pathways activated by these MRTFs in vivo, we screened unbiasedly
for pathways which were positively correlated with the expression of MRTFs based on
TCGA RNA-Seq data. Specifically, we first stratified EAC primary samples into MRTF-
high (top 40% samples) and MRTF-low (bottom 40% samples) groups. This stratification
was performed using either each individual MRTF separately or together, resulting in 5
comparisons. Next, differentially expressed genes between MRTF-high and -low groups
were used to perform unbiased GSEA. Notably, the highest ranked (based on ¢ value)
hallmark pathway in MRTF-high group was fatty-acid metabolism (Fig. 1A-B). As
mentioned earlier, this result was of great interest considering the strong association between
obesity, fatty-acid metabolism and EAC risk.

Validating GSEA results from EAC patient samples, the fatty-acid metabolism pathway was
significantly downregulated in EAC cell lines upon silencing of either ELF3, KLF5, or
GATAG (Fig. 1C). However, this pathway was not enriched in the RNA-seq of EHF-
knockdown cells. Therefore, we focused on the three MRTFs (ELF3, KLF5, GATAG) for
further investigations. In-depth analyses of the enriched genes in this pathway suggested that
de novo fatty-acid synthesis was enhanced by higher MRTF expression, since multiple
central enzymes for this process (ACLY, ACC, FASN, SCD, ACSS2) were all markedly
decreased by knockdown of either ELF3, KLF5 or GATAG (Fig. 1D). In contrast to most
normal cells which prefer to use exogenous fatty-acids, tumor cells synthesize fatty-acids de
novo(23,24). Indeed, heightened de novo fatty-acid synthesis is a metabolic feature of
multiple types of cancers(24,25). We thus postulated that decreased levels of enzymes for
fatty-acid synthesis upon knockdown of MRTFs might result in reduced lipid storage in
EAC cells. Indeed, depletion of MRTFs decreased the total level of lipid droplets (Fig. 1E).
Therefore, unbiased GSEA results from both human samples and /n vitro knockdown
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experiments demonstrate that 3 EAC-specific MRTFs (ELF3, KLF5, GATAG) functionally
promote fatty-acid synthesis in EAC.

EAC MRTFs (ELF3, KLF5, GATA®6) activate PPARG transcription by binding to its promoter
and enhancer

To explore the mechanism(s) underlying the regulation of the three MRTFs on fatty-acid
synthesis, we focused on known human master regulators of fatty-acid metabolism,
including SREBFs, PPAR family, RXRs and LXRs(26-30). Following a screen of all 8 of
such regulators, PPARG was identified as the only factor consistently and potently regulated
by the three MRTFs at both the mRNA (Fig. 2A and Supplementary Fig. 1) and protein
levels (Fig. 2B). In agreement with our recent finding(5) that these MRTFs form inter-
connected circuitry, silencing each MRTF inhibited the expression of other MRTFs (Fig.
2B). We next performed rescue assays using both LipidTox staining (Fig. 2C) and qRT-PCR
analyses (Fig. 2D), and over-expression of PPARG overcame the effect of KLF5-depletion,
suggesting that PPARG acts as a functional mediator downstream of the three MRTFs to
regulate fatty-acid metabolism.

To elucidate the regulation of MRTFs on PPARG expression, we explored the epigenomic
state centering on the PPARG locus. Compared with nonmalignant NGEJ samples, the
promoter and a distal element downstream of PPARG exhibited much higher H3K27ac
signals (top 2 tracks of Fig. 2E). These two regions also showed markedly increased
H3K27ac intensity in EAC relative to ESCC cell lines (3-4 tracks of Fig. 2E), indicating
their potential EAC-specific activity. To explore whether this distal region functions to
regulate the transcriptional activity of PPARG, we interrogated enhancer-gene linkage
determined by a recent large-scale TCGA effort integrating ATAC-Seq and RNA-Seq
data(31). Within 1 Mb window flanking PPARG locus, only two genomic regions were
identified to have significantly positive correlations between ATAC-Seq peak intensity and
the expression level of PPARG. Expectedly, one of the two regions was the PPARG
promoter (R = 0.958, P = 0.010, Fig. 2E). Strikingly, the other one was encompassed within
the distal element identified above (R = 0.982, P = 0.0029, Fig. 2E). The unbiased screen of
enhancer-gene linkage identified this distal region as the only transcriptional enhancer for
PPARG within 1Mb of its transcriptional start site (TSS). Further substantiating the EAC-
specificity of this distal enhancer, its accessibility was noticeably high in EAC tumor
samples based on ATAC-seq signals, but was completely inaccessible in either ESCC or
normal esophagus squamous tissues (bottom 4 tracks of Fig. 2E). We subsequently cloned
this enhancer element into luciferase reporter vector and confirmed its robust reporter
activity in different EAC cells (Fig. 2F).

Importantly, our ChlP-Seq data showed that the three MRFTs (ELF3, KLF5 and GATAG)
co-occupied the enhancer region, and KLF5 alone bound to PPARG promoter (5-7 tracks of
Fig. 2E), suggesting that PPARG transcription is directly regulated by MRTFs in an EAC-
specific manner. Indeed, luciferase reporter activity of the PPARG enhancer was
significantly reduced following individual silencing of MRTFs (Fig. 2F). Moreover, PPARG
was expressed significantly higher in EAC samples than either nonmalignant distal
esophageal samples or ESCC samples in TCGA cohorts (Fig. 2G), consistent with our
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previously finding that EAC-specific MRTFs are highly and uniquely expressed in EAC
tumor samples. Indeed, the mMRNA level of PPARG was the highest in EAC cells across all
cancer cell lines (Supplementary Fig. 2A, data were retrieved from Cancer Cell Line
Encyclopedia(32)). PPARG protein levels were validated in a panel of selected cell lines
from EAC and ESCC (Supplementary Fig. 2B). These results together demonstrate that
MRTF circuit (ELF3, KLF5 and GATAG) controls the transcription of PPARG by directly
regulating its promoter and enhancer regions in EAC.

Since two of the three MRTFs (GATA6 and KLF5) upstream of PPARG have been reported
to be upregulated in Barrett’s esophagus (33,34), we next explored the expression of PPARG
in this precursor state of EAC using public transcriptomic datasets (35-37). Notably, the
expression of PPARG was already high in Barrett’s esophagus (but not in either gastric or
duodenum samples), exhibiting comparable levels with EAC samples (Supplementary Fig.
3A-C) in both datasets. In agreement with previous reports (33,34), the MRTFs showed
similar expression pattern as PPARG in Barrett’s esophageal samples (Supplementary Fig.
3A-C). Moreover, PPARG-targeting network exhibited consistent upregulation in Barrett’s
esophageal samples (but not in in either gastric or duodenum samples, Supplementary Fig.
3D-F). Together, these data show that both PPARG and its target network are already
upregulated in Barrett’s esophagus, indicating that PPARG might also be involved in the
intestinal metaplasia of esophageal epithelial cells. In addition, the upregulation of PPARG
is likely due to the high activity of its upstream master regulators (ELF3, GATA6, KLF5) in
Barrett’s esophageal samples.

PPARG regulates fatty-acid synthesis in EAC cells

Given the above finding that EAC-specific MRTFs promote fatty-acid synthesis through
activating PPARG, we next investigated the functional contribution of PPARG to fatty-acid
synthesis. PPARG knockdown potently decreased lipid droplet content in EAC cells (Fig.
3A). Moreover, unbiased pathway enrichment analysis of down-regulated genes (fold
change > 0.5) from RNA-Seq data upon PPARG knockdown confirmed that lipid
metabolism-related pathways ranked within the top 10 (Fig. 3B). This pathway enrichment
result was reproduced by RNA-Seq of EAC cells treated with PPARG inhibitor (T0070907,
Supplementary Fig. 4A). Considering the enormous structural complexity of lipid species in
human cells, we next performed liquid chromatography tandem mass spectrometry (LC-MS/
MS)-based lipidomic analysis(21). For robustness, three replicates for both control and
knockdown samples were profiled, and high correlation between replicates was achieved
(Pearson correlation coefficient ranging from 0.80-0.94, Supplementary Fig. 4B). A total of
950 lipid ions (which belonged to 24 classes of lipids) were identified and quantified
(Supplementary Table 2), suggesting high sensitivity and lipidome coverage of the
lipidomics methodology. This label-free quantification showed that PPARG-silencing led to
the significant reduction of 173 and increased of 48 lipid species (Fig. 3C and
Supplementary Fig. 5). To elucidate further how PPARG regulates fatty-acid metabolism in
EAC cells, ChIP-Seq was performed with a verified ChlP-grade PPARG antibody(38) in two
different EAC cell lines (OE33 and ESO26). As anticipated, top-ranked sequence motifs
enriched in PPARG-binding regions were PPAR family and its canonical coactivator RXR
(Fig. 3D). Canonical target genes such as FASN was expectedly occupied by PPARG at the
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promoter region in both ESO26 and OE33 cells (Fig. 3E). Importantly, integrative analyses
of RNA-Seq, ChlIP-Seq and lipidomics data identified direct PPARG-downstream factors
and associated lipid substrates (Fig. 3F). These target genes were enriched in de novo fatty-
acid synthesis (ACLY, ACC, FASN and SCD), phospholipids synthesis (DGAT1, PGPS,
PEMT, CDS1, PISD) and sphingolipids synthesis (SGPL1). As a consequence, many lipid
classes from these two metabolic networks (diacylglycerol (DAG), triglyceride (TAG),
cytidine diphosphate diacylglycerol (CDP-DAG) and phosphatidylcholine (PC) from
phospholipids; sphingomyelin (SM) and glucosylceramides (GlcCer) from sphingolipids)
were decreased after PPARG depletion. Of note, some of these down-regulated lipids, such
as sphingomyelin and sphingosine, are shown to have pro-survival or anti-apoptotic
functions in certain cancer cells (39). Therefore, the reduction of these lipids might affect
cell viability of EAC cells. We randomly selected some of the target genes for validation by
gRT-PCR and Western Blotting, which confirmed the RNA-seq results (Fig. 3G and
Supplementary Fig. 6). Together, these data establish a central role of PPARG in synthesis of
fatty-acids, phospholipids and sphingolipids in EAC cells.

Inhibition of PPARG/fatty-acid synthesis axis potently suppresses EAC cell viability

Lipid species are major components of biological membranes, and they also have important
roles for signal transduction(24,25). As a result, multiple types of tumors rely on heightened
lipid synthesis for proliferation and survival(24,25). We, therefore, next investigated the
biological significance of PPARG in EAC cells. Depletion of endogenous PPARG
expression markedly inhibited cell proliferation (Fig. 4A) and colony growth (Fig. 4B), and
increased apoptosis (Fig. 4C) across different EAC cell lines. Because PPARG was
expressed higher in EAC tumors than nonmalignant distal esophageal tissues (Fig. 2G), we
mimicked this /n7 vitro by ectopic expression of PPARG in EAC cell lines with low
endogenous levels (Fig. 4D). As a result, increased PPARG expression enhanced cell
proliferation and colony formation (Fig. 4E and 4F). To further determine the functional
significance of fatty-acid synthesis pathway in EAC cells, we silenced two of PPARG-
downstream targets, FASN and SCD, which were key enzymes for de novo fatty-acid
synthesis. Indeed, depletion of either FASN or SCD diminished the total level of lipid
droplets (Fig. 4G and 4H) and inhibited the proliferative capacity of EAC cells (Fig. 41).

Targeting PPARG with TO070907 inhibits EAC proliferation and survival

T0070907 is a potent and selective PPARG antagonist by covalently modifying its cysteine
313 and altering the conformation of its ligand-binding domain (40). Validating our
knockdown experiments, T0070907 treatment inhibited EAC cell proliferation (Fig. 5A),
colony growth (Fig. 5B) and triggered massive cell apoptosis (Fig. 5C). Confirming the on-
target effect, the inhibitory function of T0070907 was dependent on the expression of
PPARG, since relative to cell lines with low PPARG level, those with higher PPARG
expression were significantly more sensitive to this inhibitor (Fig. 5A and 5B). Furthermore,
in isogenic cell lines, PPARG knockdown (Fig. 5D) and over-expression (Fig. 5E)
respectively increased and decreased 1C50s of T0070907 by 6-12 fold. Consistently,
T0070907 weakened the binding (Fig. 5F and Supplementary Fig. 7A) of PPARG to its
target genes, such as FASN, ACC and SCD. As anticipated, the expression levels of these
downstream genes were down-regulated by T0070907 (Fig. 5G and Supplementary Fig. 7B).
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In a xenograft study, TO070907 dramatically inhibited the growth of EAC tumors but did not
cause loss of mice weight (Fig. 5H-J). Consistent with our /n vitro experiments, the
expression of PPARG-downstream genes in the xenografts was decreased by T0070907
treatment (Fig. 5K).

PPARG cooperates with ELF3 and directly activates ELF3 super-enhancer

Following the establishment of the EAC-promaoting role of PPARG through regulating fatty-
acid synthesis, we next sought to explore whether PPARG harbors noncanonical, cancer-
specific functions in EAC cells. To address this, we focused on the PPARG ChIP-Seq data
generated in two EAC cell lines, and identified 7 shared sequence motifs among the top 20
(Fig. 6A and Supplementary Fig. 8). In addition to the consensus motifs of PPAR and RXR
families, we expectedly identified TR4 (which binds to similar hormone response elements
as PPARG(41)) and NUR77 (a functional cooperator of PPARG in adipocytes(42)).
Surprisingly, recognition motifs of two Gl-specific TFs, ELF3 and HNF4A(33,43) were
highly enriched in both EAC cell lines (Fig. 6A). Other Gl-specific TFs, including CDX2
and EHF, were also ranked highly, albeit not overlapped between the two cell lines (Fig.
6A). These data strongly suggest that PPARG-occupancy in EAC genome exhibits EAC-
specific features, with possible co-occupancy with EAC-specific TFs. Among these, ELF3
was particularly interesting, since it is one of the key EAC-specific MRTFs we previously
identified(5), which also controls PPARG transcription (Figs. 1-2). Importantly, validating
the motif enrichment analysis, ChIP-Seq of ELF3 revealed a total of 838 co-binding peaks
with PPARG (Fig. 6B), which was highly significant (Supplementary Fig. 9). Indeed,
binding peaks of the two TFs strongly aligned (Fig. 6C). Prominent H3K27Ac signals
flanked the regions co-occupied by these two TFs, suggesting that PPARG/ELF3 co-binding
is associated with active transcription. Notably, compared with PPARG solo-binding
regions, these co-binding regions were significantly more enriched in super-enhancers
(13.4% vs 8.1%, P value = 1.6e-14, Fig. 6D), congruent with our previous finding that
MRTFs favor binding to super-enhancers over typical-enhancers(5,44,45). Super-enhancers
of several known tumor-promoting genes, such as CDX2, FOSL2, MCL1 and HES1, were
all highly ranked in PPARG/ELF3 co-binding regions (Fig. 6D and Supplementary Table 3),
indicating that PPARG/ELF3 may co-regulate the expression of key cancer genes in EAC.

One of the most important characteristics of EAC-specific MRTFs is their unique capability
of forming an inter-connected regulatory circuitry by binding to each other’s super-
enhancers(5), a transcriptional paradigm also observed in other cell types(3,45-47). Given
the prominent co-binding of PPARG/ELF3 across super-enhancers, we speculated that
PPARG might similarly participate in the inter-connected regulatory circuitry of MRTFs.
Notably, among their 838 co-binding regions, a super-enhancer assigned to ELF3 itself was
ranked as No. 4 in terms of the H3K27ac intensity (Fig. 6D). By integrating 4C-Seq,
CRISPR interference (CRISPRI) and luciferase reporter assay, we recently identified and
confirmed five functional constituent enhancers (E1-E5) within this ELF3 super-
enhancer(5). Notably, all but E5 element exhibited much stronger H3K27ac intensity in EAC
tumors compared with NGEJ samples (Supplementary Fig. 10). Consistently, these
enhancers showed higher chromatin accessibility in EAC samples than either ESCC or
normal esophageal squamous samples (Supplementary Fig. 10).
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Importantly, our ChlP-Seq data showed that PPARG interacted with these constituent
enhancers (Fig. 6E). Luciferase reporter assay was performed and showed that the activities
of three of the enhancers (E1, E2, E4) were reduced after PPARG inhibition (Fig. 6E and
6F). ChIP-gPCR confirmed that PPARG occupied E1, E2 and E4 regions (Supplementary
Fig. 11). Moreover, both mRNA (Fig. 6G) and protein levels of ELF3 (Fig. 6H) were
significantly decreased following PPARG silencing, confirming that PPARG directly
regulates the transcription of ELF3 by interacting with its super-enhancer. The levels of
other MRTFs were also downregulated by PPARG knockdown, consistent with the model of
inter-connected co-regulatory circuitry (Fig. 6G and 6H). Together, these results reveal that
PPARG cooperates with ELF3 in binding to hundreds of typical- and super-enhancers in
EAC cells, and one of such top-ranked super-enhancers is associated with ELF3 itself. By
activating this ELF3 super-enhancer, PPARG directly promotes ELF3 transcription, thereby
further regulating the transcription of other MRTFs through an inter-connected co-regulatory
circuitry (Fig. 6l).

Identification of a transcriptional feedback loop of Fatty-acid/PPARG/MRTF in EAC

To explore further the above reciprocal regulation between PPARG and MRTFs through
activating each other’s EAC-specific enhancers (Fig. 2 and Fig. 6), we treated EAC cells /n
vitro with three different free fatty-acids: stearic acid (saturated, C18:0), oleic acid
(monounsaturated, C18:1) and arachidonic acid (AA, polyunsaturated, C20:4) which are
known natural ligands to activate PPARG(48,49). Importantly, supplement of free fatty-acids
induced the expression of MRTFs across different EAC cells (Fig. 7A). Moreover, this
induction was dependent on the activity of PPARG, since the effect was abolished in
PPARG-knockdown cells (Fig. 7A). Luciferase reporter assay confirmed that PPARG-
regulated enhancers were activated by free fatty-acids (Fig. 7B, Supplementary Fig. 12).
Together, these data not only substantiate our earlier findings that PPARG promotes the
transcription of EAC-specific MRTFs, but also identify a “transcriptional feedback loop”
between fatty-acid/PPARG/MRTF (Fig. 7C). Given the strong clinical association between
obesity, high-fat diet (HFD) and EAC, this feedback loop is of great interest. Specifically, in
obese individuals, adipose tissue is more hypertrophic and has a higher basal rate of fatty-
acid release(15-17). Increased fatty-acid levels are present in both the serum and non-
adipose tissues(15-17), a systematic metabolic effect similarly induced by HFD(18).
Therefore, in gastroesophageal junction tissues, obesity and/or HFD may elevate PPARG
activity, thereby activating this transcriptional feedback loop. Because of key oncogenic
functions of MRTFs in EAC, this feedback loop may thus promote EAC viability in the
obese/HFD condition (Fig. 7C).

We further tested this feedback loop /in vivo by investigating transplanted tumors in an HFD
murine model. A lard-based HFD was selected because it has been confirmed to increase the
levels of free fatty-acids in rodents (19,20,50) . Notably, compared with the low-fat diet
(LFD) group, EAC xenograft tumors developed faster and larger in the HFD group (Fig.
7D-F). Importantly, the growth of xenograft tumors was potently inhibited upon loss of
PPARG regardless of the diet conditions (Fig. 7D-F), strongly suggesting that high-fat chow
promotes EAC growth /n vivo through activating PPARG. Moreover, in xenograft samples,
the expression levels of both MRTFs and canonical PPARG-target genes were upregulated
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by high-fat chow, which was reversed by PPARG knockdown (Fig. 7G). Taken together,
these results corroborate the presence of a transcriptional feedback loop of fatty-acid/
PPARG/MRTF which promote the growth of EAC tumors /n vivo.

DISCUSSION

The present work was aimed to identify key target genes and signaling pathways
downstream of EAC-specific MRTFs which may contain actionable targets for prevention,
intervention or treatment of this deadly GI cancer. Toward this goal, four different sets of
data highlight the link between the three MRFTs (ELF3, KLF5 and GATAG) and fatty-acid
metabolism in EAC biology: i) From unbiased GSEA analyses from EAC patients, fatty-acid
metabolism is the most significantly enriched pathway in MRTF-high samples (Fig. 1A); ii)
Fatty-acid metabolism pathway is strongly downregulated upon MRTF knockdown /in vitro
(Fig. 1C and 1D); iii) MRTFs promote the expression of multiple key enzymes for fatty-acid
synthesis and regulate the abundance of lipid droplets (Fig. 1E and 1F); iv) Levels of various
fatty-acid metabolites are increased in EAC patients(14). Specifically, among a total of 64
pan-metabolites (involving amino acids, carbohydrates, lipids, xenobiotics) that differed
significantly between EAC cases and controls, it is striking that almost half (29/64) are fatty-
acids, including oleate and stearate which were used in this work (Fig. 7A-B). Moreover,
these fatty-acids are increased significantly in two independent EAC cohorts (a total of 120
individuals)(14). These data reinforce that fatty-acid synthesis indeed accounts significantly
for altered metabolic programs in EAC, validating our unbiased GSEA results from patient
samples (Fig. 1A). Therefore, bioinformatical, biological and epidemiological data together
underscore MRTF/fatty-acid synthesis as a key pathway in EAC pathophysiology.

In searching for the mechanisms underlying MRTF/fatty-acid synthesis in EAC, we
identified PPARG as a central mediator for this cascade. MRTFs promote PPARG
transcription through direct activation of PPARG promoter and an EAC-specific enhancer.
Indeed, PPARG level is higher in EAC tumors than nonmalignant distal esophageal tissues.
Moreover, cancer-specific activity of EAC MRTFs conceivably explains the specific
expression pattern of PPARG across all tumor types (Supplementary Fig. 2A). Interestingly,
PPARG and its target network are upregulated in Barrett’s esophagus (Supplementary Fig.
3). Nevertheless, this result is not unexpected since two of the three master regulators
upstream of PPARG (GATA6 and KLF5) have already been reported to be upregulated in
Barrett’s esophagus samples (51,52). Indeed, we verified that all three MRTFs were
comparably high in Barrett’s esophagus v.s. EAC samples. These results imply that PPARG
might contribute to the metaplasia of esophageal squamous cells and not just the progression
of EAC, which requires future functional characterization.

PPARG plays an essential role in adipocyte differentiation, and acts as a key regulator of
lipid metabolism in adipocytes(53). However, in the context of cancer biology, PPARG
appears to have complex and opposite functions. For example, in bladder, liver and prostate
cancers, over-expression of PPARG promotes the proliferation and survival of tumor
cells(54-56). In contrast, PPARG plays an anti-proliferative role in several types of cancers,
such as breast(57) and lung(58) cancers. Therefore, the functional role of PPARG in tumor
appears to be highly context-dependent. Here, our /n vitro and /n vivo data confirm that
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PPARG contributes to the proliferation and viability of EAC cells. More importantly, the
current data elucidate two major mechanisms underlying the pro-tumor property of PPARG
in EAC: i) the canonical, general function in regulating fatty-acid metabolism, and ii) the
noncanonical, EAC-specific function in promoting the transcription of ELF3.

With respect to the canonical function of PPARG, both lipid droplet staining and RNA-Seq
data confirm the essential role of PPARG in fatty-acid metabolism in EAC cells. Further
integrative analyses of ChIP-Seq and lipidomics data unbiasedly identify many direct
PPARG-target genes and associated lipid substrates. The perturbation of lipidome (affecting
~120 lipid species) caused by PPARG-inhibition likely reduces the fitness of EAC cells.
Indeed, knockdown of either FASN or SCD, primary enzymes for de novo fatty-acids
synthesis, similarly suppresses EAC cell proliferation, substantiating that EAC cells rely on
a hyperactive fatty-acid synthesis pathway. Mechanistically, the addiction of EAC cells to
fatty-acid production may be because lipids are not only components of biological
membranes, but have important roles for signal transductions (e.g., acylation of WNT and
palmitoylation of RAS)(25).

Compared with the canonical role, the EAC-specific and noncanonical function of PPARG is
even more intriguing. In addition to the classic PPAR motif, we quite unexpectedly
discovered sequence motifs of Gl-specific TFs (ELF3, HNF4A, EHF, CDX2) enriched in
PPARG-binding peaks in EAC cell lines. In particular, ELF3 and EHF are EAC-specific
MRTFs, suggesting that PPARG may cooperate with MRTFs in the occupancy of the EAC
genome. Indeed, ChlIP-Seq data confirm that ELF3 and PPARG co-occupy over 800
H3K27ac+ genomic regions. In addition, their co-binding regions are significantly more
enriched in super-enhancers than typical-enhancers, in agreement with the finding that
MRTFs favor regulating super-enhancers. Moreover, one top-ranked super-enhancer co-
bound by ELF3/PPARG is assigned to ELF3 itself. Because of the unique capabilities of
MRTFs in co-regulation of each other’s super-enhancers through an inter-connected
circuitry(5), we postulated that PPARG might also engage such co-regulatory circuitry given
its co-occupancy on ELF3 super-enhancer. Indeed, 4C-Seq, luciferase reporter assay and
gRT-PCR analyses together reveal that PPARG directly regulates ELF3 super-enhancer and,
as a consequence, activates the transcription of other MRTFs through the inter-connected co-
regulatory circuitry.

Identification of this noncanonical function of PPARG in regulating MRTF expression has
both scientific and clinical significance. In particular, as functional PPARG agonists, the
levels of fatty-acids are significantly higher in obesity(15-17) or HFD conditions(18-20) in
both serum and nonadipose tissues. Moreover, as mentioned earlier, increased levels of fatty-
acids are found in the serum of EAC patients(14). Combining these previously-established
findings with our current data indicates the possible presence of a transcriptional feedback
loop of fatty-acid/PPARG/MRTF in EAC cells. Indeed, two sets of data support the
existence of such a feedback loop: i) supplementation of free fatty-acids /n vitro; ii) high-fat
diet murine model. Therefore, obesity or HFD may elevate PPARG activity in
gastroesophageal cells, thereby activating the transcriptional feedback loop which increases
the expression of MRTFs. Because of the oncogenic property of EAC-specific MRTFs, this
feedback loop may promote EAC growth (Fig. 7C). However, one should keep in mind that
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this feedback model does not rule out other possible mechanisms underlying obesity/HFD
and EAC, given that obesity, HFD and high BMI induce systematic, whole-body
inflammation. For example, a recent study showed that HFD could significantly change the
esophageal microenvironment and gut microbiome, induce inflammation and accelerate
EAC development(13). Therefore, multiple different pathogenic factors induced by
obesity/HFD possibly coordinate to promote the development and/or progression of EAC.

In conclusion, this study identifies fatty-acid synthesis as the key downstream pathway of
EAC-specific MRTFs. We establish both canonical and noncanonical functions of PPARG in
EAC cells and elucidate a novel transcriptional feedback loop, wherein MRTFs and PPARG
reciprocally activate each other’s EAC-specific enhancers. The characterization of this
transcriptional loop may help the development of novel strategies for EAC prevention and
early intervention. For example, targeting fatty-acid synthesis pathway in obese/HFD
individuals with high-risk of EAC (e.g., those with refractory or high-grade Barrett’s
esophagus) may offer potential benefit to reduce the risk of EAC development. Moreover,
inhibition of PPARG activity (e.g., by PPARG antagonists) to block this feedback loop may
also warrant further preclinical and clinical investigations for this cancer.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Significance Statement

Findings elucidate a transcriptional feedback loop linking epigenomic dysregulation and
metabolic alterations in EAC, indicating that blocking this feedback loop could be a
potential therapeutic strategy in high-risk individuals.

Cancer Res. Author manuscript; available in PMC 2021 September 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Ma et al.

A

0.1
0.08

lue

T 006
o

| 004

[a]

“Ho.02
0

<
<
Q

ESO26

T% 15 enriched pathways in
MRTF-high EAC patient samples

FATTY ACID METABOLISM

KRAS SIGMNALING DN
GLYCOLYSIS

P53 PATHWAY
MITOTIC SPINDLE

XENOBIOTIC METABOLISM
G2M CHECKPOINT
MTORC1 SIGNALING

INTERFERON GAMMA RESPONSE

PROTEIN SECRETION
HEME METABOLISM

KLF5
ELF3

EHF
Mean

MRTF knockdown
in EAC cell lines

ESTROGEN RESPONSE EARLY
CHOLESTEROL HOMEOSTASIS
ESTROGEN RESPONSE LATE

INTERFERON ALPHA RESPONSE

Page 18

B EAC patient samples with high vs low MRTF level

P-value: 0
NES: 1.6838

“1 Mean of
°| 4 MRTFs

"

P-value: 0.06
NES: 1.2678

P-value: 0
NES: 2.1269

B L1111 Wm0 10 0

P-value: 0.0064
NES: 1.7756

P-value: 0.0456
NES: 1.5898

P-value: 0.0171 V11811 T
e Fatty acid metabolism
*| ShELF3 [)
inm[| T ESO26 OE33
100%
P-value: 0
% NES: -1.9977
.| ShKLF5
VR BRI LR — T e
P-value: 0.0504
< NES: -1.2675 [:::J
- siGATAB 1= L = -
(] L [T s = w w <
I T N R T 2 o &€ % o 2 &
Fatty acid metabolism e ? % e ? %
NC siELF3 sikKLF5 siGATAB
ESO26 QOE33
e e = '
ﬁ - -‘.III ﬁ o :.J '_II NG
[~ R \ [=% 1 3
o~ o~ 1 O S!ELFS
(S o _] [ sikKLF5S
" 2. SIGATAG
= =t et .

OE33

"FACS Intensity’ 'FACS Intensity”

Figure 1. EAC-specific MRTFs promote fatty-acid synthesis pathway
(A) Heatmap of GSEA results of top 15 enriched hallmark pathways in MRTF-high

expression (top 40%) vs MRTF-low expression (bottom 40%) EAC samples from TCGA.
The average level of the 4 MRTFs was used as the “Mean” group. (B) Individual GSEA
plots of fatty-acid metabolism pathway as in panel (A). (C) GSEA plots of RNA-seq upon
silencing of either ELF3 or KLF5 in ESO26 cells, and silencing of GATA6 in OE19 cells.
The RNA-Seq data of knockdown of ELF3 or KLF5 were generated by our group, while the
data of GATA6 knockdown was conducted by Rogerson et a/ (33). (D) Heatmap of fold
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changes of mMRNA levels of key enzymes for de novo fatty-acids synthesis following siRNA
knockdown of either ELF3, KLF5 or GATAG in ESO26 and OE33 cells. (E) Confocal
images (left panel) and flow cytometry analyses (right panel) of lipid droplet in the presence
and absence of either ELF3, KLF5 or GATA6 knockdown in ESO26 and OE33 cells.
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Figure 2. MRTFsdirectly activate both the promoter and enhancer of PPARG in an EAC-

specific manner

(A) Changes in mRNA expression of eight regulators of fatty-acid metabolism upon
knockdown of MRTFs. (B) Western blot validating the change of PPARG. (C) Flow
cytometry analyses of lipid droplet and (D) mRNA levels of central enzymes for de novo
fatty-acid synthesis after either KLF5 knockdown alone or combined with PPARG over-
expression. (E) IGV line plots of the H3K27Ac ChlIP-Seq, MRTF ChIP-Seq and ATAC-Seq
in indicated samples. Signal values of normalized peak intensity are shown on the upper left
corner. Number of samples for each track is shown on the upper right corner. Scatter plots at
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the bottom show the correlation between ATAC-Seq peaks and PPARG mRNA expression.
Each dot is a TCGA EAC sample. All ChiP-seq data were generated internally; ATAC-Seq
were from either TCGA or Rogerson et a/ (bottom 2 tracks)(33). (F) Luciferase reporter
assays in ESO26 and OE33 cells. PPARG enhancer and a negative control (Ctrl) region were
separately cloned into luciferase reporter vector. Mean£SD are shown, n=3. *, p<0.05; **,
p<0.01. (G) mRNA expression of PPARG in esophageal cancer and nonmalignant distal
esophageal tissues from TCGA.
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Figure 3. PPARG regulatesfatty-acid synthesisin EAC cells
(A) Flow cytometry analyses of lipid droplet in the presence and absence of PPARG

knockdown. (B) Top 10 enriched pathways of down-regulated genes upon PPARG
knockdown in ESO26 cells. (C) Volcano plot of LC-MS/MS-based lipidomics after PPARG
knockdown. Each dot is one lipid species. (D) Top ranked TF-binding motifs in PPARG
ChlIP-Seq in both ESO26 and OE33 cells. (E) IGV plots of H3K27Ac and PPARG ChIP-Seq
at the FASN loci in ESO26 and OE33 cells. (F) Schematic diagram showing the regulation
of lipid synthesis pathways by PPARG via integration of RNA-Seq, ChlP-Seq and
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lipidomics data. (G) Western blotting of the key enzymes for de novo synthesis of fatty-acids
following PPARG-knockdown.
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Figure 4. Inhibition of PPARG/fatty-acid synthesis pathway suppresses EAC cell viability
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Knockdown of PPARG by individual siRNAs inhibited (A) cell proliferation and (B) colony
growth, while (C) increased cell apoptosis in different EAC cell lines. (D) PPARG was
overexpressed and verified by Western blotting in different EAC cell lines. (E)
Overexpressed (OE) PPARG promoted cell proliferation and (F) colony growth compared
with empty vector control (EV). (G) Knockdown of either FASN or SCD decreased lipid
droplet (H) and cell proliferation (I). Mean+SD are shown, n=3. *, p<0.05; **, p<0.01;***,

p<0.001.
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Figure 5. T0O070907, a PPARG-specific inhibitor, shows potent anti-EAC function
(A) Short-term cell viability assay measuring the IC50s of T0070907 in different cell lines.

(B) Relative number of colonies formed at different concentrations of T0070907. (C)
Treatment of T0O070907 increased cell apoptosis. (D) Short-term cell viability assays
measuring T0070907 IC50s in either (D) PPARG knockdown or (E) over-expression cells.
(F) ChIP-PCR using PPARG antibody either with or without T0070907 treatment. (G)
MRNA levels of PPARG-target genes after T0070907 treatment. (H) Xenograft weight, (1)
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mouse weight, (J) xenograft photos, and (K) gene expression from indicated groups. Mean
+SD are shown, n=3. *, p<0.05; **, p<0.01; ***, p<0.001; N.S., not significant.
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Figure 6. PPARG cooperateswith EL F3 and directly co-activates EL F3 super-enhancer
(A) Top enriched motifs of PPARG ChIP-Seq shared in ESO26 and OE33 cells. Note that

EHF and CDX2 are not overlapped. (B) Heatmap showing ChlP-Seq signals at PPARG/
ELF3 co-binding regions, ordered by the intensity of PPARG peaks. Lines, peaks. (C) Line
plots showing the distribution of PPARG/ELF3 ChIP-Seq signals in their co-binding regions.
(D) Inflection plot ranking all enhancers co-occupied by PPARG/ELF3. Pie charts showing
the percentage of super-enhancers and typical-enhancers. (E) IGV plots of H3K27ac and TF
ChIP-Seq signals in ESO26 and OE33 cells. Connecting lines show enhancer-promoter
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interactions detected by 4C as we published recently(5). (F) Enhancer activity measured by
luciferase reporter assays. (G) mMRNA levels of MRTFs after siRNA knockdown of PPARG.
(H) Western blot of indicated proteins upon PPARG knockdown. (1) Schematic graph of the
regulatory relationship between PPARG and MRTFs summarized from Figure 6. Mean+SD
are shown; n=3. *, p<0.05; N.S., not significant.
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Figure 7. A transcriptional feedback loop of Fatty-acid/PPARG/MRTF in EAC
(A) Heatmap of fold changes of MRTF mRNA levels (B) and enhancer activity measured by

luciferase assays following treatment with different fatty-acids (10 uM) for 48h. (C)
Schematic diagram of a transcriptional feedback loop involving fatty-acid/PPARG/MRTF in
EAC. (D) Xenograft images, (E) growth curves and (F) tumor weights of xenograft
expressing either scramble shRNA or PPARG-shRNA which were grown in mice fed with
either high-fat diet (HFD) or low-fat diet (LFD). (G) mRNA levels of indicated genes were
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measured by gRT-PCR. Mean£SD are shown, n=3 *, p<0.05; **, p<0.01; ***, p<0.001;
N.S., not significant.
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