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Master transcription factors form interconnected circuitry and
orchestrate transcriptional networks in esophageal
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Abstract

Objectives: While esophageal squamous cell carcinoma (ESCC) remains infrequent in Western
populations, the incidence of esophageal adenocarcinoma (EAC) has increased 6- to 8-fold over
the past 4 decades. We aimed to characterize esophageal cancer- and subtypes-specific gene
regulation patterns and their upstream transcription factors (TFs).
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Design: To identify regulatory elements, we profiled fresh-frozen esophageal normal samples,
tumors and cell lines with chromatin immunoprecipitation sequencing (ChIP-Seq). Mathematical
modeling was performed to establish (super)-enhancers landscapes and inter-connected
transcriptional circuitry formed by master TFs. Co-regulation and cooperation between master TFs
were investigated by ChIP-Seq, 4C-Seq and luciferase assay. Biological functions of candidate
factors were evaluated both in vitro and in vivo.

Results: We found widespread and pervasive alterations of the (super)-enhancer reservoir in both
subtypes of esophageal cancer, leading to transcriptional activation of a myriad of novel oncogenes
and signaling pathways, some of which may be exploited pharmacologically (e.g., LIF pathway).
Focusing on EAC, we bioinformatically reconstructed and functionally validated an

interconnected circuitry formed by 4 master TFs: ELF3, KLF5, GATA6 and EHF, which promoted
each others’ expression by interacting with each super-enhancer. Downstream, these master TFs
occupied almost all EAC super-enhancers and cooperatively orchestrated EAC transcriptome.
Each TF within the transcriptional circuitry was highly and specifically expressed in EAC and
functionally promoted EAC cell proliferation and survival.

Conclusions: By establishing cancer- and subtype-specific features of EAC epigenome, our
findings promise to transform understanding of the transcriptional dysregulation and addiction of
EAC, while providing molecular clues to develop novel therapeutic modalities against this
malignancy.

Keywords
Transcription factor; gene regulation; signal transduction; esophageal cancer

INTRODUCTION

Transcriptional dysregulation is a prominent hallmark of cancer. The cis-regulatory elements
known as enhancers are key modulators of cell type-specific expression programs. Recently,
a unique group of enhancers, termed super-enhancers, has been identified[1]. Super-
enhancers recruit an exceptionally large number of transcription factors (TFs) and cofactors
and can be identified by extensive active histone marks, such as histone 3 lysine 27
acetylation (H3K27Ac)[1, 2]. Importantly, we[3, 4, 5] and others[6, 7, 8, 9] have shown that
malignant transformation is accompanied by locus-specific gains and losses in enhancer
activity - particularly super-enhancers - across the epigenome, resulting in widespread
changes in transcriptional output. Recent studies have suggested that a small number of TFs
are critical for orchestrating specific gene expression programs by regulating most cell-
specific super-enhancers[1, 10]. These TFs, called “Master” TFs, are often associated with
super-enhancers themselves, and control their own transcription and that of other master TFs
through an interconnected auto-regulatory circuitry[11, 12, 13]. This transcriptional
paradigm is exemplified in embryonic stem cells, wherein master TFs (OCT4, SOX2 and
NANOG) bind to their own and each other’s super-enhancers, forming an interconnected
circuitry[11]. In squamous cell carcinomas, our group has recently characterized §Np63 and
SOX2 as master TFs that form an interconnected circuitry[14].
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As the eighth most common cancer and sixth leading cause of cancer-related mortality
worldwide[15], esophageal cancer is classified histologically as either adenocarcinoma
(EAC) or squamous cell carcinoma (ESCC). While ESCC remains infrequent in Western
populations, the incidence of EAC has strikingly increased 6- to 8-fold in Western countries
over the past 4 decades[16]. The prognosis of patients with EAC remains very poor, with a
5-year survival rate of 17% in the United States[15]. Many EAC genomic drivers have been
identified, including mutations in 7P53, KRAS, CDKNZA, ARID1A, SMAD4[5, 17, 18,
19, 20, 21], offering new insights into the pathogenesis of this malignancy. However, in stark
contrast to genomic alterations, our understanding of the EAC epigenome is largely confined
to DNA methylation changes at selected genome loci[22, 23]. Very recently, Britton et al.
performed ATAC-Seq and identified open chromatin regions in 3 EAC cell lines and 6 EAC
tumor samples, revealing important upstream TFs (AP1 and ETS factors)[24]. Nevertheless,
EAC-associated cistrome aberrations and their biological significance remain poorly
characterized. The current study addressed these crucial questions by comprehensively and
integratively analyzing the molecular features of the epigenome of EAC.

Materials and Methods are described in Supplementary Data.

Characterization of enhancer landscapes in esophageal cancer

To establish the landscapes of active regulatory elements in esophageal cancer, we profiled
11 fresh-frozen EAC tumor specimens and 9 well-annotated EAC cell lines using chromatin
immunoprecipitation sequencing (ChIP-Seq) of H3K27Ac. To identify subtype-specific
features of chromatin modification, we re-processed H3K27Ac ChlP-Seq data from 6 ESCC
cell lines that we had generated previously[4, 5, 25] (Supplementary Table 1). After peak
identification, we separately explored elements that were either transcriptional start site
(TSS)-proximal (within 2kb of TSS, putative active promoters) or TSS-distal (beyond 2kb of
any TSS, putative active enhancers), given their different roles in the regulation of gene
expression programs. Notably, enhancer peaks exhibited much greater variability between
groups of samples than did promoter peaks. For example, with FDR<0.001 and fold-change
of peak intensity >4, there were 19,617 differential enhancer peaks when comparing EAC
and ESCC samples, 17 times greater than differential promoter peaks (n=1,151). The
increased variability in enhancer region was not simply due to the larger number of enhancer
elements (n=47,162/sample) compared with promoter elements (n=10,286/sample,
Supplementary Table 1). These results suggest pervasive genome-wide alterations in
enhancer (but not promoter) activities between EAC and ESCC samples; therefore, we
focused on enhancer element for subsequent analyses.

Hierarchical clustering using active enhancers with the most variable intensities (/.e., the top
10,000) clearly separated ESCC and EAC samples (Fig. 1A). We readily reproduced this
clustering pattern with a different statistical cutoff when selecting the most variable enhancer
signals (using FDR<0.001, Supplementary Fig. 1), demonstrating the robustness of the
clustering approach. Moreover, EAC tumor specimens and cell lines clustered together,
suggesting a convergent enhancer state markedly distinct from ESCC. This convergence of
epigenomic state between tumor samples and cell lines has been observed in other types of
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cancers, such as rhabdomyosarcoma[26] and neuroblastoma[27]. The similarity of enhancer
landscapes between EAC tumor specimens and cell lines not only suggests that the
difference between EAC and ESCC samples is not simply due to cell culture, but also
allowed us to utilize cell line models to investigate some of the most important EAC-specific
enhancer features, discussed below.

By focusing on protein-coding genes, differential analysis identified 6,537 gained enhancers
(assigned to 3,189 genes) and 6,876 lost enhancers (assigned to 3,587 genes) in EAC vs.
ESCC samples (Fold change>2, FDR<0.001, Supplementary Table 2). Although this
differential usage of enhancers is partially contributed by the different cell identity,
alterations in enhancer landscapes also clearly reflect subtype-specific cancer biology.
Particularly, these subtype-specific enhancers were associated with genes enriched in
signaling pathways displaying subtype-specific features (Fig. 1B). For example, EAC-high
enhancer genes were over-represented in the HIF-1a, cytokine[28], FOXA1[22], TNF,
PDGFR[22] and ARF6[22] pathways, while ESCC-high enhancers were more significantly
enriched in Hippo[4, 22], 8Np63 [5, 25, 29], Racl, focal adhesion and NRF2[5, 22, 29, 30,
31] signaling. These data were highly consistent with previous reports characterizing
differential activities of signaling pathways between EAC and ESCC (e.g., FOXA1 and
ARF6 signaling were stronger in EAC, while Hippo, and NRF2 activities were more
elevated in ESCC[22]).

We next investigated whether differences in enhancer landscapes between groups reflected
changes in transcriptomic output by reanalyzing RNA-Seq data of EAC (n=88) and ESCC
(n=90) samples from The Cancer Genome Atlas (TCGA)[22]. Importantly, genes associated
with gained enhancers were expressed at significantly higher levels in the corresponding
group (Fig. 1C). We and others have previously shown that active enhancers generally
exhibit lower DNA methylation levels compared with inactive enhancers and other silenced
chromatin elements[32, 33, 34, 35], implying a dynamic competition between TF binding
and DNA methylation. Indeed, gained enhancer elements generally exhibited lower DNA
methylation levels in the corresponding group (Fig. 1D).

Considering that the different enhancer profiles between EAC and ESCC were partially
attributable to their different cell types, we next performed H3K27ac ChlP-Seq analyses on
five frozen samples from non-malignant gastroesophageal junction (NGEJ) which have the
same columnar cell type with EAC. Importantly, a total of 1,703 NGEJ-high and 485 NGEJ-
low enhancers were identified when compared with EAC (Fold change>2, FDR<0.1,
Supplementary Table 3), and hierarchical clustering successfully separated these two types
of samples (Supplementary Fig. 1B). Pathway enrichment analysis revealed that EAC-high
enhancer-associated genes were over-represented in several oncogenic pathways, including
the signaling of EGFR, Wnt and EMT. In contrast, processes specific to gastrointestinal
mucin-secreting cells, such as O-linked glycosylation of mucin, ware specifically enriched
in the NGEJ-high enhancer set. Moreover, bone morphogenic protein (BMP) signaling,
which is important for both normal esophagus development[36] and intestinal metaplasia of
GEJ cells[37] was only enriched in NGEJ-high genes (Supplementary Fig. 1C). These
results highlight dysregulated enhancer landscape in EAC, which is associated with both
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cancer- and subtype-specific transcriptional networks apparently contributing to tumor
biology.

Distinct super-enhancer landscapes in EAC and ESCC

We recently showed that super-enhancers play prominent roles in regulating the expression
of a key array of oncogenes important for the malignant phenotype of cancer cells [3, 4, 25].
Thus, we next annotated super-enhancers in EAC and ESCC samples using the ROSE
method[1, 38] (Figs. 1E-G, Supplementary Tables 4a-b) and revealed that subtype-specific
super-enhancers accounted for 55.8% (871/1,561) and 53.8% (803/1,493) of all super-
enhancers in EAC and ESCC samples (Fig. 1E), respectively. Notably, unique sets of key
oncogenes were associated with subtype-specific super-enhancers, many of which reflected
subtype-specific cancer biology. For example, ERBB2, MET, GATA6, ETV6 and HNF1B
were associated with EAC-specific super-enhancers; CTTN, FGFR2, TP73 and WNT5A
were assigned to ESCC-specific ones (Figs. 1F-G). We similarly found that super-enhancer
reservoir were substantially alterred between EAC and NGEJ samples, with only 30.4%
(554/1,819) being shared (Supplement Fig. 1D-F, Supplementary Tables 4c).

Identification of interconnected transcriptional circuitry formed by master TFs in EAC

After establishing the landscape of enhancers in EAC, we next sought to determine which
upstream TFs control the activity of these regulatory elements. Considerable evidence
demonstrates that cell-type specific gene expression programs are dominated by a small
number of master TFs in each respective cell type[2, 11, 13]. Master TFs are often
associated with super-enhancers themselves and form interconnected auto-regulatory loops
(also known as core regulatory circuitry) by binding to each others’ super-enhancers[11, 13,
33, 39]. Master TFs are also highly expressed in their corresponding cell types. Taking into
account these known biological phenomena, we modified a previously established
mathematical method[40] and performed integrative circuitry analysis of EAC samples (See
Methods), thereby identifying a small set (n=10) of candidate master TFs (Fig. 2A,
Supplementary Fig. 2A), including several TFs with known oncogenic functions, such as
GATAG6, KLF5, FOXA1 and HES1. Compared with other TFs, these candidate master TFs
had higher predicted transcriptional connectivity (defined by the magnitude of enrichment of
the binding motif of candidate TFs in super-enhancer regions along the genome;
Supplementary Fig. 2B).

We reasoned that in a fully interconnected circuitry, the RNA expression of each member
should show strong positive correlation in relevant cell/tissue types. We thus interrogated the
TCGA EAC RNA-Seq dataset and noted that the expression of 4 candidates (ELF3, KLF5,
GATAG6 and EHF) displayed prominently positive correlations with each other (Fig. 2B,
Supplementary Fig. 2A; all Pearson correlation coefficients>0.2). These correlations were
expectedly observed in stomach adenocarcinomas (STAD) given the known molecular
similarity between EAC and STAD[22, 41], but were absent in other cancer types, such as
breast cancer (Fig. 2B). Moreover, in a pan-cancer RNA-Seq analysis in both TCGA and
Cancer Cell Line Encyclopedia (CCLE) samples, these 4 candidates were in general
expressed highly in EAC samples relative to most other tumor types (Supplementary Figs. 3
and 6C). We therefore next focused on characterizing these 4 high-confidence master TFs.

Gut. Author manuscript; available in PMC 2021 May 10.
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To validate direct transcriptional regulation among these candidates, we first performed
ChIP-Seq to map the genome-wide occupancy of these 4 master TFs in Es026, an EAC cell
line. We could not generate high-quality ChlP-Seq data of EHF because of lack of Chip
grade antibody. Strikingly, ELF3, KLF5 and GATA6 co-occupied the super-enhancers of all
4 master TFs including themselves (Fig. 2E), forming an interconnected circuitry, as we had
predicted. Moreover, the super-enhancer regions of all of these 4 TFs were highly specific to
both EAC tumor samples and cell lines, as they were substantially weaker in either ESCC
cells or NGEJ samples. Serving as additional controls for EAC cells, we further generated
H3K27Ac ChlP-Seq data in two Barrett’s esophagus (BE) cell lines (ChTRT and GihTRT),
which again exhibited negligible signals when compared with EAC samples (Fig. 2E).

To directly confirm their interconnected transcriptional regulation, each TF was silenced
using siRNA. Knockdown of any single TF decreased the expression of the other 3 members
(Fig. 2C). However, c-MYC, a well-known oncogenic TF in EAC but not predicted within
the transcriptional circuitry, was not affected (Fig. 2C, left panel). Similarly, EVX1, a novel
oncogenic TF in EAC cells (Manuscript in Preparation) but a non-master TF, was not
consistently regulated by these 4 factors. This interconnected circuitry was further confirmed
at the protein level using additional individual sSiRNAs (Fig. 2D). These results were also
verified by shRNA-mediated knockdown (Fig. 2C and Fig. 2D). Together, these data
identified and validated an interconnected transcriptional circuitry consisting of 4 master
TFs in EAC (Fig. 2F).

Master TFs cooperatively orchestrate the transcriptional network of EAC

To understand the significance of interconnected circuitry in regulation of the EAC
transcriptome, we next explored in-depth the cistromes of 3 TFs within the circuitry, namely
ELF3, KLF5 and GATASG. As expected, motif analysis found highly significant enrichment
of their own recognition sequences within the corresponding ChlP-Seq peaks (Fig. 3A).
Notably, the binding motif of each single factor was also strongly enriched in the peaks from
the other master TFs (Fig. 3A), suggesting that occupancies of these master TFs lie in close
proximity to each other. In contrast, either minimum or no enrichment was observed in non-
master TFs in EAC (e.g., E2F1 and TP63). Indeed, along the genome, ELF3, KLF5 and
GATAG6 exhibited a prominent co-occupancy pattern (Fig. 3C). Furthermore, metagene
analysis showed that the distribution of these binding peaks strongly aligned (Fig. 3B),
suggesting their functional interplay in EAC cells. To investigate the transcriptional
implications of the occupancy of ELF3, KLF5 and GATAS, we correlated their binding
profiles with H3K27Ac ChIP-Seq data generated from the same Eso26 cell line and
observed prominently enriched H3K27Ac signals adjacent to the regions occupied by these
master TFs (Figs. 3B-C). Specifically, the majority of ELF3 (87.1%, 5,702/6,543;
P<2.2e-16), KLF5 (68.7%, 15,215/22,141; P<2.2e-16) and GATAG peaks (76.6%,
3,375/4,404; P<2.2e-16, all Chi-squared Test) were associated with H3K27Ac signals,
suggesting that transcriptional activation was associated with the binding of these three TFs.
Indeed, transcripts assigned to the binding of any single TF were expressed at significantly
higher levels than those assigned to none (Fig. 3D).

Gut. Author manuscript; available in PMC 2021 May 10.
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We next explored the transcriptional impact of the co-occupancy of the master TFs.
Importantly, transcripts bound by all three TFs were expressed at the highest levels (Fig.
3D). Given the prominent co-occupying pattern of ELF3, KLF5 and GATAG in active
regulatory regions, we assigned their binding peaks to either super-enhancer or typical-
enhancer elements to gain additional insights into their transcriptional co-operation. Akin to
a few master TFs identified in other cell types (e.g., PHOX2B, HAND2 and GATA3 in
neuroblastoma[27]), EAC master TFs each occupied a significant proportion of super-
enhancers but interacted with only a small fraction of typical-enhancers (Supplementary Fig.
4A). In fact, all of the annotated super-enhancers were occupied by at least one of these
three TFs. Notably, this preference of interacting with super-enhancers was even more
profound when considering co-occupied regions. Specifically, regulatory elements occupied
by more TFs had a higher likelihood of lying within super-enhancers than did typical-
enhancers (Fig. 3E). These data demonstrate that master TFs not only interconnect via co-
regulation within the circuitry, but also cooperatively regulate gene expression programs by
preferentially activating super-enhancers along the genome.

ELF3, KLF5 and GATAG co-operatively activate the super-enhancer of ELF3

Given the above finding that master TF circuitry preferentially activates super-enhancer
elements relative to typical-enhancers, we next focused on characterizing ELF3 super-
enhancer loci, because ELF3 itself is a top-ranked master TF and has a massive super-
enhancer in EAC samples (Fig. 4B). In contrast, the H3K27Ac modification of these
enhancer loci was markedly weaker in ESCC samples (Fig. 4B), suggesting that this is an
EAC-specific active chromatin state. Next, we employed circularized chromosome
conformation capture (4C) assays to explore the interaction landscape of this ELF3 super-
enhancer in Eso026 cells, using its promoter as the 4C bait (Viewpoint). Importantly, by
cross-referencing H3K27Ac ChIP-Seq data generated in the same cell line, we successfully
identified five enhancer constituents (E1-E5) interacting with the ELF3 promoter (Fig. 4C).
Moreover, these 5 regions were always co-occupied by both ELF3 and KLF5 (Fig. 4C).
GATAG also had strong interaction with 2 of these 5 enhancer constituents (E1 and E4),
suggesting that the activities of these enhancer elements were under control of the three
master TFs. These co-occupancy patterns were validated by ChIP-gPCR in multiple
additional EAC cell lines (Supplement Fig.4B). Strikingly, these strong and extensive
enhancer-promoter interactions were strictly confined within this super-enhancer window
(Fig. 4A), indicating that this cluster of enhancer elements were dedicated to activating the
transcription of ELF3 in EAC cells. We subsequently cloned individual constituent enhancer
elements into the luciferase reporter vector and observed robust activities of E1 and E4 in
different EAC cells (Fig. 4D). Consistently, these reporter activities were not detected in
ESCC cells (Fig. 4D). To test direct transcriptional regulation of this super-enhancer on
ELF3, we used CRISPR interference system wherein sgRNAs guide dCas9/KRAB complex
to suppress targeted cis-regulatory elements[42]. We designed sgRNAs against E1 and E4
because: i) these two enhancer elements exhibited the highest reporter activities and ii) they
were the only two regions bound by all three TFs. Importantly, targeting either E1 or E4
significantly reduced the expression of ELF3 (Fig. 4D). The expression levels of the other
three master TFs were also decreased, again supporting the interconnected co-regulation
between these factors. These results support strong and complex regulation of ELF3 super-
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enhancer region, which is EAC specific and controlled by EAC master TFs. In parallel, we
performed another 4C assay to characterize enhancer-promoter interactions flanking KLF5
super-enhancer region. Again, we validated that multiple enhancer constituents, co-occupied
by master TFs, interacted with KLF5 promoter in EAC cells (Supplementary Fig. 5).

Master TFs have strong pro-growth functions in EAC cells

Considering the prominent roles of the master TFs in controlling EAC transcriptional
network, particularly their preference in the regulation of super-enhancers, we hypothesized
that these factors are required for the viability and proliferation of EAC cells. To test this, we
first focused on the investigation of ELF3, whose functional significance in EAC remains
unknown. Importantly, depletion of endogenous ELF3 expression by independent sSiRNAs
markedly reduced cell proliferation (Fig. 5A) and colony growth (Fig. 5B) in different EAC
cells, and the results were verified by doxycycline-inducible expression of multiple
independent shRNAs (Figs. 5E-F). Fluorescence-activated cell sorting (FACS) analysis
showed that silencing of ELF3 increased significantly EAC cell apoptosis (Fig. 5C) and cell
cycle arrest at S-phase (Fig. 5D). In xenograft assays, induction of the expression of sShRNA
against ELF3 potently inhibited EAC xenograft growth in mice (Figs. 5G-1). These data
characterize that ELF3, a master TF highly expressed in EAC, has strong pro-tumor
functions in this cancer. Prompted by the notable pro-survival and pro-proliferation
capacities of ELF3, we next tested the functionality of the other 3 master TFs (KLF5, EHF
and GATAG). Importantly, silencing of any of the 3 factors inhibited strongly the
proliferation and colony formation of multiple different EAC cell lines but not BE cell lines
(Figs. 5J-L, Supplementary Figs. 6A-B).

Up-regulated by master TFs via super-enhancers, LIF promotes EAC growth and migration.

Following the identification and characterization of the upstream master TF circuitry, we
next focused on investigating the downstream signaling pathways activated by EAC-specific
enhancers, inspired by previous work [3, 4, 7, 43] demonstrating that tumor-specific
enhancers converge on activating cancer hallmarks and associated signaling pathways.
Among the pathways enriched by EAC-specific enhancers, we were particularly interested in
the cytokine-mediated signaling since it was top-ranked in EAC group (Fig. 1D). Careful
examination of the overlapping pathway components (n=113, Supplementary Table 5)
identified many established pro-tumor factors, including LIF, LYN, SYK, JAK2, IL1B, etc.
Among these 113 components, LIF was the highest-ranked super-enhancer-assigned
cytokine specific to EAC samples (Supplementary Table 4). Moreover, LIF super-enhancer
contained co-binding peaks of ELF3 and KLF5 (Fig. 6A). In contrast, these enhancer
elements were much weaker in either ESCC, NGEJ or BE samples (Fig. 6A). Consistently,
LIF expression was significantly up-regulated in EAC samples (Supplementary Fig. 7A).
Immunohistochemistry (IHC) staining observed that LIF protein was strongly expressed in
EAC tumors but not in either NGEJ or normal esophageal squamous samples (Fig. 6G).
Importantly, silencing of any of the 4 master TFs markedly inhibited the expression of LIF at
both mRNA (Fig. 2C) and protein levels (Fig. 2D), strongly suggesting that these master TFs
regulate the transcription of this top-ranked super-enhancer gene.
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LIF is a well-established pleiotropic cytokine which regulates the differentiation of
hematopoietic and neuronal cells. Interestingly, during preparation of the present
manuscript, a report was published associating higher LIF level in the serum of EAC
patients with worse response to neoadjuvant therapy[44]. However, its biological functions
and associated molecular pathways have not been investigated in EAC. To address this, we
first depleted LIF transcript by siRNA in multiple EAC cell lines, and its knockdown
drastically impaired EAC cell proliferation and colony growth (Figs. 6C-D). In contrast,
silencing LIF produced much weaker effect on ESCC cell proliferation, suggesting its EAC-
specific role (Supplementary Fig. 7B). Recently, a steroidal LIF-specific small-molecule
inhibitor (EC330) was developed[45, 46] (Fig. 6B). Importantly, this LIF-inhibitor displayed
potent anti-neoplastic activity in EAC cells in vitro, with ICsq ranging from 28-565 nM
(Fig. 6B). Again validating the functional specificity of LIF in EAC cells, EC330 barely
showed cytotoxicity against ESCC cells (Fig. 6B). Furthermore, exogenous LIF stimulation
prominently enhanced cell migration, which was neutralized by co-exposure to an anti-LIF
antibody (Fig. 6E, Supplementary Fig. 7C), confirming the specificity of the results. Lastly,
exogenous LIF potently stimulated the phosphorylation of STAT3 and AKT pathways (Fig.
6F). Given that both STAT3[47, 48] and AKT signalings are well-established pro-growth
cascades for EAC cells, these data characterize LIF as a key super-enhancer-driven factor,
which is up-regulated by EAC master TFs and promotes EAC proliferation and migration.

DISCUSSION

Despite numerous new insights gained from genomic analyses of EAC patients[5, 17, 18, 19,
20, 21], preventive or therapeutic strategies have not substantially improved outcomes. EAC
exhibits high inter- and intra-tumor genomic heterogeneity[19, 49, 50], increasing the
barriers to exploiting targetable genomic lesions. Clearly, alternative molecular approaches
in addition to genomic profiling are required to further decipher EAC pathophysiology for
the development of more innovative and effective regimens.

To this end, we performed comprehensive epigenome profiling of EAC tumor samples and
cell lines, and contrasted them against ESCC and NGEJ samples. We found widespread and
pervasive alterations in EAC enhancer and super-enhancer landscapes, which were strongly
associated with cancer-specific and subtype-specific biological states. We identified a
myriad of novel EAC-promoting genes as well as oncogenic signaling pathways which may
be exploited pharmacologically. Amongst these, cytokine signaling represents a particularly
important pathway containing many components associated with either EAC-specific
enhancers (such as LYN, JAK2, IL1B) or super-enhancers (such as LIF, LIFR). Importantly,
IL1B associated signaling was shown to directly promote EAC development and progression
in a transgenic mouse model, wherein additional cytokines (e.g., IL6 and I1L8) were also
significantly upregulated[28]. Here, we identified and validated LIF as a top-ranked super-
enhancer-driven cytokine that is uniquely upregulated by master TFs in EAC samples. LIF
has strong pro-tumor functions specifically in EAC but not ESCC cells, which can be
suppressed by a specific small-molecule inhibitor. Notably, in addition to LIF, the cytokine
signaling pathway has a number of components which may be “druggable” (e.g., JAK2,
YES1, SYK), highlighting the power of our integrative approach to discover novel
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actionable targets, some of which are under early clinical investigation (e.g.,
NCT02693535).

We established and functionally validated an interconnected transcriptional circuitry formed
by master TFs (ELF3, KLF5, GATA6 and EHF), which orchestrates the dysregulation of
EAC transcriptome in a co-operative manner. These master TFs promote the expression of
each other by interacting with their super-enhancers. Indeed, their mRNA levels significantly
correlate with each other, and are generally high in EAC tumors compared with other forms
of human cancers. These master TFs operate in concert and often co-occupy enhancer
elements in a co-operative fashion. Notably, these factors favor the regulation of super-
enhancers over typical-enhancers, such that virtually all of the super-enhancers annotated in
Es026 cells were bound by at least one of these master TFs. This biased pattern of
interacting with super-enhancers over typical-enhancers by master TFs was more
conspicuous when considering the co-occupied regions. Transcripts bound by all three TFs
were expressed at the highest levels, further supporting cooperation (Fig. 3).

Because of this pivotal role of master TFs in the regulation of EAC transcriptomic network
(particularly through controlling super-enhancers), all of them are, not surprisingly, required
for the survival and proliferation of EAC cells (Fig. 5). Although GATAG has been
established as a strong oncogene in EAC[51], the other three factors (ELF3, EHF and KLF5)
remain hitherto unexplored in this cancer. Notably, GATA6 and KLF5 have been shown to
interact with each other and promote both activities in gastric cancer[52], which shares a
certain degree of genomic similarity with EAC[22]. Both ELF3 and EHF belong to the E26
transformation-specific (ETS) TF family. Intriguingly, both of them have seemingly
opposing roles in cancer biology in different tumor types. For example, ELF3 suppresses the
activity of androgen receptor and inhibits the proliferation of prostate cancer cells[53]. In
ampullary carcinoma, genomic sequencing suggests ELF3 as a tumor-suppressor[54]. While
in hepatocellular cancer, ELF3 has oncogenic activities and promotes cellular malignant
phenotypes, suggesting a tissue context specific role[55]. Similarly, EHF also has been
observed to have opposite functions depending on different tumor types[56, 57]. We reason
that these disparities may be because ELF3 and EHF have different transcriptional co-
factors/partners in distinct cell types, which results in their different cistromes and
downstream genes. In contrast, KLF5 appears to have a consensus oncogenic role in
different cancer types. KLF5 has also been recently identified as a master regulator driven by
a super-enhancer in low-grade pancreatic ductal adenocarcinoma[58]. Notably, in addition to
being activated epigenetically, KLF5 exons harbor hotspot oncogenic mutations.
Furthermore, the super-enhancer of KLF5 was found to be genetically amplified[59].
Interestingly, we also observed that the KLF5 locus is significantly amplified in TCGA EAC
samples (data not shown), supporting the notion that prominent driver genes can be altered
in cancer cells through multiple different mechanisms.

In summary, by comprehensively establishing the epigenomic state of EAC and its upstream
master regulators and downstream signaling pathways, this work promises to transform our
understanding of the transcriptional dysregulation and addiction of EAC, while providing
potential future therapeutic strategies against this deadly malignancy.
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Summary
What is already known about this subject?

. Malignant transformation is associated with gains and losses in enhancer
activity across the epigenome, resulting in widespread changes in
transcriptional regulation.

. A small number of master TFs are instrumental for orchestrating gene
expression programs by regulating cell-specific (super)-enhancers.

. The genomic landscapes of ESCC and EAC have been established and
contrasted; however, their epigenomic features have not been
comprehensively and systematically compared and analyzed.

What are the new findings?

. EAC and ESCC display distinct (super)-enhancer landscapes, which
contribute to subtype-specific transcriptional dysregulation.

. An interconnected transcriptional circuitry in EAC formed by 4 master TFs
(ELF3, KLF5, GATAG6 and EHF) is identified and validated.

. Master TFs occupy most of EAC super-enhancers and cooperatively
orchestrated EAC transcriptome, thereby promoting the survival and
proliferation of EAC cells.

. Transcriptionally activated by master TFs through EAC-specific super-
enhancers, LIF contributes to the malignant phenotypes of EAC cells.

How might it impact on clinical practice in the foreseeable future?

. This work uncovers many epigenomic features that may help develop novel
therapeutic modalities for treating EAC patients. Particularly, EAC-specific
super-enhancers activate a number of oncogenes and signaling pathways,
some of which may be exploited pharmacologically (e.g., LIF pathway).

. EAC cells are transcriptionally addicted to master TFs (ELF3, KLF5, GATA6
and EHF), and likely their associated transcriptional cofactors, which may
offer a novel strategy to fight against this malignancy.
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Figure 1. Enhancer and super-enhancer landscapes of esophageal cancers.
(A) Hierarchical clustering using enhancers with the most variable intensities (top 10,000).

(B) Left, pie chart showing the number of gained enhancers in each group; Right, pathway
enrichment of gained enhancers. Dot size denotes the number of genes enriched. (C) Box
plot of MRNA levels of genes associated with changed enhancers in EAC and ESCC
samples from TCGA. (D) Box plot of DNA methylation levels of changed enhancer loci in
EAC and ESCC samples from TCGA. P value was determined by Wilcox Test. (E) Venn
diagram of the number of super-enhancers annotated in each group. (F) Inflection plot
ranking enhancer intensities, and only group-specific super-enhancers are displayed as
examples. (G) IGV plots of the H3K27Ac ChlP-Seq profiles of group-specific super-
enhancers. Each line represents one sample; values of normalized ChIP-Seq signal
intensities are shown on the upper left corner; genomic structure of the genes associated with
super-enhancer is shown at the bottom.
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Figure 2. Master TFs form interconnected transcriptional circuitry in EAC.
(A) Integrative methods for identification of candidate master TFs. (B) Heatmap of Pearson

correlation coefficient between candidate master TFs in TCGA EAC (n=88), stomach
adenocarcinoma (STAD, n=415) or breast cancer samples (n=1,100). (C) Heatmap of fold
changes of mMRNA levels of master TFs and c-Myc and EV X1 (non-master TFs, negative
control) following siRNA knockdown of each master TF (left) or 3 different shRNAs against
ELF3 (right). (D) Western Blot validating the co-regulation among master TFs in Es026
cells. The numbers denote the densitometric quantitation of band intensity, normalized by
Actin levels. (E) IGV plot of ChIP-Seq showing co-occupancy (shaded) of ELF3, KLF5 and
GATAG at the super-enhancers of their own gene and the other 3 master TFs. Antibodies
against endogenous KLF5 and GATAG were used. A flag antibody for exogenous ELF3-Flag
was used because of the poor quality of ELF3 antibody for ChIP-Seq. (F) Schematic graph
of the model of interconnected circuitry, with rectangles and ovals representing enhancer
elements and proteins, respectively.
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Figure 3. Master TFs orchestrate co-operatively EAC transcriptional network.
(A) Position weight matrix and heatmap showing the p values of enriched motifs in either

ELF3-, KLF5-, GATAG- or co-occupied genomic regions in Eso26 cells. The enrichment of
TP63 and E2F1 motifs are shown as negative controls. (B) Line plots showing the
distribution of indicated ChIP-Seq signals at GATA6 peak regions (centered at the summit of
GATAG peaks). (C) Heatmap showing ChIP-Seq signals at GATA6 peak regions (+/- 3Kb of
peak center), rank ordered by intensity of GATAG6 peaks based on reads per million mapped
reads (RPM). Lines, peaks; color scale of peak intensity is show at the bottom. (D) Box plot
of MRNA levels of genes associated with each group of peaks in Eso26 cells. (E) Fold ratio
of the percentage of super-enhancers (SE) over typical-enhancers (TE) bound by individual
master TFs either alone or together.
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Figure 4. Master TFs co-operatively activate the super-enhancer of ELF3.
(A) 4C assay showing the long-range interactions anchored on ELF3 promoter in Eso26

cells. Deeper red color indicates higher interaction frequency. (B) ChIP-Seq profiles for
H3K27Ac (in different groups of samples) and master TFs at ELF3 super-enhancer loci. (C)
Zoom in view of ChIP-Seq signals in Eso26 cells. Connecting lines showing the interactions
detected by 4C. Five constituent enhancers (E1-E5) and one negative control (Ctrl) region
were separately cloned into luciferase reporter vector. (D) Enhancer activity measured by
luciferase reporter assays in indicated EAC cells and KYSE510 cells. Mean + s.d. are
shown, n = 2. *, P<0.05; **, P<0.01; ***, P<0.001. (E) Eso26 cells expressing dCas9/
KRAB vector with sgRNAS targeting E1 and E4 or control vector were subject to gRT-PCR
to quantify the mRNA expression of master TFs.
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Figure 5. Master TFs have strong pro-EAC functions.
(A) Knockdown of ELF3 by individual siRNAs decreased cell proliferation and colony

growth (B), and increased cell apoptosis (C) and S-phase arrest (D) in different EAC cell
lines. (E) Silencing of ELF3 by inducible shRNAs in Eso26 cells decreased cell
proliferation, colony growth (F) as well as xenograft growth in vivo (G-1). (G) weights, (H)
images and (I) growth curves of resected tumors from both groups. (J-L) Knockdown of
other three master TFs by individual siRNAs decreased cell proliferation and colony growth.
Mean + s.d. are shown, n = 3. *, P<0.05; **, P<0.01; ***, P<0.001.
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Figure 6. Up-regulated by master TFs via super-enhancers, LIF promotes EAC growth and
migration.

(A) IGV plots of ChIP-Seq showing EAC-specific LIF super-enhancer which was co-
occupied by master TFs. (B) Cell viability assay testing EC330, a LIF inhibitor, in EAC and
ESCC cell lines. IC50 values are shown in the right panel. (C) Silencing of LIF with sSiRNA
decreased different EAC cell proliferation and (D) colony growth. (E) LIF stimulated EAC
cell migration, which was neutralized by an anti-LIF antibody. (F) Western Blotting showing
that LIF stimulated STAT3 and AKT phosphorylation in EAC cell lines. Mean + s.d. are
shown, n = 3. *, P<0.05; **, P<0.01; ***, P<0.001. (G) IHC staining of LIF in EAC (n=35),
non-malignant esophagus squamous mucosa (NESQ, n=10) and NGEJ samples (n=7).
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