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Molecular Therapy
Original Article

Enhancer Reprogramming within Pre-existing
Topologically Associated Domains Promotes
TGF-B-Induced EMT and Cancer Metastasis
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University, Shanghai 201210, China; 3University of Chinese Academy of Sciences, Beijing 100049, China; iHuman Institute, ShanghaiTech University, Shanghai, 201210,
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Francisco, San Francisco, CA 94158, USA

Transcription growth factor B (TGF-B) signaling-triggered
epithelial-to-mesenchymal transition (EMT) process is associ-
ated with tumor stemness, metastasis, and chemotherapy resis-
tance. However, the epigenomic basis for TGF-B-induced EMT
remains largely unknown. Here we reveal that HDAC1-medi-
ated global histone deacetylation and the gain of specific his-
tone H3 lysine 27 acetylation (H3K27ac)-marked enhancers
are essential for the TGF-B-induced EMT process. Enhancers
gained upon TGF-B treatment are linked to gene activation
of EMT markers and cancer metastasis. Notably, dynamic
enhancer gain or loss mainly occurs within pre-existing topo-
logically associated domains (TADs) in epithelial cells, with
minimal three-dimensional (3D) genome architecture reorga-
nization. Through motif enrichment analysis of enhancers
that are lost or gained upon TGF-B stimulation, we identify
FOXA2 as a key factor to activate epithelial-specific enhancer
activity, and we also find that TEAD4 forms a complex with
SMAD?2/3 to mediate TGF-P signaling-triggered mesenchymal
enhancer reprogramming. Together, our results implicate that
key transcription-factor (TF)-mediated enhancer reprogram-
ming modulates the developmental transition in TGF-f
signaling-associated cancer metastasis.

INTRODUCTION

Epithelial-to-mesenchymal transition (EMT) is a cellular process
characterized by E-cadherin (CDHI) downregulation, in which
epithelial cells lose their epithelial junctions and polarity, and ac-
quire a motile mesenchymal phenotype, enabling cell migration
and invasion." EMT is crucial for embryonic development and com-
ponents of carcinogenesis, such as tumor stemness, metastasis, and
chemotherapy resistance.”” Activation of the EMT program is
comprehensively considered a major driver of cancer malignancy
and metastasis,”” and successful identification of the in vivo EMT
states further emphasizes the essential role of EMT in cancer
metastasis.’

Ghck for
Updates

Transcription growth factor B (TGF-P) signaling transduces through
extracellular binding with transmembrane TGF- receptors and trig-
gers SMAD2/3/4 heterotetrametric complexing and entering into the
nucleus to modulate target gene transcription.” TGE-p signaling can
initiate and maintain EMT in various developmental and pathophys-
iological processes by activating and integrating context-dependent
signaling pathways.”” Accumulating evidence has demonstrated
that the TGF-B-driven EMT program initiates and facilitates the
acquisition of mesenchymal cell features, tumor invasiveness, and
cancer metastasis,'’”'* and blockade of TGF-B remarkably inhibits
tumor cell migration and metastases,'>'* highlighting the importance
of the TGF-B-induced manifestation of epithelial plasticity in cancer
development. It has been proposed that the intrinsic factors and
epigenetic states within the primary tumor cells are crucial for re-
sponding to metastatic cues (e.g., TGF-f) and the acquisition of met-
astatic potential.'>'® A key transcription factor (TF) FOXA2 has been
proposed as an essential tumor suppressor by inhibition of mesen-
chymal ZEB2 and SLUG transcription.'”'® However, the epigenomic
basis underlying TGF-B-induced EMT and metastasis, as well as
epigenetic regulation by key TFs remains largely unknown.

Enhancers are a critical class of regulatory elements that always
include clusters of TF binding sites and are frequently occupied by
histone H3 lysine 27 acetylation (H3K27ac) and histone H3 lysine
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4 mono-methylation (H3K4mel)."” The establishment and erasure of
proximal and distal enhancers during biological progression
contribute to cell-state/stage-specific transcriptional modulation of
their target genes and are linked to the rewiring of long-range regula-
tory architectures.”””' Chromatin immunoprecipitation (ChIP) as-
says have been performed in cancer cell lines or organoid cultured
cancer tissues to annotate the enhancer profiles correlated with the
degree of epithelial differentiation and metastasis.”'®
is unclear how enhancer usage is involved in the TGF-pB-triggered
EMT program. In the present study, we profiled the enhancer land-
scape during TGF-B-induced EMT and identified drastic alterations
in enhancer activities. Moreover, the epithelial-specific enhancers
are mainly established by FOXA2 to antagonize the TGF-f-induced
EMT process, while the TGF--responsive mesenchymal-specific en-
hancers that are regulated by the TEAD4/SMAD complex are associ-
ated with cancer cell migration and metastasis. Here we highlight the
role of key TFs involved in enhancer reprogramming and precise gene
regulation through enhancers. Collectively, our findings indicate that
key TF-mediated enhancer reprogramming and the pre-existing
chromatin interactions with enhancers promote the acquisition of
mesenchymal and metastatic traits during carcinogenesis.

22 .
However, it

RESULTS

Global Analysis of Enhancer Activities during TGF-B-Induced
EMT

To explore the molecular mechanisms underlying TGF-f-induced
EMT, we chose a well-established in vitro cell model (A549, a human
lung adenocarcinoma cell line)'® and TGF-B-treated AML12 hepato-
cytes® to mimic the TGF-B-triggered morphology, behavior, and
intrinsic alterations. As expected, TGF-p treatment triggered a sub-
stantial loss of cell junctions and epithelial characteristics (Figures
S1A and S1B), accompanied by the downregulation of E-cadherin
(encoded by CDHI) and upregulation of N-cadherin (encoded by
CDH?2) and fibronectin (encoded by FN1I) in a time- and dose-depen-
dent manner (Figures S1C and S1D). Histone acetylation is a kind of
dynamic turnover modification linked to transcriptional activation
during cancer development, differentiation, and progression.”**>
Therefore, we examined the H3K27ac and histone H3 lysine 9 acety-
lation (H3K9ac) levels upon TGF-p stimulation, and we found that
both histone marks remarkably decreased along with the progressive
EMT process by western blot and immunostaining assays (Figures
S1E-S1H).

To determine whether TGF-B-induced global histone deacetylation is
required for the EMT process, we utilized two histone deacetylase
(HDAC) inhibitors, trichostatin A (TSA) and MS-275, to co-stimu-
late AMLI2 or A549 cells with TGF-p. Interestingly, HDAC inhibi-
tors prominently blocked the downregulation of H3K27ac levels
and reversed the TGF-B-induced morphological, molecular (such as
mesenchymal markers Fnl, Vim, and Cdh2), as well as transcriptomic
changes in AMLI12 and A549 cells (Figures S1I-S1M). Moreover, we
also found that HDACI depletion, which antagonized TGF-pB-trig-
gered EMT (Figures SIN-SIP) as reported previously,”*
in the significant upregulation of H3K27ac levels (Figure SIN).

7 resulted
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Collectively, these results demonstrate that HDAC1-mediated his-
tone deacetylation is required for TGF-B-induced EMT.

To explore the histone modification-linked epigenetic mechanisms
underlying the TGF-B-triggered transcriptional program, we gener-
ated transcriptome and epigenome data of epithelial A549 cells and
TGEF-B-induced mesenchymal cells with highly homogeneous cell
populations (Figure 1A). RNA sequencing (RNA-seq) analysis
showed 785 TGF-B-downregulated genes (epithelial-specific; e.g.,
IGFBP1, GDF15, CDH1, FGFBPI) that were related to epithelial fea-
tures and 1,285 upregulated genes (mesenchymal-specific; e.g.,
CDH1I, SNAI2, VIM, ZEBI), which were mainly associated with adhe-
rens junction, cell migration, and EMT (Figure S2A). To examine the
genome-wide chromatin alterations during the TGF-B-induced EMT,
we performed chromatin precipitation followed by high-throughput
sequencing (ChIP-seq) to profile the promoter (histone H3 lysine 4
trimethylation [H3K4me3]) and (H3K27ac and
H3K4mel) activities. We mapped these three kinds of histone mod-
ifications around the transcriptional start sties (TSSs; +3 kb) of differ-
entially expressed genes (DEGs) upon TG-Ff stimulation. We found
that the gene upregulation and downregulation by TGF-f3 were asso-
ciated with a minimal increase and decrease in these transcriptionally
active modifications in promoters around TSSs, respectively (Figures
S2B and S2C).

enhancer

Subsequently, the number of peaks with gain or loss of detected mod-
ifications in a whole-genome comparison during TGF-B-induced
EMT was calculated. Intriguingly, the number of regions gaining or
losing enhancer peaks occupied by H3K4mel or H3K27ac during
EMT was much higher than that of H3K4me3 peaks enriched at pro-
moters (Figure 1B), indicating that the distal enhancers are more
important than promoter activity dynamics for the TGF-p-triggered
EMT process. Among the identified 147,077 enhancers that were
union from enhancers in A549 and TGF-f treatment groups, the ma-
jority of them were poised enhancers marked by H3K4mel only,
while a subset of active enhancers were marked by both H3K4mel
and H3K27ac (Figures 1C and 1D; the peak density for active and
poised enhancers was shown as boxplot in Figure S2D). Moreover,
the expression of active enhancer-linked genes was higher than poised
enhancer-linked genes in both A549 and TGF-f-treated cells (Fig-
ure 1E), indicating that enhancer dynamics is essential for TGEF-
B-triggered transcriptomic alterations. A River plot based on
ChromHMM was generated to trace the enhancer dynamics upon
TGF-p treatment, demonstrating that the majority of enhancer bins
(200-bp bins) were maintained at a poised or active state, and that
a small fraction of enhancer bins underwent active-to-poised (e.g.,
IGFBP1, FGFBPI, and FGA) or poised-to-active (e.g., WNT7A,
MMP2, and TIMP3) state transitions, which were associated with
epithelial cell characteristics or mesenchymal cell migration, respec-
tively (Figures 1F and S2E). Thus, these data together demonstrate
that TGF-B-activated mesenchymal enhancers acquire a pre-adopted
poised state in epithelial cancer cells, and that the dynamic regulation
of enhancer activities is crucial for the TGF-B-initiated EMT
program.
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Figure 1. Global Identification of Poised and Active Enhancers during TGF-B-Induced EMT

(A) Schematic for the epigenetic landscaping of TGF-B-induced EMT. Epithelial A549 cells were stimulated with TGF-B (5 ng/mL) for 48 h. A549 and TGF-B-treated cells were
subjected to ChIP-seq analysis of H3K27ac, H3K4me1, and H3K4me3 enrichment, as well as RNA-seq analysis, respectively. (B) Bar plot showing the number of peaks by
MACS2 that gained or lost indicated modifications during TGF-B-induced EMT. “Gain” or “loss” means the indicated modifications peaks that are specific in TGF-B-treated or
untreated conditions, respectively. (C) Total number of candidate enhancer peaks identified during TGF-B-induced EMT categorized by H3K27ac and H3K4me1 deposition
combinations by MACS2. Unmarked enhancers in A549 condition means TGF-B-specific enhancers, and unmarked enhancers in TGF-f condition means A549-specific
enhancers. (D) Density of normalized ChlP-seq signal for H3K4me1 and H3K27ac modifications relative to midpoint at putative poised and active enhancers in A549 and
TGF-B-treated cells. (E) Boxplots of mMRNA expression, measured in log2(FPKM+1) at linked genes of poised and active enhancers in A549 and TGF-B-treated cells. FPKM,
fragments per kilobase million. *p < 2.2e—16, Wilcoxon rank-sum test. (F) River plot showing the global dynamics of poised and active enhancer regions during TGF-
B-induced EMT. ChromHMM software was used to dissect the whole genome into 200-bp bins, and chromatin states were defined according to ChlP-seq signals within
each 200-bp bin. Poised enhancer, only H3K4me1 signal; active enhancer, H3K27ac and H3K4me1 positive signals; unmarked, no signal for three ChIP-seq signals.
Notably, the enhancers that were retained unmarked during this process were not shown. (G) Gene ontology analysis of poised-to-active and active-to-poised enhancer-
linked genes (left panel). Representative genome browser snapshot showing the poised-to-active (WNT7A) and active-to-poised (IGFBP1) enhancer transition induced by
TGF-B for H3K27ac and H3K4me1 ChiP-seq profiles.
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Identification of Epithelial- and Mesenchymal-Specific
Enhancers Linked to Cancer Metastasis

To explore how the altered enhancer landscape directs transcriptomic
programming during EMT progression, we profiled genome-wide
enrichment of H3K27ac in mock- and TGF-B-treated A549 cells and
identified peaks with >4-fold changes in H3K27ac signals as differen-
tially acetylated peaks. According to this criterion, we recovered
6,013 regions with decreased H3K27ac signals, which we hereafter refer
to as epithelial-specific or LOSS enhancers; we also identified 8,956
mesenchymal-specific or GAIN enhancers with increased H3K27ac
signals upon TGF-B treatment. LOSS or GAIN enhancer regions
were also occupied by H3K4mel, with similar but weaker decreasing
or increasing tendencies (Figures 2A and S3A). The reservation of a
relatively strong H3K4mel signal upon TGF-f treatment for LOSS en-
hancers (Figures 2A and S3A) suggests that TGF-B-induced mesen-
chymal cells reserve poised enhancers for epithelial-specific genes,
which possibly explains the reversible features of the EMT process
named mesenchymal-to-epithelial transition (MET).*®

More than 80% of the GAIN and LOSS regions were distributed outside
of the promoter regions (Figure 2B), confirming that these regions
represent enhancer elements. For instance, we observed apparent
LOSS enhancers in epithelial-specific CDHI, CLDN3, and GDF15
genes, as well as GAIN enhancers in CDH2, FNI, and SNAILZ in
TGF-B-treated cells (Figures 2C and S3B). To screen highly correlated
targets with GAIN/LOSS enhancers, we performed the following ana-
lyses with an 8-fold change in H3K27ac signals upon TGF-f treatment
(Figure S3C). A gene ontology analysis of genes near LOSS enhancers
revealed a significant enrichment in epithelial cell functions, whereas
the GAIN enhancers nearby genes were mainly associated with cell
migration and polarization (Figure 2D). Moreover, we also demon-
strated that the TGF-B-downregulated genes with histone deacetyla-
tion were mainly related to epithelium development and the apical
part of cells (Figure S3D), suggesting that the TGF-B-induced deacety-
lation contributes to the silencing of epithelial gene expression. Gene
set enrichment analysis (GSEA) showed that GAIN enhancer-linked
genes were mainly attributed to TGF-B-upregulated genes, whereas
the LOSS region nearby genes principally belonged to the TGF-
B-downregulated gene set (Figure 2E). Moreover, we overlapped our
identified GAIN/LOSS enhancers with that triggered by TGF-B in
breast cancer MDA-MB-231 cells,”” and found a large number of over-
lapped gained enhancers, but a small number of overlapped lost en-
hancers (Figure S3E). It suggests that TGF-B-induced gained enhancers
are relatively conserved between different types of epithelial cancer cells
to generate a similar EMT-triggering program in responding to TGF-f3
exposure, while the lost enhancers are relatively multiplex, linked to
common epithelial cell characteristics (overlapped), as well as cancer-
type-specific features (non-overlapped) (Figure S3E). These results
demonstrate that TGF-p-triggered enhancer reprogramming is essen-
tial for the EMT program.

To explore whether these LOSS/GAIN enhancer-associated genes
were associated with cancer metastasis, we analyzed those gene sets
in pancreatic ductal adenocarcinoma (PDA) (GEO: GSE71729) data-
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sets’” and colorectal cancer datasets (GEO: GSE41258).%"** For sets
of DEGs in PDA between normal and primary/metastatic tissues,
we found that GAIN enhancer-linked genes were mainly enriched
in primary or metastatic cancer tissues, and the highly expressed
DEGs in primary or metastatic tumors were mainly overlapped
with TGF-B-upregulated genes (Figure 2F). To further investigate
the correlation between GAIN/LOSS enhancer-linked genes with
cancer metastasis, we performed pairwise correlation analyses of
mRNA expression of GAIN/LOSS enhancer-linked genes in primary
and metastatic tumors (GEO: GSE71729 and GSE41258).°%*! We
found that 160 and 190 LOSS enhancer-linked genes were highly ex-
pressed in primary PDA and colon cancer tissues, respectively; on the
contrary, there were 248 and 251 GAIN enhancer-linked genes upre-
gulated in metastatic tumors, including some known and potent EMT
inducers (Figures 2G and S3F). Interestingly, 61 downregulated genes
and 56 upregulated genes were overlapped between the two types of
cancers during cancer metastasis (Figure S3G). Therefore, subsets
of epithelial- and mesenchymal-specific enhancer-associated genes
during the TGF-B-induced EMT process are differentially expressed
between primary and metastatic tumors, suggesting their potential
relevance with cancer metastasis.

TGF-B-Induced Enhancer Alterations Mainly Occur within Pre-
existing Topologically Associated Domains (TADs)

Enhancers always act through distal interaction with target promoters;
therefore, we performed high-throughput chromosome conformation
capture (Hi-C) analysis that can be utilized to characterize the long-
range looping interactions, promoter-enhancer contacts, and the
three-dimensional (3D) genome architecture alterations.” It showed
that chromatin interactions were not significantly changed before
and after TGF-P treatment at the whole-genome levels (Figures 3A
and S4A). However, we found that the interaction strength between
GAIN enhancers and TGF-B-upregulated gene promoters was much
stronger than that between GAIN enhancers and TGF-[-downregu-
lated gene promoters (Figure 3B, left); on the contrary, the interaction
strength between LOSS enhancers and TGF-B-downregulated gene
promoters was much stronger than that between LOSS enhancers
and TGF-B-upregulated gene promoters (Figure 3B, right). It suggests
that the interactions between GAIN enhancers and TGF-B-upregulated
gene promoters, as well as LOSS enhancers and TGF-B-downregulated
gene promoters, contribute to the differential gene expression upon
TGF-PB treatment, and the pre-existing interactions between enhancers
and promoters of DEGs attribute to the rapid transcriptional response
to TGF-p stimulation. We then identified active (A) and inactive (B)
compartments using principal-component analysis (PCA) and map-
ped the transition between A and B among the two samples. The ma-
jority of these compartments were maintained in an unchanged state,
and only a very small proportion of compartments underwent transi-
tions between A and B (A-to-B: 908; B-to-A: 489), as shown by a River
plot (Figure S4B).

Next, we analyzed the normalized enrichment of ChIP-seq signals for
H3K27acand H3K4mel, demonstrating that both enhancer-related his-
tone modifications showed higher enrichment in compartment A versus
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Figure 2. Identification of Epithelial- and Mesenchymal-Specific Enhancers Linked to Cancer Metastasis

(A) Normalized ChlP-seq signals for epithelial-specific (LOSS, n = 6,013) and mesenchymal-specific (GAIN, n = 8,956) H3K27ac peaks, as well as corresponding H3K4me1
peaks relative to midpoint at putative enhancers (6 kb around the center) in A549 and TGF-B-treated cells. The cutoff for GAIN and LOSS enhancers is set as the 4-fold
change in H3K27ac peak signals between TGF-B and A549. Peaks are centered on the middle of H3K27ac peaks and +3-kb region displayed. (B) Pie chart showing the
genomic annotations of LOSS and GAIN regions according to the location of a given peak. TSS, “—1 kb to +100 bp” of TSSs; UTR includes both 5" and 3’ UTRs; 1st exon, the
first exon of a coding gene; other exon, the peaks distributed in the exons (not including the first exon). (C) Representative H3K27ac and H3K4me1 ChiP-seq profiles of LOSS
(e.g., CDH1) and GAIN regions (e.g., CDH2) in A549 and TGF-B-treated cells. (D) Enriched Gene Ontology terms for epithelial-specific and mesenchymal-specific enhancers
in Figure S3C. (E) Gene set enrichment analysis (GSEA) of TGF- versus A549 RNA-seq using a signature of GAIN enhancer-linked genes (GAIN genes) or LOSS enhancer-
linked genes (LOSS genes). Normalized enrichment score (NES) and nominal p value were provided according to GSEA. (F) GSEA-based comparison of PDA patient-gene
expression profiles (GEO: GSE71729: primary versus normal; metastasis versus normal) with a signature of GAIN genes (upper panel). GSEA of TGF- versus A549 RNA-seq
using a signature of patient-derived DEGs (GEO: GSE71729: primary versus normal; metastasis versus normal) (lower panel). (G) Heatmap representation of DEGs between
primary and metastasis patients of GEO: GSE41258. The genes marked in red were known EMT markers or epithelial/mesenchymal developmental genes.
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Figure 3. Enhancer Reprogramming-Linked 3D Genome Architecture Alterations during TGF-f-Induced EMT

(A) Observed contact matrices for chromosome 3 (chr3) at 300-kb resolution in A549 and TGF-B-treated cells. Scale bar is adjusted to account for the total coverage on chr3
in detected cells. (B) Normalized enrichment for interaction strength scores between the TSS regions (promoters) of TGF-B-induced genes (TGF-B-Up DEGs or TGF-B-Down
DEGs) and GAIN or LOSS enhancer regions. Resolution: 5 kb. (C) Normalized ChIP-seq enrichment for H3K27ac or H3K4me1 in compartments A and B for A549 or TGF-

(legend continued on next page)
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B (Figure 3C), implying that enhancer enrichment may be required for
gene activation in active compartments. Next, we identified 18,671
TADs with HOMER among A549 and TGF-[-treated samples, and re-
vealed that only 585 TADs were significantly different between the two
samples (p < 0.05) (Figure S4C), indicating that the dynamics of TADs
might not be the main contributor to TGF-B-triggered expression
changes. We also analyzed the correlation between the enhancer turn-
over and TAD dynamics, and found that over 80% of GAIN/LOSS en-
hancers were located within the detected TADs (Figure 3D). In addition,
38.1% of TGF-B-upregulated genes and 34.5% of TGF-B-downregulated
genes were located within the TADs with GAIN/LOSS enhancers (Fig-
ure 3D). These data suggest that the promoters of TGF-B-responsive tar-
gets, such as SNAI2, MMPI10, and FN1, are already in contact with their
proximal or distal enhancers in epithelial cells before signaling, and the
enhancers within TADs were gained upon TGF- stimulation, resulting
in the upregulation of TGF-B-responsive genes; however, the neigh-
boring enhancers out of the TADs were not significantly changed (Fig-
ures 3E and $4D). Collectively, our results demonstrate that the
enhancer dynamics within TADs with pre-existing contacts, but not
TAD or compartment transitions, is the main contributor to TGF-
B-induced transcriptome alterations.

FOXA2 Contributes to Epithelial Enhancer Activation

The pre-existing chromatin interactions provide a precondition for
enhancer activation and subsequent gene transcription; therefore, iden-
tification of key regulators involved in enhancer activation is especially
important. To achieve this, we performed MOTIF enrichment analysis
for epithelial-specific enhancers that contained clusters of TF binding
sites, and revealed the enrichment for a series of TF binding motifs,
including JUNB, FOXA2, FOXAI, and ELF3 motifs (Figure 4A), and
some of these TFs, such as JUNB and ELF3, have well-documented
functions in epithelium development.’**> RNA-seq profiling showed
that the expression of FOXA2 and ELF3 was downregulated by TGF-
B (Figure S5A). As expected, FOXA2 expression was positively corre-
lated with epithelial marker genes (especially CDHI) in PDA tissues
(Figure S5B). Furthermore, loss- or gain-of-function analysis in A549
cells demonstrated that FOXA2 was sufficient for maintaining epithe-
lial characteristics and antagonized TGF-B-induced cell migration and
transcriptomic changes (Figures S5C-S5H), which is consistent with a
previous report.'® However, how FOXA2 functions to antagonize TGF-
B-induced EMT remains unclear. According to our MOTIF prediction,
we reasoned that FOXA2 may act as a key TF to mediate epithelial
enhancer activation and to maintain epithelial characteristics.

To test this hypothesis, we performed ChIP-seq analysis in FOXA2-
knockdown and FOXAZ2-overexpressing A549 cells. Intriguingly,
the H3K27ac enrichment for epithelial-specific enhancers was

strongly enhanced by FOXA2 overexpression but decreased by
FOXA2 depletion, and the effect of FOXA2 knockdown on LOSS en-
hancers was similar to the effect of TGF- treatment; however,
FOXA2 showed no significant effect on GAIN enhancers (Figures
4B and 4C). The genes near FOXA2-mediated LOSS enhancers
mainly contributed to mitotic division, transcriptional regulation,
and chromatin remodeling (Figure S5I), which might be achieved
by FOXA2 functions in enhancer activation, possibly through inter-
action with a histone acetyl-transferase, P300 (Figure 4D; the direct
interaction between FOXA2 and P300 was also confirmed by immu-
noprecipitation [IP] assays with DNA digestion; data not shown), to
mediate loci-specific H3K27ac enrichment. Surprisingly, we overlap-
ped the H3K27ac peaks with FOXA2 binding peaks in A549 cells®
and revealed that 43.2% of co-occupied enhancers belonged to
LOSS enhancers (n = 1,656; 8-fold cutoff) (Figure 4E). Interestingly,
rare FOXA2 binding peaks were overlapped with GAIN enhancers
(data not shown). Subsequently, the FOXA2 and LOSS-H3K27ac
co-occupied genes were compared with TGF-B-downregulated genes,
revealing 177 overlapping genes, which include a cluster of epithelial
marker genes (Figure 4F), such as CDHI and GDF15. The H3K27ac
enrichment in these genes was decreased by FOXA2 knockdown
but increased by FOXA2 overexpression, and these H3K27ac enrich-
ment loci were also co-bound by FOXA2 (Figure 4G). Although the
functions of FOXA2 were consistent with a previous study in breast
cancer,'” we first revealed its roles in maintaining epithelial enhancer
activities. These results demonstrate that FOXA2 acts as a key TF to
maintain epithelial enhancer activities, and TGF-B-triggered FOXA2
downregulation promotes cancer cell migration.

TEAD2/4 Mediates TGF-B-Induced Mesenchymal Enhancer
Reprogramming

Next, we performed MOTIF analysis for GAIN enhancers, and the
intracellular mediators of TGF-J signaling, SMAD2/3/4, were observed
in the top list (p value) of predicted TFs with their potential binding
sites within GAIN enhancers (Figure 5A). Interestingly, the transcrip-
tional effectors of the Hippo signaling pathway, TEAD2 and TEAD4,
were also found among the GAIN enhancer-predicted TFs (Figure 5A).
To test whether SMAD2/3/4 or TEAD2/4 can co-bind to the gained en-
hancers, we overlapped the gained H3K27ac peaks (Figure 2A) with
binding peaks (defined by MACS2) of TEAD4 (ENCODE project:
ENCSR000BUD) and SMAD3 (GSE51510) in TGF-B-treated A549
cells,”” and 333 co-enrichment peaks were obtained (statistically signif-
icant with p < 2.2 x 10~ based on Fisher’s exact test; Figure 5B). This
indicates that these gained enhancers might be co-regulated by SMAD
and TEAD. Thus, we hypothesized that SMAD may interact with
TEAD to mediate TGF-B signaling-triggered EMT. As expected, a
co-immunoprecipitation (coIP) assay demonstrated that SMAD2 and

B-treated samples separately. A/B compartments were identified by HOMER with 40-kb resolution. (D) Comparison of GAIN/LOSS enhancers with HOMER-identified TADs.
(@) The number of GAIN/LOSS enhancers induced by TGF-B; (b) the number/percentage of GAIN/LOSS enhancers within TADs, as well as the number of these enhancers-
linked genes; (c) the number/percentage of TADs with GAIN/LOSS enhancers; (d) the number/percentage of overlapped TADs between TADs with GAIN/LOSS enhancers
and 585 differential TADs (p < 0.05); and (e) the number/percentage of DEGs overlapped with altered enhancer containing TAD-linked genes were calculated. (E) Hi-C
contact maps at the SNAI2 neighboring regions within an apparent TAD (chr8: 49,030,000-50,000,000). The Integrative Genomics Viewer (IGV) views of ChIP-seq
enrichment for H3K27ac and H3K4me1 in A549 and TGF-B-treated cells were shown at the lower panel. The potential interactions or contacts between SNA/2 and proximal

GAIN enhancers were depicted.
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Figure 4. LOSS Enhancer-Predicted Transcription Factors Are Associated with Epithelial-Specific Enhancer Maintenance and Metastasis

(A) Enriched TF binding motifs with associated p values for LOSS enhancers identified by HOMER. (B) Heatmap illustration of H3K27ac peaks signal of LOSS and GAIN
enhancers in the indicated groups. In the A549 and A549+TGF-B groups, A549 refers to A549 cells expressing shRNA control. (C) Boxplots showing the relative enrichment
of H3K27ac modifications for LOSS and GAIN enhancers, respectively, in A549, TGF-B-treated, FOXA2 KD2, and FOXA2 overexpressing (OE) cells. p value calculated by
Wilcox test. (D) Immunoprecipitation (IP) was performed with anti-FLAG in vector (GFP) or FLAG-FOXA2-overexpressed A549 cells. The precipitated products were sub-
jected to western blot analysis of P300 and FLAG-FOXA2 expression by using anti-P300 or anti-FLAG antibodies. (E) The H3K27ac peaks were overlapped with FOXA2
binding peaks (GSM1010724) in A549 cells. Then the overlapped H3K27ac and FOXA2 peaks were presented as two groups upon TGF-f treatment: peak not changed (n =
2,176) and peak LOSS (n = 1,656). (F) Venn diagram to compare the TGF-B-downregulated genes and the FOXA2 and H3K27ac co-occupied LOSS enhancer-linked genes.
Representative overlapped genes were presented as red color. (G) Representative H3K27ac ChliP-seq profiles of LOSS enhancers around the CDH1 and GDF 15, which were
regulated by FOXA2 knockdown or overexpression in A549 cells, and were co-occupied by H3K27ac, as well as FOXA2 (GSM1010724).

SMAD?3 interacted with TEAD4 under TGF-f stimulation (Figures 5C
and S6B). Correlation analysis in PDA samples showed that TEAD2/4
expression was positively correlated with the expression of mesen-
chymal markers (e.g., ZEB1, VIM, and SNAI2) but negatively correlated
with epithelial marker genes, as well as FOXA2 (Figure S6A).

Then we screened two effective short hairpin RNAs (shRNAs) for TEAD2
and TEAD4 knockdown, respectively, in HEK293T cells (Figure S6C).
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We combined dual shRNAs together, resulting in higher knockdown ef-
ficiency in A549 cell for both genes (Figures S6C and S6D). As expected,
knockdown of TEAD2 and TEAD4 separately or together exerted inhib-
itory effects on TGF-B-induced mesenchymal morphogenesis (Fig-
ure S6E) and marker gene expression (Figure 5D). RNA-seq analysis re-
vealed that the upregulation of 394 genes induced by TGF-f was notably
blocked by TEAD2/4 knockdown, whereas their effects on TGF-p-trig-
gered gene downregulation were much more minor (Figure S6F).



www.moleculartherapy.org

A B A549- A549+TGFB- A549-  A549- C IP: anti-Smad2
H3K27ac H3K27ac TEAD4 SMAD3 _—
) 128 IgG A549  A549+TGFp
TGFpB-responsive enhancer (GAIN) 078
i TEAD4 (50 kd
TF name Motif P-value
SMAD2 SIGTCTGE le-151 g SMAD2 - — o | 60 kd
SMAD4  £SSROTCTGE 1e-133 i > =
X 2e £ - ‘ 50 kd
SMAD3  IICICTRE  1e-95 E TEAD4| 77 i
cc1' C T
TEAD4 ;;;» AATES  1e-33 £ INput|SMAD2 | ™= ~— —| cO kd
TeaD2  EEACGAATSE  1e-33 2
8 37 kd
= GAPDH
3 0 3kb -3 0 3kb 3 0 3kb -3 0 3kb
0 04 08 0 04 08 o 0.08 0.16 n 0.08 0.16
8 = € |40 _ <2.2e16™ 1e 22007
[
W A549/Ctrl [ TEAD2sh [ TEAD4sh & TEAD2/4 sh _E
2.0 £ |2
S CDH1 CDH2 MMP2 TGFBR1 VCAN €
T x x *k * 3 2
S5 (= 3 g
< 5 o¥ L) ?"
< G
2 10 s 1@ «,
g Z a0 M
T o5 & ;
k3 2
© 0.0 5 B L !
TGi=[3~+-+—+-+ B I e I it i A o e e e i A &
(‘
RAPC oh oh®
L 1‘99 0@
F TGFB G
- (-9 [--§
A549/Ctrl 6 &
= = =
oy = i = b
_ = o [ @ & Q
TEAD2 sh - R iy ~ o~ < +
S @ aa Q Q Q Q
3 3 b = ﬁ = 5 Gene Ontology for nearest genes
B o < < = =~ ~ (P-value)
TEAD4 sh y & s - : Cell growth (5.36E-08)
o ~i Regulation of cell morphogenesis
Y|wi = (4.14E-07)
2 S Positive regulation of cell
TGFp < migration(6.36E-06)
A549/Ctrl |~ . e i 2 Developmental growth involved in
+ X Jl N ‘ = morphogenesis (9.74E-07)
_ T g 3 Lamellipodium (9.35E-06)
TEAD2 sh % z|" Cell leading edge (1.48E-05)
+ I A . g Epithelial to mesenchymal
- " o : transition (2.3E-05)
TEAD4 sh " 100 === = _ 8 3 83 8 8 -3\ celladhesion molecule binding
i N RPN .0 | D;stamt:e t(c:( b (2E-04)
ITGB3 peak center

Figure 5. TEAD2/4 Are Required for Mesenchymal-Specific Enhancer Activation in TGF-B-Induced EMT

(A) Enriched TF binding motifs with associated p values for GAIN enhancers identified by HOMER. (B) Heatmap showing the enrichment of 333 gained enhancers, as well as
co-enrichment of TEAD4 (ENCODE project: ENCSR0O00BUD) and SMADS3 (GEO: GSE51510) in A549 cells treated with TGF-B. The gained enhancers in Figure 2A were
overlapped with binding peaks of anti-TEAD4 and anti-SMADS (defined by MACS2), and 333 overlapped peaks were obtained and presented here. (C) IP analysis of protein
interaction between TEAD4 and SMAD2 upon TGF-B treatment by using an anti-Smad?2 antibody. The precipitated products were subjected to western blot analysis of
TEAD4 and SMAD2 expression. Rabbit IgG served as a negative control. (D) Quantitative real-time PCR analysis of CDH1, CDH2, MMP2, TGFBR1, and VCAN expression in
A549 cells expressing control or TEAD2 sh, TEAD4 sh, or TEAD2/4 sh with or without TGF-B treatment. (E) Boxplots showing the relative enrichment of H3K27ac modi-
fications for GAIN enhancers in the indicated experimental groups. p value calculated by Wilcox test. (F) Representative H3K27ac ChlP-seq profiles of GAIN enhancers
around the SNAI2 and ITGB3 in TEAD2/4 knockdown cells. (G) Heatmap showing the GAIN enhancers induced by TGF- treatment, which were lost or impaired in TEAD2
and/or TEAD4 knockdown cells. Gene Ontology terms for the nearest genes for these differentially regulated enhancers by TEAD2/4 were also presented. 1B, immunoblot.

Together, these data suggest that TEAD2 and TEAD4 are involved in
TGEF-B-triggered mesenchymal gene activation during EMT progression.

More importantly, TEAD2/4 depletion resulted in a modest but
significant decrease in GAIN enhancer enrichment in A549 or
TGEF-B-treated cells (expressing control shRNAs) compared with
TEAD2/4 knockdown cells without or with TGF-f3 treatment (Figures
5E and S6G). For instance, the H3K27ac enrichment in the EMT in-

ducers SNAI2 and ITGB3, which was increased by TGF-f3, was signif-
icantly impaired in TEAD2- and TEAD4-depleted cells (Figure 5F).
Detailed profiling identified 431 and 1,183 mesenchymal enhancers
that were mainly mediated by TEAD2 or TEADA4 separately, as well
as 342 overlapping enhancers markedly regulated by both TEAD2
and TEAD4. The genes linked to these TEAD2/4-mediated enhancers
were involved in cell morphogenesis, migration, and EMT (Fig-
ure 5G). Kaplan-Meier survival analysis showed that higher TEAD2
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or TEAD4 expression in lung and liver cancers predicted poor sur-
vival rates (Figures S6H and S6I). Thus, we demonstrate that the Hip-
po signaling mediators TEAD2 and TEAD4 may partially mediate the
TGE-B-triggered mesenchymal enhancer activation, possibly through
interaction with the SMAD complex to promote cancer progression.

DISCUSSION

During the TGF-B-induced EMT program, we reveal a pre-marked
poised state and a pre-existing chromatin interaction within the
same TADs between enhancers and mesenchymal regulators in
epithelial cells, which is required for mesenchymal enhancer activa-
tion. Moreover, the epithelial- and mesenchymal-specific enhancers
are maintained or established by crucial TFs, such as FOXA2 and
TEAD2/4, respectively. Our data thus provide an epigenetic basis
for the EMT progression that is linked to cancer metastasis.

It has been proposed that metastatic cancer transitions are frequently
accompanied by massive and recurrent alterations in enhancer activ-
' For the metastatic process triggered by TGEF-B, massive
enhancer dynamics (Figures 1 and 2) and HDACI1-mediated histone
de-modifications at global levels (Figure S1) have been observed here,
highlighting the importance of epigenetic state transitions for carci-
nogenesis. Interestingly, histone deacetylase inhibitors have been
applied in cancer therapy,” possibly through blocking the EMT
process (Figure S1). Importantly, the acquisition of mesenchymal
competence in epithelial-like cancer cells through poising mesen-
chymal-specific enhancers (Figures 1 and 2) is crucial for maintaining
epithelial cells responsive to EMT-inducing signals, such as TGF-f
signaling. Moreover, compared with the remarkable transition of
active enhancers marked by H3K27ac, the activities of the
H3K4me3-marked promoters undergo minor changes (Figure 1B),
further indicating that the enhancer usage turnover plays a dominant
role during TGF-B-triggered EMT. It is worthy noticing that the
global reduction of active enhancer marks (Figure 1C) does not corre-
late with a global reduction of gene expression, possibly because of
differential basal acetylation levels for a different set of genes and
other histone modifications involved. Therefore, it is of interest to
elucidate the origin of poised mesenchymal-specific enhancers in
epithelial cancer cells that are acquired before or during cancer trans-
formation from normal cells. Certainly, accompanying the TGF-
B-triggered silencing of epithelial marker genes, the epithelial-specific
enhancers transit from an active to poised state (Figures 1 and 2), sug-
gesting that the TGF-B-induced mesenchymal cells might be in a
reversible epigenetic state and are able to undergo the MET process,
providing a reasonable explanation for the metastasis-associated
MET program from an epigenetic view.”” It is possible that TGF-
B-induced mesenchymal cells in a poised state for epithelial genes
reverse to an active state during metastasis, facilitating secondary
tumorigenesis and colonization.”® The loss of epithelial-specific en-
hancers upon TGF-f stimulation initiates the inactivation of epithe-
lial-specific genes and cell-cell adhesion molecule E-cadherin, and
promotes the loss of epithelial cell characteristics and the acquisition
of motility features (Figure 2), facilitating subsequent metastasis-
related events, such as stromal infiltration.***!

ities.
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The epigenetic priming of cell-type-specific enhancers prior to gene
activation helps to explain the highly context-dependent activity of
TFs in cellular programming and reprogramming. Specifically, our
findings suggest that epithelial-specific TFs, particularly FOXA2,
play important roles in maintaining active epithelial-specific
enhancers. Loss of these epithelial-specific TFs transforms the active
enhancers into poised states for epithelial marker genes (Figure 4)
and maintains the ability of cells to reverse into an epithelial-like
state. FOXA2 may play differential roles comparing with another
forkhead TF FOXA1, although the function of FOXA2 in carcino-
genesis sometimes displays in a context-dependent manner.**

Loss of epithelial characteristics is a prerequisite for the acquisition
of mesenchymal or metastatic traits. We first demonstrate that
many mesenchymal marker genes are pre-marked by H3K4mel
without H3K27ac in a poised state (Figure 3), indicating that epithe-
lial cancer cells are capable of activating mesenchymal genes imme-
diately after TGF-B-triggered enhancer reprogramming. In this
study, we focused on the acquisition of H3K27ac enhancers in
response to TGF-B stimulation. Through functional and profiling
analysis, we propose that a series of TFs, such as TEAD2/4, is
partially required for TGF-B-induced mesenchymal enhancer acti-
vation through interacting with the intracellular mediators of
TGF-B signaling, SMAD2/3/4 (Figure 5). Considering the observa-
tion that TEAD4 interacts with SMAD2/3 depending on TGF-
stimulation (Figure 5B), we presume that the GAIN enhancer-
bound TFs, such as TEAD2/4, can interact only with the phosphor-
ylated SMAD complex in the nucleus and activate mesenchymal en-
hancers. It has been proposed that the Hippo pathway (TAZ/YAP/
TEAD) associates with the TGF-B pathway (SMAD2/3) and/or
OCT4 to regulate pluripotency and mesendoderm gene expression
during human embryonic stem cell differentiation.*>** Here, we
identify the SMAD/TEAD complex acting downstream of TGF-3,
implying a crosstalk between Hippo and TGF-p signaling in cancer
metastasis. It also suggests that SMAD may form a complex with
distinct TFs to promote different sets of mesenchymal enhancer
activation, resulting in substantial mesenchymal gene activation in
response to TGF-B. Consistently, YAP/TEAD has been recently
proposed to be required for activation of estrogen-regulated en-
hancers to promote breast carcinogenesis.”” To address distal
enhancer interactions, we mapped the 3D chromatin structures dur-
ing TGF-B-induced EMT, and revealed that GAIN and LOSS en-
hancers are associated with the distal interactions within the
TADs for upregulated and downregulated genes, respectively (Fig-
ure 3), further demonstrating that enhancer reprogramming pro-
motes the TGF-B-induced EMT through pre-existing chromatin
contacts.

In summary, we propose a model for epigenetic regulation in the
TGEF-B-induced EMT (Figure 6). Epithelial features of cancer cells
are maintained by epithelial-specific enhancer-driven gene expres-
sion, which is achieved by FOXA2 and P300 complex to sustain
H3K27ac modifications. Meanwhile, epithelial marker genes are
silenced by the HDACIl-mediated active-to-poised histone
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Figure 6. Hypothetical Model for Enhancer
Reprogramming in TGF-B-Induced EMT
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deacetylation, and this process can be blocked by HDAC inhibition.
For the acquisition of mesenchymal traits, SMAD and TEAD form
a complex in response to TGF-f signaling to promote mesenchymal
enhancer activation and gene activation. Thus, TGF-p signaling-trig-
gered enhancer reprogramming is modulated at multiple layers by
key TFs and chromatin architectures to regulate cell migration and
cancer metastasis. Our study provides an epigenetic insight for under-
standing EMT and cancer metastasis.

MATERIALS AND METHODS

Cell Culture and Reagents

The human lung cancer epithelial-like A549 cells, mouse hepatocyte
AMLI2 cells, and HEK293T cells used in the present study were orig-
inally purchased from American Type Culture Collection. A549 cells
were authenticated by mutations contained within our sequencing
data by comparing with the COSMIC (Catalogue of Somatic Muta-
tions in Cancer) database. 293T and A549 cells were cultured in Dul-
becco’s modified Eagle’s medium (DMEM) containing 10% fetal
bovine serum (FBS) supplemented with penicillin (100 U/mL) and
streptomycin (100 pg/mL). AML-12 cells were grown in a 1:1 mixture
of DMEM and Ham’s F12 medium containing 10% FBS and supple-
mented with dexamethasone (40 ng/mL), insulin-transferrin-sele-
nium-X, penicillin (100 U/mL), and streptomycin (100 mg/mL). All
of these cells were incubated in a humidified atmosphere of 5%
CO, at 37°C. TSA and MS-275 were purchased from (Medchemex-

Wound Healing Assays

Confluent A549 monolayers cells were scraped
in an approximately 600-pum-wide strip of the
cells using a standard 1000-pL pipette tip. Then the wounded mono-
layers were washed twice to remove nonadherent cells. The wound
healing process was captured by phase-contrast microscopy every
day for 4 days, and the gap between the wound edges was quantified
to calculate the average cell migration speed. Three repeats were per-
formed for each group of experiments.

Western Blot Analysis, Immunostaining, IP Assay, Quantitative
Real-Time PCR, and Lentiviral Transduction

The detailed methods for western blot analysis, immunostaining, IP
assays, quantitative real-time PCR analysis, and lentiviral transduction
were described in the Supplemental Materials and Methods. The
shRNA sequences are listed in Table S1. The primer sequences are listed
in Table S2.

RNA-Seq, ChIP-Seq, and Hi-C Datasets

The methods and analysis for RNA-seq, ChIP-seq, and Hi-C were
described in the Supplemental Materials and Methods. RNA-seq,
ChIP-seq, and Hi-C data can be accessed under the Genome
Sequence Archive (GSA: CRA001325; https://bigd.big.ac.cn/gsa/).
Two replicates for RNA-seq and Hi-C data were presented, and
one replicate for ChIP-seq data was provided, which showed
highly similar patterns with MDA-MB-231 cells in responding to
TGF-B.*° The downloaded datasets used in this study are listed in
Table S3.
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Kaplan-Meier Survival Analysis

Kaplan-Meier survival analyses were performed using an online tool
named as Kaplan Meier plotter (http://kmplot.com/analysis/) with
default parameters.

Statistical Analysis

Quantitative data are presented as means + SD. Statistical significance
was determined by the Student’s t test to compare two experimental
groups. At least three repeated experiments were performed for statis-
tical analysis: *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001. For
boxplot analysis of RNA-seq gene expression or H3K27ac enrich-
ment, the Wilcoxon test was performed.

SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/10.
1016/j.ymthe.2020.05.026.
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