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ABSTRACT

Cancer cells utilize epigenetic alterations to ac-
quire autonomous capabilities for tumor mainte-
nance. Here, we show that pancreatic ductal adeno-
carcinoma (PDA) cells utilize super-enhancers (SEs)
to activate the transcription factor EVI1 (ecotropic
viral integration site 1) gene, resulting in activation
of an EVI1-dependent transcription program confer-
ring PDA tumorigenesis. Our data indicate that SE
is the vital cis-acting element to maintain aberrant
EVI1 transcription in PDA cells. Consistent with dis-
ease progression and inferior survival outcomes of
PDA patients, we further show that EVI1 upregulation
is a major cause of aggressive tumor phenotypes.
Specifically, EVI1 promotes anchorage-independent
growth and motility in vitro and enhances tumor
propagation in vivo. Mechanistically, EVI1-dependent
activation of tumor-promoting gene expression pro-
grams through the stepwise configuration of the ac-
tive enhancer chromatin attributes to these pheno-
types. In sum, our findings support the premise that
EVI1 is a crucial driver of oncogenic transcription
programs in PDA cells. Further, we emphasize the in-
structive role of epigenetic aberrancy in establishing
PDA tumorigenesis.

INTRODUCTION

Pancreatic ductal adenocarcinoma (PDA) is one of the most
common and aggressive subtypes of pancreatic cancer, with
a median S5-year patient survival rate of <8% (1). Sev-
eral studies have identified key molecular events that es-
tablish PDA. These efforts identified that genomic muta-
tions activating KRAS are critical to disease manifestation
in conjunction with inactivating tumor suppressors such
as p53, SMAD4 or INK4A (2). Despite these efforts, ac-
tionable targets in PDA remain intractable. For example,
developing effective KRAS inhibitors has been hampered
due to its high affinity for GTP and a lack of deep pock-
ets for the binding of small-molecule inhibitors (3). Several
small-molecule compounds have been developed to inhibit
the function of the KRAS proteins, exemplified by KRAS
‘G12C’ inhibitors; G12C mutations are rare in PDA (4).
Transcriptome profiling has identified molecular sub-
types of PDA (5,6), which are likely coordinated by the
cooperation of lineage-specific transcription programs. For
example, lineage reprogramming of transcription factors
(TFs) establishes the squamous subtype of PDA through
activation of the squamous and suppression of the progen-
itor lineage programs, driven by activating a truncated iso-
form of p63 (ANp63) and ZBED?2, respectively (7,8). Tran-
scriptional changes also relate to the change of patholog-
ical states of PDA. Epithelial-to-mesenchymal transition
(EMT), a process to gain migratory property during can-
cer progression, is a firmly established process regulated by
EMT TFs (9). We previously demonstrated that FOXAT ac-
tivates the foregut developmental programs to drive PDA
metastasis (10). FOXA2 was also found to be important in
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regulating unique gene expression programs in PDA cells,
further enhancing the contribution of pancreatic develop-
mental programs to tumorigenesis (11).

In this perspective, the central question in cancer re-
search is how to discover a cancer-relevant gene expres-
sion program and its master regulators. Recent studies have
identified super-enhancers (SEs) as a distinct type of cis-
elements involved in cancer development (12,13). Charac-
terized by extensive enrichment of histone modifications,
such as acetylation of histone H3 lysine 27 (H3K27ac) and
monomethylation of histone H3 lysine 4 (H3K4mel), and
chromatin regulators (14), SEs potentially activate tran-
scription programs involved in cancer malignancy (15,16).
Recently, many studies have explored the biological activ-
ity of enhancer alteration in PDA (7,8,10,17-19). For exam-
ple, SEs play an important role in determining the molecu-
lar subtype of PDA cells (19,20) and in modulating cellular
crosstalk between PDA cells and tumor microenvironment
(21). While SEs are associated with several driver genes in
cancers, it remains elusive whether PDA cells deploy SE-
driven oncogenic transcription programs via activating dis-
tinct downstream targets.

The ecotropic viral integration site 1 (EVI1) gene encodes
a 145-kDa protein composed of 10 zinc fingers, and it is
initially identified as an overexpressed gene resulting from
retroviral insertion in mice or chromosomal rearrangements
in human myeloid leukemia (22). EVI1 produces multi-
ple splice variants generated via alternative splicing, and
a major isoform is named EVI1A324, which lacks 324
amino acids including two zinc-finger (sixth and seventh)
domains (23). Moreover, a small protein named MDSI is
produced nearby EVI1 locus. While EVI1 and MDSI1 can
be expressed separately, they can form an unusual but nat-
urally occurring chimeric protein at transcriptional level,
called MDS1/EVI1 (22). Functionally, EVI1 is a sequence-
specific DNA binding protein and EVI1 downstream tar-
gets have been suggested to have potent oncogenic activ-
ity in leukemia (24). Ayoub et al. showed that conditional
EVI1 overexpression in mice led to the leukemogenic trans-
formation phenotype (25), which implicates that EVI1 may
have oncogenic driver potential. Other than leukemia, an-
alyzing clinical solid tumor samples showed frequent over-
expression of EVI1 in colon, breast, ovarian and pancreatic
cancers (26-29), but no recurrent chromosomal rearrange-
ment involving the EVII1 locus in solid tumors has been re-
ported so far. Detailed molecular mechanisms underlying
EVII upregulation and its functional importance in PDA
are yet to be determined. In this study, we identified that
SE activates the cancer-specific EVI1 pathway and endows
PDA pathogenesis. Our findings implicate selective inhibi-
tion of SE activity is a viable strategy to benefit the manage-
ment of PDA.

MATERIALS AND METHODS

Cell culture conditions

Mouse pancreatic cancer cell lines KPC-2D and NBS508
(kindly provided by Dr Nabeel Bardeesy) and the hu-
man pancreatic cancer cell line SUIT2 were cultured in
Dulbecco’s modified Eagle’s medium (DMEM, Cat#
LMO001-05, WelGene) containing 10% (v/v) fetal bovine

serum (FBS) (Cat# S001-01, WelGene) and antibi-
otics (Antibiotic-Antimycotic, Cat# 15240062, Gibco).
HEK293T and Plat-E cells were maintained in DMEM
with 5% FBS and antibiotics. Mouse pancreatic organoids
were cultured as described previously (10). Briefly,
organoids were plated with Matrigel (Cat# 356231, Corn-
ing) and mouse pancreas complete medium [advanced
DMEM/F-12, 10 mM HEPES, Glutamax 1x, 500 nM
A83-01, mEGF 50 ng/ml, mNoggin 100 ng/ml, hFGF10
100 ng/ml, 10 nM Gastrin I, 1.25 mM N-acetylcysteine,
10 mM nicotinamide, B-27 supplement (1x final), R-
spondin 1 conditioned media (10% final)]. All the cells
were grown at 37°C with 5% CO,. All cell lines were
regularly tested for mycoplasma with the PCR detection
kit (REF# 25235, LiliF Diagnostics). For the Tet-ON
system, doxycycline (Dox, 1 wM, CAS# 24390-14-5, Acros
Organics) was treated at a fresh medium.

Protein and DNA /RNA-related experiments

Plasmid construction and shRNA cloning. For the over-
expression experiment, mouse EVII (Cat# 101858, Ad-
dgene) and human WNT7A (clone# hMU008519, KRIBB)
cDNA constructs were purchased and subcloned into vi-
ral vectors (PiG, Addgene #18751; MSCV-neo, Addgene
#105505; pCW57, Addgene #71782). For the knockdown
experiment, short-hairpin RNAs (shRNAs) targeting EVI1
were cloned into the retroviral vector (LEPG, Addgene
#111160; LT3GEPIR, Addgene #111177). TCF/LEF lu-
ciferase reporter vector, TOPFlash, was purchased from
Addgene (#12456). All shRNA sequence (97-mer) informa-
tion is listed in Supplementary Table S7.

Virus production. Retrovirus was prepared by plasmid
DNA and packaging plasmids (VSVG and Eco-Helper) us-
ing OPTI-MEM (Cat# 31985070, Gibco) and polyethylen-
imine (PEI, Cat# 19850, Polysciences) in Plat-E cells.
Lentivirus was prepared by plasmid DNA and packag-
ing plasmids (VSVG and PAX2) using OPTI-MEM and
PEI in HEK293T cells. Medium was replaced 6 h after
transfection. Virus-containing supernatant was harvested
for 3 days and filtered through 0.45-pm filters. Infection
of pancreatic cancer cells was conducted with 0.5 ml fil-
tered virus, 0.5 ml culture media and 20 wg/ml of poly-
brene (Cat# H2968, Sigma-Aldrich) in a 12-well plate. Af-
ter 24 h of incubation, the culture medium was changed
and selected with antibiotics (puromycin 1 pg/ml or G418
1 mg/ml). KPC-2D and NBS508 stable and conditional
cell lines were established by puromycin selection: PiG-
empty, PiG-EVII1, PiG-EVI1-Flag, LEPG-shRen, LEPG-
shEVI1, pCW57-empty, pCW57-EVI1, LT3GEPIR-shRen
and LT3GEPIR-shEVII1. SUIT?2 stable overexpression cell
lines were established by G418 selection: MSCV-neo-empty
and MSCV-neo-EVI1.

Western blot. Cultured cells were washed with 1 ml
phosphate-buffered saline (PBS) and 1 million cells were
counted. Cells were resuspended in 150 wl RIPA buffer
[150 mM NacCl, 50 mM Tris—ClI (pH 8.0), 1% NP-40, 0.5%
sodium deoxycholate, 0.1% sodium dodecyl sulfate (SDS)
and protease inhibitor cocktail] and then incubated for 10



min at ice. These whole-cell lysates were centrifuged for
10 min at 4°C. The supernatant was mixed with 50 wl of
5x sample buffer [Bromophenol Blue 0.25%, DTT 0.5 M,
glycerol 50%, SDS 10%, 0.25 M Tris—Cl (pH 6.8)]. The
lysed sample was boiled at 95°C for 10 min. Each sam-
ple was loaded and separated by 9-10% SDS-PAGE gel
electrophoresis and transferred onto nitrocellulose mem-
branes at 4°C for 3 h. The membrane was blocked in
5% skimmed milk in Tris-buffered saline and Tween 20
(TBST) for 30 min. The blocked membrane was overnight
incubated with the corresponding primary antibodies at
4°C. The membrane was washed with TBST and incubated
with secondary antibodies for 40 min at room temperature.
The membrane was washed with TBST and visualized us-
ing ECL solution (REF# 186309716, Thermo Scientific).
The primary antibodies were VINCULIN (sc-73614, Santa
Cruz), TUBULIN (sc-23948, Santa Cruz), EVI1 (25938,
Cell Signaling), WNT7A (10605-1-AP, Protein Tech) and
BRD4 antibody (A301-985A50, Bethyl Laboratories).

c¢DNA synthesis and RT-gPCR. Total RNA was extracted
using QIAzol reagent, and DNase I (Cat# AMPDI1-1KT,
Sigma-Aldrich) was used to prevent genomic DNA contam-
ination. Purified RNA was quantified with the NanoDrop
spectrophotometer. The 5x Prime Script Reverse Tran-
scriptase (Cat# RR036A-1, Takara) and 2000 ng of RNA
were used to synthesize complementary DNA. The expres-
sion was analyzed by qPCR by using SYBR Green Mas-
ter Mix (REF# 4367659, Thermo Scientific). The relative
expression was analyzed using a comparative cycle thresh-
old method normalized with housekeeping gene, TBP. All
quantitative reverse transcription PCR (RT-qPCR) primer
information is listed in Supplementary Table S7.

Dual-luciferase assay

A total of 1 x 10° KPC-2D cells were seeded in a six-
well plate. The WNT reporter plasmid, TOP and Re-
nilla plasmid were transfected into KPC-2D cells by us-
ing the jetPRIME method (REF# 712-60 and 114-15,
Polyplus-transfection). The medium was replaced with a
fresh medium (or conditioned medium) after 6 h. A dual-
luciferase assay was performed after 72 h of transfec-
tion using the Promega dual luciferase kit (REF# E1910,
Promega). The firefly luciferase level was normalized by Re-
nilla activity.

In vitro tumorigenesis assays

Proliferation and anchorage-independent growth assay.  For
a cell proliferation assay, 5 x 10* cells were resuspended in
2 ml growth medium and seeded in six-well plates. After 48
h of incubation, the number of cells in each well was quan-
tified every day. For an anchorage-independent sphere for-
mation assay, 1.5 x 10 cells were resuspended in serum-free
DMEM with B-27 (final 1x, Cat# 17504044, Gibco) sup-
plement and heparin (CAS# 9041-08-1, Sigma) and seeded
in an ultralow attachment 24-well plate (REF# 3473, Corn-
ing). For the Tet-ON system, Dox was treated immediately
after cells were seeded in a six-well plate or ultralow at-
tachment plate, and replenished every 24 h. Images of cells
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were captured by a microscope on day 4 and the number of
spheres was counted by using the ImageJ tool. All quanti-
fied data were plotted and analyzed by Prism application.

Wound healing, ORIS and transwell cell migration assay.
For a wound healing migration assay, 1 x 10° cells per
well in six-well plates were seeded and incubated for 24
h. When the cell confluence reached ~90%, each well was
scratched using a 200-ul pipette tip. To remove cell de-
bris after scratching, cells were washed with PBS and re-
placed with a fresh medium. For the Tet-ON system, Dox
was included in a fresh medium and replenished every 24
h. After indicated time at the figure, cells were treated with
Syto13 reagent, and wound size was visualized by using mi-
croscopy. For the ORIS cell migration assay, the ORIS kit
(Cat# CMAUFLA4, Platypus Technologies) was used. A to-
tal of 2 x 10> cells were seeded at a provided 96-well plate.
After the overnight incubation, the stopper was removed
from the plate and a fresh medium was added. For the Tet-
ON system, Dox was included in a fresh medium and re-
plenished every 24 h. After indicated time at the figure, the
cells were stained by Sytol3 reagent and visualized by us-
ing microscopy. For the transwell migration assay, 1.5-4 x
10° cells in 250 wl serum-free medium were plated in the
upper chamber. The upper chamber containing a 24-well
plate was incubated for 10 min at standard conditions (37°C
with 5% CO,). Ten minutes later, a medium containing 10%
FBS was placed into the bottom chamber. For the Tet-ON
system, Dox was added to a medium containing 10% FBS.
After indicated time at the figure, cells within the transwell
membrane were fixed with 3.7% formaldehyde, permeabi-
lized with 100% methanol and stained with crystal violet.
All the migrated cells were visualized by using microscopy
and counted by the ImageJ tool.

In vivo tumorigenesis assay

The Yonsei IACUC approved all mouse experiment pro-
cedures. Five- to six-week-old male C57BL/6J mice were
purchased from DBL and raised under semi-SPF condi-
tions. For a mouse allograft, KPC-2D stable cells were
subcutaneously injected in mice. A total of 0.5-1 x
10° cells were prepared in total volume 100 wl of PBS
and 50 pl of Matrigel (REF# 356231, Corning). For Dox-
induced EVI1/shEVII experiments, Dox chow (625 mg/kg,
DooYeol Biotech) and Dox-containing water (2 mg/ml Dox
with 5% sucrose, Sigma-Aldrich) were supplied. The length
and width of tumors were regularly measured with a digital
caliper. The tumor volume calculation followed the formula
0.5 x length x (width)?. After ~30 days of tumor cell im-
plantation, all mice were sacrificed, and the tumor allografts
were excised.

Statistics

All statistical analyses were performed in Prism (GraphPad
Software) and presented as mean =+ standard error of mean
(SEM). An unpaired z-test was employed to evaluate signif-
icance by using a P-value <0.05.
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RESULTS
SE drives aberrant EVI1 expression in advanced PDA cells

We previously demonstrated that reprogrammed enhancer
landscape is crucial for PDA progression (10). That study
generated genome-wide H3K27ac enrichment profiles in
Kras*/LSL-G12D Trp53+/LSL-RIT2H - and Pdx1-Cre from nor-
mal pancreatic duct (N°, N°), pancreatic intraepithelial
neoplasia (P2, P?), primary tumor (T3, T®, T, T, T3,
T34) and metastasis (M'F, M3, M3P MOP M1OP M15D) We
hypothesized that characterization of H3K27ac SEs could
identify core regulatory factors in PDA. By implement-
ing the rank ordering of super-enhancer (ROSE) algorithm
(12,30), we identified a total of 2345 H3K27ac SEs across
these 16 organoids (Supplementary Table S1). Based on the
prior observation that M organoids possess massively al-
tered H3K27ac enhancer activity linked to PDA biology, we
sought to identify H3K27ac SE constituents specifically ac-
tivated in M organoids. When we determined the value of
M-specific H3K27ac SE activity at 2345 SEs, represented
from log, fold change (fc) of averaged H3K27ac signal of
six M organoids divided by two N organoids, we noticed
that five EVIl-associated distal enhancers (el—e5) ranked
at the top (Figure 1A; Supplementary Figure S1A). We fur-
ther confirmed that EVI1 H3K27ac SE domains are ac-
tivated exclusively and recurrently in M organoids, except
diaphragm-derived M'°P, with the genome browser track,
although the degrees vary (Figure 1B; Supplementary Fig-
ure S1B). From RNA sequencing (RNA-seq), RT-qPCR
and western blotting, we found that increased EVI1 expres-
sion correlates with M-specific H3K27ac SE activity (Fig-
ure 1C and D; Supplementary Figure S1C). Although we
have primarily focused on EVI1, several SEs are located
near genes known to have PDA-relevant biology, includ-
ing roundabout guidance receptor 1 (ROBO1), semaphorin
7A (SEMAT7A), glycine decarboxylase (GLDC) and sterol
O-acyltransferase 1 (SOAT1) (data not shown). ROBOI1
and SEMAT7A, regulators of axon guidance, are implicated
in pancreatic carcinogenesis (31). GLDC and SOATI are
involved in the hypermetabolic growth of PDA cells by
regulating the serine—glycine—one-carbon pathway and the
mevalonate pathway, respectively (32,33).

Next, we interrogated publicly available transcriptome
data of human cancer cell lines (34). We observed per-
vasive EVI1 expression in most human PDA cell lines,
whereas non-neoplastic pancreatic cell lines barely express
EVII (Supplementary Figure SID). Analysis of the curated
TCGA (The Cancer Genome Atlas) PDA dataset excluding
samples of normal pancreas or low cellularity tumors (2,35)
showed no significant association between EVII overex-
pression and inferior prognosis of PDA patients (Supple-
mentary Figure S1E). This analysis indicates that EVI1-low
tumors can achieve poor patient outcomes through EVI1-
independent mechanisms. Nevertheless, we found gradually
increased EVI1 expression during PDA progression (Sup-
plementary Figure SIF). Dense stromal and immune com-
partments within tumors cause extremely heterogeneous
pathological features of PDA (36). By re-analyzing single-
cell RNA-seq (scRNA-seq) data of 11 human normal pan-
creatic tissues and 24 human PDA (37), we concluded that

an epithelial compartment of cancer tissue is an origin of
massive EVI1 expression (Figure 1E and F; Supplementary
Figure S1G). Our findings indicate that EVIIl expression
and PDA progression are interrelated.

We next reasoned that identifying TFs that bind to EVI1
SEs would identify potential mediators of EVI1 upregula-
tion. We focused on five EVI1 SE domains to find TF mo-
tif enrichment using the TRAP motif discovery algorithm
(38). To this end, we found a total of 14 TF motifs that
are significantly enriched at EVI1 SEs (Supplementary Fig-
ure STH). The list of enriched motifs includes DNA binding
sites for the Forkhead and the GATA families of TFs. We
have previously shown that elevated expression of FOXA1
and GATAS is associated with PDA progression and en-
hancer activation (10). Including FOXA1 and GATAS, TF
motif analyses at EVI1 SEs identified an association with
motifs recognized by FOXF2, RUNX3, PAX9, FOSL1 and
GATA3, which are transcriptionally upregulated TFs in
M organoids (Supplementary Figure S1I). Using the pub-
lished dataset, we confirmed that EVI1 SEs are occupied
by FOXALI in M organoids (Supplementary Figure S1J),
although FOXA1 overexpression alone is not sufficient to
transactivate EVI1 (10). Nevertheless, our analyses impli-
cate core TFs that are critical for establishing EVI1 SEs.

We then determined whether H3K27ac SE activation
had a causal role in EVI1 upregulation. Small-molecule
SE inhibitors were available; we therefore tested whether
EVIl expression is sensitive to perturbing SE activity
pharmacologically. Experimentally, we decided to displace
bromodomain-containing protein 4 (BRD4), a known com-
ponent of SE, from chromatin with JQ1 (39). By conducting
a genome-wide chromatin immunoprecipitation sequencing
(ChIP-seq) assay, we found that BRD4 selectively binds to
SE in M organoid (Figure 1G). To examine whether SE-
mediated EVI1 upregulation is conserved phenomenon, we
chose paired T19/M® and T6/M3F organoids established
from the same source. RT-qPCR and western blotting anal-
yses revealed that inhibiting SE activity with JQ1 (1 M for
48 h) in M organoids resulted in marked EVII reduction
in both mRNA and protein levels in paired T-M organoids
(Figure 1H and I). Our findings collectively suggest the epi-
genetic basis of aberrant EVI1 expression and its clinical
relevance to the PDA.

EVI1 overexpression directs transcriptional remodeling and
aggressive phenotypes in PDA cells

Our preliminary epigenomic and transcriptomic analyses
implicate a pro-tumorigenic activity of EVII in PDA cells.
Thus, we conducted gain-of-function experiments to ex-
amine the biological importance of EVI1 upregulation. To
perform in vitro assays of pro-tumorigenic potential, we
used monolayer culture, the KPC-2D cells, established pre-
viously (10). While the KPC-2D cells are a cell line derived
from a T organoid, it lacks the wild-type Trp53 allele and
had allowed to perform in vitro assays of pro-tumorigenic
phenotypes (10). We also chose KPC-2D cells for both gain-
and loss-of-function experiments by considering its modest
EVII mRNA expression (10). Once the KPC-2D cells were
retrovirally transduced with mouse EVI1 cDNA, we con-
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Figure 1. SE drives the aberrant EVI1 expression in advanced PDA cells. (A) Ranking of relative H3K 27ac signals in mouse pancreatic metastasis organoids
to normal organoids. A total of 2345 SEs were identified using the ROSE algorithm. (B) ChIP-seq profiles of H3K27ac in mouse normal (N, N°), PanIN
(pancreatic intraepithelial neoplasia; P2, P%), primary tumor (T3, T°, T, T23, T33, T3) and metastasis (ML, ML, M3P, MOP M10P M15D) organoids
at the MDS and EVI1 loci. M- and M3L are liver metastasis-derived organoids. M?P, M®P and M!%P are peritoneal metastasis-derived organoids. M!P
is diaphragm metastasis-derived organoid. Predicted SEs are shown in gray above the genome browser tracks. (C) EVI1 mRNA expression in mouse
organoids. Mean + SEM is shown. (D) Western blot analysis for EVII in the indicated organoids. (E) scRNA-seq analysis from 11 normal pancreatic
tissues and 24 human PDA tumor samples. (F) EVI1 expression across cell types shown in normal (top) and tumor samples (bottom). (G) ChIP-seq
profiles of BRD4 in the indicated organoids at the MDS and EVI1 loci. (H) RT-qPCR for EVI1 expression in T'/DMSO or M°? (DMSO or JQ1), and
T%/DMSO or M3 (DMSO or JQI). The indicated organoids were treated with DMSO or 1 uM JQI for 48 h. Mean & SEM is shown, and P-value was
determined by Student’s r-test. (I) Western blot analysis for EVI1 expression in T!*/DMSO or M (DMSO or JQ1), and T¢/DMSO or M3? (DMSO or
JQ1). See also Supplementary Figure S1.
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firmed EVII overexpression with a western blotting experi-
ment (Figure 2A). EVII overexpression enhanced prolifer-
ation, anchorage-independent growth and migration (Fig-
ure 2B and C; Supplementary Figure S2A-G). These phe-
notypes are not restricted to a murine PDA cell line, as we
observed similar results in a human PDA cell line, SUIT2,
overexpressing above EVI1I cDNA construct (Supplemen-
tary Figure S2H-J). More importantly, when we trans-
planted EVIl-overexpressing or control cells into the syn-
geneic mice, we found substantially increased growth rate
and the size of subcutaneous tumors by EVI1 overexpres-
sion (Figure 2D and E). These findings strongly suggest that
EVII upregulation endows the acquisition of aggressive be-
haviors in PDA cells.

Although EVII1 protein is composed of multiple zinc-
finger domains, it remains unclear how EVI1 controls spe-
cific gene expression programs in cancer cells. Our prior
work showed that FOXA1-driven altered enhancer activ-
ity is responsible for PDA metastasis (10). It is possible
that selective enhancer reprogramming similarly explains
EVIl1-driven tumorigenesis. To test our hypothesis, we per-
formed ChIP-seq experiments with antibodies recognizing
H3K27ac and H3K4mel. We also measured chromatin ac-
cessibility via assay for transposase-accessible chromatin
with sequencing (ATAC-seq) experiments (40). With inter-
est in EVIl-activated enhancer elements, we prioritized to
isolate regions where H3K27ac are enriched >4-fold upon
EVII overexpression than control. As a result, we recov-
ered 496 sites having elevated H3K27ac signal from a to-
tal of 65 703 H3K27ac-occupied sites, hereafter referred to
as ‘EVI1-GAIN regions’ (Figure 2F; Supplementary Table
S2). Like previously reported FOXA1-GAIN regions, non-
promoter regions consist of 88.5% of EVI1-GAIN regions
(Figure 2F). A meta-analysis from the EVI1-GAIN regions
also revealed increased H3K4mel enrichment and chro-
matin accessibility in EVI1-expressing cells (Figure 2G). We
also found that the Flag-EVI1 ChIP-seq signal concentrates
at these sites. Our findings suggest that EVI1 overexpres-
sion promotes activation of 496 GAIN enhancer regions.
However, only ~1% of these EVII-GAIN regions (5/496
regions) overlapped with FOXA1-GAIN regions (Supple-
mentary Figure S2K); EVI1 and FOXAI1 are therefore not
functionally redundant.

To associate EVI1-GAIN enhancer regions with putative
EVII1 target genes, we identified 445 unique enhancer prox-
imal genes (hereafter referred to as ‘EVI1-GAIN genes’), 51
genes associated with > 1 enhancer peak. Based on the gene
set enrichment analysis (GSEA) of RNA-seq data obtained
from EVI1-expressing or control cells, we found that expres-
sion changes of EVI1-GAIN genes significantly correlated
with enhancer activity in mouse and human PDA cells (Fig-
ure 2H; Supplementary Figure S2L; Supplementary Tables
S3 and S4). Gene Ontology (GO) analysis of EVI-GAIN
genes with the Gene Ontology Consortium tool (41,42) re-
vealed associations of these genes with pro-tumorigenic sig-
natures (Figure 21; Supplementary Table S5). For example,
the heatmap representation of genes in ‘regulation of cell
motility’, including the EVI1-activated WNT7A gene, may
explain EVI1-mediated increase of motility (Figure 2J; Sup-
plementary Figure S2M and N). We also found associa-
tions with ‘cellular component of biogenesis’, ‘response to

decreased oxygen levels’ and ‘regulation of signal transduc-
tion’ indicating that EVI1 activation can provide adaptation
to low oxygen and nutrient levels during tumor develop-
ment. To evaluate the cancer-relevant expression of EVI1-
GAIN genes, we performed GSEA of PDA patient microar-
ray data. Microarray gene expression profiles of paired pan-
creatic tumor and non-tumor tissues from three indepen-
dent studies revealed increased expression of EVI1-GAIN
genes in tumor compared to non-tumor samples (Figure
2K). These findings implicate the tight association between
EVIl-driven enhancer reprogramming and tumor aggres-
siveness in PDA cells.

Inducible EVI1 overexpression identifies a sequential activa-
tion process of EVI1-GAIN enhancers

Chromatin accessibility precedes establishing a unique hi-
stone modification pattern by enhancer activation on ad-
jacent nucleosomes (43,44). Among variable histone mod-
ifications, H3K4mel is exclusively presented at enhancers
regardless of whether they are active or not, whereas
H3K27ac is presented specifically at potentially active en-
hancers, not at inactive enhancers/promoters (45). Based
on this, we decided to examine a sequential process of
enhancer activation by EVI1 overexpression. To estab-
lish a system suitable for monitoring sequential chro-
matin changes, we established KPC-2D cells expressing
EVII in a Dox-dependent manner using a lentivirus-based
tetracycline-inducible (Tet-ON) system. After we confirmed
that Dox induced EVI1 expression by 24 h and main-
tained the expression for at least 96 h (Supplementary Fig-
ure S3A), we conducted ATAC-seq, ChIP-seq (H3K4mel
and H3K27ac) and RNA-seq experiments. From a meta-
analysis of EVI1-GAIN regions, we found that a brief in-
duction of EVII protein resulted in an immediate increase
of chromatin accessibility, followed by sequential changes
of H3K4mel and H3K27ac (Figure 3A and B; Supple-
mentary Figure S3B). We presumed that signals at EVI1-
GAIN regions reached maximum at 72 h upon Dox treat-
ment. Based on this criterion, chromatin accessibility in-
creased by >90% in KPC-2D cells at 24 h of EVII induc-
tion, whereas the increase of H3K4mel and H3K27ac en-
richment by 90% requires 48 and 72 h, respectively (Fig-
ure 3C). More importantly, GSEA of RNA-seq datasets
revealed a gradually increasing pattern of GSEA enrich-
ment scores from 24 to 72 h, as exemplified by the WNT7A
gene (Figure 3D; Supplementary Figure S3C). These data
support the importance of EVI1-mediated coordination for
chromatin accessibility and enhancer activity. Phenotypi-
cally, consistent with the stable EVI1 expression setting,
induction of EVII expression led to pro-tumorigenic phe-
notypes in vitro (Figure 3E and F; Supplementary Figure
S3D-I). In contrast to the stable expression of EVI1, Dox-
inducible EVI1 expression showed marginal effect on the
increased cell proliferation in vitro (Supplementary Figure
S3J), while it increased subcutaneous tumor growth in vivo
(Figure 3G-I). These findings suggest that EVI1 modu-
lates transcriptional enhancer remodeling associated with
tumorigenesis.
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Figure 2. EVII drives aggressive phenotypes and transcriptional remodeling in PDA cells. (A) Western blot analysis for EVI1 in whole-cell lysates prepared
from KPC-2D cells stably expressing EVI1 cDNA (KPC-2D/EVII) or control (KPC-2D/empty). (B) Anchorage-independent growth of KPC-2D /empty
and KPC-2D/EVII cells. Bright-field images were taken at 96 h after cell seeding. Scale bars: 100 pm. (C) Transwell migration assay of KPC-2D/empty
and KPC-2D/EVII cells. The migrated cells were stained with crystal violet at 24 h after seeding and bright-field images were taken. Scale bars: 100 pm.
(D) Graph shows subcutaneous tumor growth after injection of KPC-2D/empty and KPC-2D/EVI1 (5 x 10° cells per each injection, n = 16) cells in
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histone marks, the ATAC-seq signal and Flag-EVI1 ChIP-seq signal across EVI1-GAIN regions in KPC-2D/empty or KPC-2D/EVII cells. Metagenes
are centered on the middle of GAIN regions and 10 kb around the center of GAIN regions are displayed. (H) GSEA of KPC-2D /empty versus KPC-
2D/EVI1 RNA-seq using a signature of EVI1-GAIN genes. Normalized enrichment score (NES) and nominal P-value were provided according to GSEA.
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Figure 3. Inducible EVII expression identifies activating process of EVI1-GAIN enhancers. (A) Metagene representation of the ATAC-seq and ChIP-seq
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treated with DMSO or Dox for 48 h. The migrated cells were stained with crystal violet, and bright-field images were taken. Scale bars: 100 pm. (G)
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EVI1 depletion impairs tumor-intrinsic programs and PDA
tumorigenesis

To examine whether the aggressive phenotype of PDA cells
depends on EVII, we generated EVIl-deficient KPC-2D
cells with shRNAs. We conducted western blotting to exam-
ine the EVI1 protein level in KPC-2D cells stably express-
ing a control sShRNA or different EVI1 shRNAs and found
#2 as the most potent shRNA in reducing EVI1 (Supple-
mentary Figure S4A). Further RT-qPCR and western blot-
ting analyses validated that EVI1 protein expression is sup-
pressed >2-fold in cells expressing #2 shRNA (Figure 4A).
We used these cultures to characterize phenotypes affected
by EVI1 depletion. EVI1-depleted cells proliferated slower
and had reduced anchorage-independent growth and mi-
gration than control cells in vitro (Figure 4B and C; Sup-
plementary Figure S4B-D). When injected subcutaneously
into syngeneic mice, EVI1-depleted cells formed smaller tu-
mors than control cells (Figure 4D). Our loss-of-function
investigation suggested that EVI1 expression is important
for the aggressiveness of PDA cells in vitro and in vivo.

The above findings led us to investigate whether EVII
expression is critical to keep aberrant gene expression pro-
grams. GSEA of RNA-seq data from EVIl-depleted and
control cells verified significant downregulation of EVII-
GAIN gene enrichment in EVI1-depleted cells (Figure 4E;
Supplementary Table S6). We use another mouse pancre-
atic cancer cell line, NB508, derived independently from
the KPC mouse to confirm the results from KPC-2D cells.
Following the generation of NB508 cells expressing EVI1
shRNA #2 or control shRNA, we conducted RNA-seq
analysis. Consistent with the observation from KPC-2D
cells, EVI1 depletion led to significant suppression of EVI1-
GAIN gene enrichment in NB508 cells (Supplementary
Figure S4E; Supplementary Table S6). Similar to KPC-
2D cells, EVI1 depletion impairs anchorage-independent
growth and migration than control in NB508 cells (Supple-
mentary Figure S4F-1).

To define the EVIl pathway in PDA cells, we ana-
lyzed the RNA-seq dataset from KPC-2D cells expressing
EVII1 ¢cDNA and that from KPC-2D cells expressing EVI1
shRNA. We defined EVI1’s target genes as those whose ex-
pression changes at opposite directions with EVI1 overex-
pression and EVII knockdown. As a result, we identified a
total of 79 genes that were increased with EVI1 overexpres-
sion and decreased with EVI1 knockdown (Figure 4F). The
GO annotations associated with EVI1-GAIN genes were
similarly enriched for these 79 genes (Figure 4G), indicating
that these genes represent transcriptional outputs of repro-
grammed enhancers. In the NB508 cell line, top downregu-
lated genes upon EVI1 knockdown were enriched for sim-
ilar GO terms as in KPC-2D cells, including ‘positive reg-
ulation of cell migration’ (Supplementary Figure S4J and
K). In agreement with EVI1 cDNA overexpression experi-
ments, EVI1 knockdown reduces EVI1-GAIN enhancer ac-
tivity, exemplified by the WNT7A locus (Supplementary
Figure S4L).

Prompted by the above findings, we generated KPC-2D
cell lines expressing EVI1 shRNA in a Dox-inducible man-
ner. The western blotting experiment confirmed the down-
regulation of EVIl protein expression upon Dox treat-
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ment (Figure 4H). Consistent with the results from a sta-
ble knockdown, Dox-induced EVI1 depletion resulted in
reduced anchorage-independent growth and less migratory
ability in vitro (Figure 41 and J; Supplementary Figure
S4M and N). Mechanistically, Dox-dependent suppression
of EVI1-GAIN gene expression explains these phenotypes,
exemplified by the WNT7A gene (Figure 4K; Supplemen-
tary Figure S40 and P; Supplementary Table S6). To ex-
amine whether induced EVI1 knockdown influences tu-
mor growth in vivo, KPC-2D cells expressing conditional
shEVI1 or control shRNA were injected subcutaneously
and maintained on the Dox diet for 4 weeks. As a result, we
found that EVI1 knockdown reduced subcutaneous tumor
size and volume significantly, suggesting that tumor growth
depends on sustained EVI1 expression (Figure 4L and M).
Our above findings indicate that EVII is important for the
growth of PDA tumors.

EVII-WNT7A is a key axis of EVI1-driven transcription
changes and PDA aggressiveness

Since our data establish that EVIl is important for ag-
gressive PDA cells, we were prompted to identify poten-
tially druggable targets of the EVI1 pathway. To nominate
primary EVI1 downstream targets, we utilized conditional
EVI1 expression or knockdown systems described above.
We harvested RNA from cells induced to overexpress or
deplete EVII for 24 h and subjected them for RNA-seq.
We defined prominent target genes of EVII transactivation
as those whose expression rapidly increased or decreased
upon EVI1 induction or depletion, respectively. To this end,
we found the WNT7A gene. WNT7A is among the top-
upregulated and top-downregulated genes upon induction
of EVI1 overexpression and knockdown, respectively (Fig-
ure 5A). The western blotting experiment validated RNA-
seq analysis (Figure 5B). It is noteworthy that our bioinfor-
matic analyses already nominated WNT7A as an example
of enhancer reprogramming earlier in the study. WNT7A
may also have a pro-tumorigenic function as it is function-
ally associated with GO annotations of cell migration.

We further examine whether WNT7A upregulation is
clinically relevant and is associated with EVI1 expression.
We compared EVI1 expression in normal tissues from the
genotype-tissue expression datasets (46) or tumors from the
TCGA Pan-Cancer Atlas and found that pancreatic cancer
expressed the second highest level of WNT7A among ex-
amined human cancers, while WNT7A expression is barely
detectible in the normal pancreas (Supplementary Figure
S5A and B). Analyzing publicly available single-cell tran-
scriptome data of PDA from patients further supports the
cancer-specific expression pattern of WNT7A, similar to
EVII (Figure 5C). Notably, both EVI1 and WNT7A are se-
lectively expressed in the same tumor-derived ductal com-
partment, ductal type 2 (Supplementary Figure S1F; Fig-
ure 5C), implicating that EVI1 and WNT7A upregulation
is spatially associated. Subsequent transcriptome analysis
of mouse PDA organoids validated a significant associ-
ation between EVIl and WNT7A mRNA levels (Figure
5D). Clinically, we observed a gradually increased WNT7A
mRNA expression pattern during pancreatic cancer pro-
gression (Figure 5E). Furthermore, TCGA pancreatic can-
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Figure 5. WNT7A is a critical target of EVI1-driven transcription changes and PDA aggressiveness. (A) Scatter plot comparing the expression of each
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cells incubated with Dox for 72 h. (C) scRNA-seq-based WNT7A expression

analysis across cell types shown in normal (left) and tumor (right) samples. (D) Correlation between EVI1 and WNT7A transcript levels in PDA organoid
RNA-seq. (E) Microarray-based WNT7A expression in normal pancreas and primary and metastatic PDA tumor samples. Mean + SEM is shown. P-
values were determined by Student’s #-test. (F) Survival curves of patients stratified according to high or low expression of WNT7A in their PDA. Curated
TCGA PDA patient samples (n = 74) were classified into two groups based on the mean expression value of WNT7A. P-value was calculated using the
log-rank (Mantel-Cox) test. (G) Bar graph showing TOPFlash reporter expression in KPC-2D /empty or EVI1 cells. (H) Bright-field images of anchorage-

independent growth of KPC-2D/shRen/empty, KPC-2D/shEVII /empty

and KPC-2D/shEVI1/WNT7A cells at 96 h after seeding. Scale bars: 100 pm.

(I) Transwell migration assay of KPC-2D/shRen/empty, KPC-2D/shEVI1/empty and KPC-2D/shEVI1/WNT7A cells. The migrated cells were stained

with crystal violet at 48 h, and bright-field images were taken. Scale bars:

cer patients whose tumor highly expresses WNT7A have a
significantly shorter survival (Figure 5F). Since WNT7A
is a known inducer of the WNT/B-catenin/TCF signal-
ing cascade, we examined whether EVI1-induced WNT7A
triggers canonical B-catenin signaling. When TCF-driven
luciferase reporter plasmid was transfected into KPC-2D
cells, we found that constitutive or induced EVII overex-
pression increases luciferase activity >2-fold (Figure 5G;
Supplementary Figure S5C). As our findings suggest that
WNT7A transactivated by EVI1 is functional, we at-
tempted to address whether ectopic WNT7A expression can
rescue phenotypic consequences of EVI1 deficiency. Since
we observed marked changes of anchorage-independent
growth and migration upon EVI1 knockdown, we tested

100 wm. See also Supplementary Figure S5.

the consequence of WNT7A restoration in these settings.
Ectopic WNT7A expression can rescue, at least in part, im-
paired anchorage-independent growth and migration upon
EVI1 depletion (Figure SH and I; Supplementary Figure
S5D and E). The partial rescue phenotype of WNT7A in-
dicates that multiple targets of EVII1 pathway are likely to
support aggressive PDA cells. Nonetheless, our findings in-
dicate that the EVII-WNT7A axis plays a key role in the
transcription regulation of PDA malignancy.

DISCUSSION

In this study, we have shown that PDA cells upregulate
DNA binding protein EVI1, and EVII upregulation sup-
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ports pro-tumorigenic phenotypes in PDA cells in a man-
ner that requires SE activity. By examining public datasets,
such as clinical and single-cell transcriptome information
derived from patient samples, we identify that the EVI1
overexpression is associated with unfavorable clinical out-
comes of PDA patients. We investigate the role of EVI1 in
PDA using a combination of functional genomics, genetics
and tumorigenesis assays, which lead us to conclude that
EVII is an oncogenic TF installing tumor-intrinsic gene ex-
pression programs in PDA. To our knowledge, this is the
first study that defines the chromatin regulatory function of
EVI1 and reveals EVII as an attribute to the requirement
of tumorigenesis in solid tumors.

While comprehensive genomic profiling has identified
frequently mutated genes in PDA, most of them are not ac-
tionable drug targets (47). This challenge had guided us to
focus on epigenetic traits of PDA. In a prior study, we impli-
cated that FOXA1-driven enhancer reprogramming leads
to a metastatic transition in PDA (10). A few chromatin
regulators and TFs have been shown to determine molec-
ular subtypes in PDA, including KDM6A, p63, ZBED?2,
GATAG6 and HNF4 (7,8,19,48,49). Interestingly, a recent
study raised the possibility that linked changes of genetic
and epigenetic alterations attribute to PDA development
(50). In this work, Morris et al. showed that p53 deficiency
in PDA cells led to the accumulation of a-ketoglutarate,
an essential metabolite for DNA and histone demethylase
activity (50). In contrast, mutant p53 protein has been
proposed to activate transcription of histone methyltrans-
ferase family genes, resulting in genome-wide changes of
histone methylation landscape in cancers, including PDA
(51). Alongside these pieces of evidence, our work highlights
epigenetic contribution to PDA development.

It is important to compare findings in the current study
with the prior research in which FOXA1-driven enhancer
reprogramming was shown to promote PDA metastasis
(10). The shared mechanism by which EVI1 and FOXA1 ac-
tivate transcriptional reprogramming is acquiring H3K27ac
and H3K4mel marks on chromatin and requiring sustained
TF expression to maintain active enhancers. At FOXA1-
GAIN sites, where chromatin accessibility already presents
without FOXAT1 upregulation, FOXA1 perturbation does
not affect nucleosome density. In contrast, the EVII level
correlates with chromatin accessibility at EVI1-GAIN re-
gions, indicating that EVII-GAIN sites are not poised.
Furthermore, EVI1-mediated chromatin accessibility likely
starts the enhancer activation process, with subsequent
enrichment of H3K4mel and H3K27ac. Although most
EVI1-and FOXA1-GAIN genomic regions are mutually ex-
clusive, these TFs may reprogram the enhancer landscape
in a concerted fashion. In line with our hypothesis, each
of these TFs controls the developmental process, FOXA1
controls the lineage specification during embryogenesis (52)
and EVI1 is vital for the embryonic developmental process
(53). Therefore, it will be important to determine the syner-
gistic effect of EVI1 and FOXA1 in PDA development.

One unexpected finding from our study is that EVI ex-
pression increases chromatin accessibility at EVI1-GAIN
regions, preceding stereotypical histone modifications of
an active enhancer. Altering inaccessible chromatin to ac-
cessible is a known property of pioneer TF and is re-

quired for initiating active transcription by recruiting other
TFs, nucleosome remodelers and histone modifiers (54).
So far, <20 TFs are known to possess such pioneering ac-
tivity, and EVI1 was not among them (55). A simple sce-
nario is that EVIl may have an intrinsic pioneer func-
tion to scan DNA with inaccessible chromatin. However,
it is more likely that EVII is assisted by physically in-
teracting partners to indirectly open chromatin. Support-
ing such hypothesis, nuclear factor I family B (NFIB) was
shown to increase chromatin accessibility in small cell lung
cancer despite that NFIB is not a classical pioneer fac-
tor (56,57). Grabowska et al. showed that NFI family TFs
can bind to pioneer TF FOXAI in prostate cancer cells
and suggested that NFIB could establish a pioneer func-
tion through interaction with a canonical pioneer factor
(58). Bard-Chapeau et al. purified a large protein com-
plex of EVI1 (59). Interestingly, from a total of 78 EVII1-
interacting proteins, we found several components of ATP-
dependent BRG1/BRM-associated factor (BAF) complex,
including ARDI1B, SMARCA4, SMARCAS, SMARCC2
and SMARCEL. Because the BAF complex remodels chro-
matin by regulating chromatin accessibility (60,61), EVI1
can likely increase chromatin accessibility via the BAF com-
plex. Supporting this hypothesis, SMARCA4, a core mem-
ber of the BAF complex with ATPase activity, physically in-
teracts with EVI1 and is critical for EVI1’s oncogenic func-
tion (62).

Prior studies have implicated a role for EVI1 as an onco-
gene in human cancer. EVI1 is overexpressed in ~10% of
adult myeloid leukemia resulting from chromosomal re-
arrangements and contributes to leukemia development
(22). Groschel et al. showed that the rearrangement of the
GATA2 enhancer locus drives EVII overexpression, im-
plicating the importance of transcriptional deregulation of
EVI1 (63). Acute EVI1 overexpression in adult mice with-
out chromosomal rearrangement induces leukemic trans-
formation, supporting the strong oncogenic ability of EVI1
(25). Besides hematologic malignancy, EVI1 overexpres-
sion has been reported in epithelial cancers as well. For in-
stance, immunohistochemical analysis revealed that EVI1
is strongly expressed in the nucleus of PDA cells while ab-
sent in normal pancreatic tissues (29). However, the molec-
ular mechanism that leads to EVII overexpression remains
unclear in solid tumors since there is no report of ge-
nomic changes of the EVI1 locus. To our knowledge, our
study is the first to show that PDA development accom-
panies the acquisition of 2345 SEs, and these SEs include
five enhancer regions correlating with EVI1 overexpression.
Disease-related SE acquisition is a mechanism of EVI1
overexpression in PDA malignancy. Further studies will be
required to investigate enhancer-dependent EVI1 upregula-
tion in other solid tumors.

In pancreatic cancer, little mechanism explains the onco-
genic function of EVIIl. Tanaka et al. (29) proposed
that EVI1 antagonizes microRNA-96 (miR-96) production,
which binds and suppresses KRAS expression in pancreatic
cancer cells. In our loss- and gain-of-function experiments
conducted in mouse and human pancreatic cancer cells,
however, we could not detect significant changes of KRAS
expression upon EVII overexpression or depletion (data
not shown). The same group has also proposed glypican-



1 (GPC1) as another target of miR-96 in pancreatic cancer
cells (64). Interestingly, Melo et al. (65) suggest GPC1 as
a biomarker for PDA early detection, although it remains
unclear whether GPC1 accumulation has a causal role in
PDA development. As highlighted in our study, EVI1 may
confer diverse biological processes of PDA development.
Our findings from in vitro migration assays and GO term
analysis strongly suggest that EVI1 may play a role in PDA
metastasis. While we proposed that establishing a tumor-
intrinsic gene expression network requires EVII, we can-
not completely rule out the tumor microenvironment regu-
lation. For example, our scRNA-seq analysis detects EVI1
expression in endothelial cells in pancreatic tissue (Supple-
mentary Figure S1F). From this analysis, we found that
more endothelial cells from tumor samples express EVI1
mRNA than from normal pancreatic tissue, suggesting the
involvement of EVI1 in regulating tumor-associated blood
vessel development.

Although the debate over the origin of PDAC remains,
several studies have shown that preneoplastic cells result
from acinar dedifferentiation and acquisition of duct-like
state (66). In recent studies, a unique expression pattern
of EVII1 has been detected in human dedifferentiated aci-
nar cells, identified from bulk and single-cell transcriptome
analyses (67,68). However, it is still unclear whether EVI1
is critical for initiating PDA since acinar dedifferentiation
resulting from caerulein-induced acute pancreatitis was not
impaired in EVI1 knockout mice (67). Nevertheless, accord-
ing to our work, it is possible that aberrant EVI1 upregu-
lation in acinar cells preferentially generates preneoplastic
lesions and enhances PDA progression.

The present study demonstrated that the aberrant en-
hancer landscape drives EVI1 upregulation and sub-
sequently activates tumor-promoting transcriptional en-
hancers in PDA cells. We have now established EVI1 as a
master regulator of PDA from comprehensive epigenome
analysis and suggest WNT7A as an important downstream
target of the EVII1 pathway. Therefore, interfering EVI1-
WNT7A regulatory axis may establish a new therapeutic
strategy to control PDA malignancy, and possibly other
types of cancers with aberrant EVI1 expression.
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