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Lineage plasticity is a prominent feature of pancreatic ductal
adenocarcinoma (PDA) cells, which can occur via deregulation of
lineage-specifying transcription factors. Here, we show that the
zinc finger protein ZBED2 is aberrantly expressed in PDA and alters
tumor cell identity in this disease. Unexpectedly, our epigenomic
experiments reveal that ZBED2 is a sequence-specific transcrip-
tional repressor of IFN-stimulated genes, which occurs through
antagonism of IFN regulatory factor 1 (IRF1)-mediated transcrip-
tional activation at cooccupied promoter elements. Consequently,
ZBED2 attenuates the transcriptional output and growth arrest phe-
notypes downstream of IFN signaling in multiple PDA cell line mod-
els. We also found that ZBED2 is preferentially expressed in the
squamous molecular subtype of human PDA, in association with
inferior patient survival outcomes. Consistent with this observation,
we show that ZBED2 can repress the pancreatic progenitor tran-
scriptional program, enhance motility, and promote invasion in
PDA cells. Collectively, our findings suggest that high ZBED2 expres-
sion is acquired during PDA progression to suppress the IFN re-
sponse pathway and to promote lineage plasticity in this disease.
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Cells are capable of adopting different identities along a
phenotypic spectrum, a process referred to as lineage plas-

ticity. While lineage plasticity is a critical feature of normal de-
velopment and during wound-healing responses, it is also a
powerful contributor to the pathogenesis of human cancer (1, 2).
Through a multitude of genetic and nongenetic mechanisms,
cancer cells gain access to diverse lineage and developmental
transcriptional programs, resulting in heterogeneous cell identi-
ties emerging in a clonally derived tumor. The consequences of
lineage plasticity in human cancer are far-reaching, but include a
prominent role in the acquisition of metastatic traits and in the
evasion of targeted therapy (1).
Pancreatic ductal adenocarcinoma (PDA) is an emerging

paradigm of lineage plasticity in human cancer. While PDA is
defined by its histopathological resemblance to ductal epithelial
cells of the exocrine pancreas, studies in mice have shown that
acinar cells can serve as a cell-of-origin for this disease, which
transdifferentiate into the ductal fate following acquisition of a
Kras activating mutation (3–5). At later stages of tumor devel-
opment, aberrant up-regulation or silencing of master regulator
transcription factors (TFs) in PDA can lead to reprogramming of
ductal identity toward that of other cell lineages, including
mesenchymal (6–8), foregut endodermal (9), or squamous epi-
thelial fates (10–12). While each of these lineage transitions are
capable of promoting disease progression in experimental sys-
tems, only the presence of squamous characteristics correlates
with a shorter overall survival in human PDA patients (13, 14).
For this reason, the identification of mechanisms that promote
squamous transdifferentiation in PDA has become an active area
of investigation in recent years (10–13, 15, 16).
The interferon (IFN) transcriptional response is a conserved

pathway that protects organisms from infectious pathogens and
malignancy (17, 18). IFN pathway activation occurs via autocrine

or paracrine IFN signaling that can be triggered in response to
the detection of foreign nucleic acids as well as ectopically lo-
cated self-DNA (18, 19). Whereas almost all cell types can
produce type I IFNs (e.g., IFN-α and IFN-β), type II IFN
(i.e., IFN-γ) production is restricted to a subset of activated
immune cells (20). IFN pathway activation promotes the tran-
scriptional induction of hundreds of IFN-stimulated genes
(ISGs), which encode diverse proteins with antiviral, anti-
proliferative, and immunostimulatory functions (21). The key
TFs that promote ISG induction belong to the signal transducer
and activator of transcription (STAT) and IFN regulatory factor
(IRF) families, which can bind in an IFN-inducible manner at
the promoters of ISGs (22, 23). In the classical pathway, phos-
phorylation of STATs downstream of IFN receptor activation
triggers a rapid ISG response (23). This primary response in-
cludes the STAT-dependent transcriptional activation of several
genes encoding IRFs, which subsequently drive an amplifier
circuit resulting in sustained ISG induction (22). Within this
complex transcriptional response, IRF1 is a critical positive
regulator required for the full range of overlapping target gene
activation following type I or type II IFN pathway activation
(22). IRF1 is a broadly acting antiviral effector and exhibits
tumor-suppressor functions in multiple cellular contexts (24, 25).
With respect to PDA, prior studies have shown that IRF1 can

Significance

Pancreatic ductal adenocarcinoma (PDA) is one of the most
lethal human malignancies, attributed in part to lineage in-
fidelity downstream of deregulated lineage-specifying tran-
scription factors (TFs). Here we define the biological effects of a
poorly understood TF ZBED2 in the most aggressive subtype of
PDA, defined by the expression of squamous lineage markers.
Our study reveals two molecular functions of ZBED2 in PDA
cells: An inhibitor of interferon response genes and a modifier
of epithelial lineage programs. Both functions can be explained
by the ability of ZBED2 to antagonize the functional output of
interferon regulatory factor 1 (IRF1). Our study reinforces the
concept of aberrant lineage identity in cancer and highlights an
unexpected connection between interferon response path-
ways and squamous-subtype PDA.

Author contributions: T.D.D.S. and C.R.V. designed research; T.D.D.S., Y.X., X.S.W.,
D.M.-S., S.K.H., and L.M.N.d.A. performed research; T.D.D.S., Y.X., X.S.W., D.M.-S.,
S.K.H., J.B.P., and P.K.K. analyzed data; and T.D.D.S. and C.R.V. wrote the paper.

Competing interest statement: C.R.V. has received funding from Boehringer-Ingelheim
and is an advisor to KSQ Therapeutics.

This article is a PNAS Direct Submission.

Published under the PNAS license.

Data deposition: The data reported in this paper have been deposited in the Gene Ex-
pression Omnibus (GEO) database, https://www.ncbi.nlm.nih.gov/geo (accession no.
GSE141607).
1To whom correspondence may be addressed. Email: vakoc@cshl.edu.

This article contains supporting information online at https://www.pnas.org/lookup/suppl/
doi:10.1073/pnas.1921484117/-/DCSupplemental.

First published May 8, 2020.

www.pnas.org/cgi/doi/10.1073/pnas.1921484117 PNAS | May 26, 2020 | vol. 117 | no. 21 | 11471–11482

CE
LL

BI
O
LO

G
Y

https://orcid.org/0000-0003-4910-9093
https://orcid.org/0000-0002-3477-8107
https://orcid.org/0000-0001-8722-0038
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1921484117&domain=pdf
https://www.pnas.org/site/aboutpnas/licenses.xhtml
https://www.ncbi.nlm.nih.gov/geo
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE141607
mailto:vakoc@cshl.edu
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1921484117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1921484117/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.1921484117


promote a differentiated epithelial cell state and inhibit cell
proliferation (26, 27).
The ZBED gene family encodes nine zinc finger-containing

TFs in humans, which originated from a domesticated DNA
transposase gene from an hAT transposable element (28). While
lacking in transposase activity, human ZBED TFs instead retain
their zinc finger domain to perform sequence-specific DNA
binding and function as transcriptional regulators in a cell-type
specific manner (29–31). Within this family, ZBED2 is one of the
least-understood members, in part because of its recent evolu-
tion and lack of a mouse ortholog (28). A prior genomewide-
association study identified ZBED2 as a candidate locus influ-
encing risk of smoking-induced pancreatic cancer (32). More
recently, ZBED2 was found to be highly expressed in the basal
layer of the epidermis, where it plays a role in regulating kera-
tinocyte differentiation (33). Another study identified ZBED2 as
a marker of T cell exhaustion in human CD8 T cells, although
the function of ZBED2 was not investigated in this context (34).
We are unaware of any prior study characterizing a transcrip-
tional function for ZBED2 or its role in cancer.
Here we identify ZBED2 as one of the most aberrantly up-

regulated TFs in human PDA. This prompted our character-
ization of the transcriptional function of ZBED2, which we
demonstrate to be a sequence-specific transcriptional repressor.
We show that the repression targets of ZBED2 are highly
enriched for genes within the IFN response pathway. By inter-
acting with ISG promoters, ZBED2 blocks the transcriptional
output and growth-arrest phenotypes caused by IRF1 activation
downstream of IFN stimulation. We also provide evidence that
ZBED2 is preferentially expressed in squamous-subtype PDA
tumors and promotes loss of pancreatic progenitor cell identity
in this context. Collectively, our findings suggest that aberrant
ZBED2 expression in PDA cells blocks the IFN response and
alters epithelial cell identity in this disease.

Results
Aberrant ZBED2 Expression in Pancreatic Ductal Adenocarcinoma
Correlates with Inferior Patient Survival Outcomes. In this study,
we sought to identify novel TFs that deregulate cell identity in
PDA. By evaluating previously published transcriptome data
comparing normal human pancreas and PDA (35), we identified
ZBED2 as among the most aberrantly up-regulated TF genes in
tumor and metastatic lesions (Fig. 1 A and B). Notably, the fold-
induction of ZBED2 was comparable to other aberrantly
expressed TFs in PDA, FOXA1, and TP63, which have estab-
lished roles in disease progression (Fig. 1A and Dataset S1) (9,
10). In two additional independent transcriptome studies of
human PDA tumors (13, 36), we validated high levels of ZBED2
expression in 16 to 20% of primary patient samples (Fig. 1 C and
D). We further corroborated the aberrant expression pattern of
ZBED2 in ∼20% of established organoid cultures derived from
human PDA tumors, while ZBED2 was expressed at low levels in
organoids derived from normal pancreatic epithelial cells
(Fig. 1E and Dataset S2) (37). Considering the limited number
of prior studies of ZBED2, these observations prompted us to
investigate the molecular function of ZBED2 in PDA.
To gain initial insight into ZBED2 function, we examined its

expression across a diverse collection of normal and malignant
human tissues using publicly available transcriptome data (38,
39). This analysis revealed a highly tissue-specific pattern of
ZBED2 expression in normal tissues, with skin, lung, esophageal
mucosa, and thyroid tissues expressing ZBED2 at the highest
levels (Fig. 1F). In accord with the findings above, ZBED2 ex-
pression was not detected in the normal human pancreas
(Fig. 1F). Transcriptome analysis of 32 tumor types profiled by
the The Cancer Genome Atlas (TCGA) Pan-Cancer Atlas (39)
revealed pervasive ZBED2 expression in numerous human can-
cer types (Fig. 1G). In specific malignancies, like thyroid carci-
nomas and squamous cell carcinomas (head and neck squamous
cell carcinoma, lung squamous cell carcinoma, esophageal can-
cer), high ZBED2 levels can be explained by its expression

pattern in the normal tissue counterpart (i.e., cell-of-origin) of
these tumors. However, in other cancer types, like PDA and
ovarian cancer, ZBED2 appears to be up-regulated in an aber-
rant manner (Fig. 1 F and G). In order to confirm that the
ZBED2 expression observed in PDA tumors is attributable to the
epithelial compartment, we analyzed single-cell RNA-sequencing
(RNA-seq) data from 24 human PDA tumors and 11 normal
pancreas tissue samples from a recently published study (40).
This analysis revealed the most-abundant ZBED2 expression
within the ductal cells of tumor samples and confirmed the ab-
sence of ZBED2 within normal pancreas tissues (SI Appendix,
Fig. S1 A and B). Interestingly, we also observed ZBED2 ex-
pression in a subset of T cells within the tumor samples, which
may represent T cells in an exhausted state (34). Indeed, analysis
of RNA-seq data from three independent studies that have
transcriptionally interrogated the exhausted T cell state (34, 41,
42) revealed ZBED2 as one of the most consistently up-regulated
genes in this context (SI Appendix, Fig. S1C). We also found that
patients with ZBED2high tumors have a significantly shorter
overall survival than patients with ZBED2low tumors in the
context of PDA, colorectal cancer, kidney cancer, glioblastoma/
glioma, lung squamous cell carcinoma, and lung adenocarcinoma
(Fig. 1 H and I and SI Appendix, Fig. S1D) (43). This highlights
ZBED2 as a biomarker of disease aggressiveness across several
tumor subtypes.
We further interrogated ZBED2 expression in 1,156 cancer

cell lines from the Cancer Cell Line Encyclopedia (CCLE) da-
tabase (44) and identified high expression in ∼24% of cell lines
(Fig. 1J). In accord with the TCGA analysis, ZBED2high cell lines
were significantly enriched for lines derived from pancreatic,
ovarian, intestinal, endometrial, and upper aerodigestive tract
tumors (Fig. 1J and SI Appendix, Fig. S1E). In addition,
ZBED2high cell lines were significantly enriched for genetic al-
terations in KRAS, TP53, CDKN2A, and SMAD4 (SI Appendix,
Fig. S1 F and G), which are also the most recurrently mutated
genes in PDA (45–47). Despite this high-level expression, anal-
ysis of CRISPR screening data from 559 cancer cell lines
revealed that ZBED2 is not required to sustain cell growth in any
cell line under standard tissue culture conditions (SI Appendix,
Fig. S1H).

ZBED2 Inhibits the Expression of Genes in the IFN Response Pathway.
To understand the cancer-relevant function of ZBED2, we
performed RNA-seq analysis following ZBED2 knockout or
overexpression in PDA cell lines. Western blot analysis revealed
high-level expression of endogenous ZBED2 in three of nine
PDA cell lines examined (Fig. 2A). We used lentiviral CRISPR-
Cas9 editing to target ZBED2 in the highest expressing PDA cell
line (PANC0403) with two independent single-guide RNAs
(sgRNAs) and performed RNA-seq analysis. An unbiased gene
set enrichment analysis (GSEA) of the ZBED2 knockout RNA-
seq data revealed induction of the IFN pathway as top-ranked
gene signatures in this experiment (Fig. 2 B and C and Datasets
S3 and S4). To complement this approach, we performed RNA-
seq after overexpressing a ZBED2 cDNA in 15 different PDA
cell lines, which likewise revealed consistent suppression of IFN
pathway gene signatures as a top-ranked alteration (Fig. 2 B, D,
and E, SI Appendix, Fig. S2A, and Datasets S3–S5). Of note,
ZBED2 expression was also found to induce the epithelial-
to-mesenchymal transition (EMT) signature in the majority of
PDA cell lines tested (SI Appendix, Fig. S2A). Interestingly, we
found that ZBED2 expression could be induced by TGF-β treat-
ment and that the expression of ZBED2 augmented the induction
of the EMT genes SNAI2, ZEB1, and TGFBI in response to TGF-
β in certain cell contexts (SI Appendix, Fig. S2 B and C). We
confirmed the down-regulation of the ISGs STAT2, CMPK2, and
MX1 following ectopic ZBED2 expression by quantitative reverse-
transcription–polymerase chain reaction (RT-qPCR) andWestern
blotting (Fig. 2F and SI Appendix, Fig. S2D). We also confirmed
up-regulation of the ISGs STAT2 and CMPK2 in response to
ZBED2 knockdown using short-hairpin RNA (shRNAs) as an
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the median expression value of IFN response genes across 15 PDA cell lines. (H) Median expression values of IFN response genes across all cancer cell lines within
the CCLE database (Left) or in the indicated lineages stratified according to high or low ZBED2 expression. Each cell line is depicted as a single dot. **P < 0.01,
***P < 0.001 by Student’s t test. (I) Schematic representation of IFN signaling pathways. Modified from ref. 22. (J) Western blot analysis for HSC70, ZBED2, and the
indicated IFN pathway components following 12-h stimulation with IFN-β or IFN-γ in AsPC1-ZBED2 cells or the empty vector. See also SI Appendix, Fig. S2.
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alternative approach to CRISPR (SI Appendix, Fig. S2 E and F).
Taken together, this transcriptome analysis implicates an in-
hibitory effect of ZBED2 on the IFN transcriptional response in
PDA cells.
Despite the inhibitory effect of ZBED2 on IFN pathway genes,

our Western blot and RNA-seq analysis revealed that ZBED2high

PDA lines tended to have a higher baseline level of IFN pathway
activation, as judged by levels of STAT2 phosphorylation and ISG
expression (Fig. 2 A and G). This high basal activity of the IFN

pathway was not attributed to autocrine IFN production, since
inactivating the IFN-α receptor (IFNAR1) did not suppress ISG
levels (SI Appendix, Fig. S2 G and H). Moreover, the positive
correlation between levels of ZBED2 and IFN pathway genes was
observed across all 1,156 cell lines from the CCLE, encompassing
PDA lines as well other diverse cancer types (Fig. 2H and SI
Appendix, Fig. S2I). Additionally, we did not observe an up-
regulation of ZBED2 following stimulation with IFN-β or
IFN-γ, indicating that ZBED2 is not itself an ISG in this context
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(SI Appendix, Fig. S2J). Taken together, these findings suggest
that ZBED2 expression may have been acquired in PDA cells
to dampen a preexisting activation state of the IFN pathway.
We next validated the inhibitory effect of ZBED2 on the IFN

pathway by performing Western blot analysis of IFN components
following exposure of PDA cells to IFN-β or IFN-γ (Fig. 2 I and
J). In these experiments, ZBED2 had no effect on STAT phos-
phorylation, which suggests that ZBED2 does not function in the
signaling pathway downstream of receptor activation. In addi-
tion, this analysis revealed that specific ISG products were in-
duced normally following IFN treatment (e.g., IRF1, IRF9),
while others were attenuated by the presence of ZBED2
(STAT2, MX1, and CMPK2) (Fig. 2J). These findings suggest
that ZBED2 functions as a repressor of a specific subset of ISGs.

Chromatin Immunoprecipitiation-Sequencing Analysis Implicates ZBED2
as a Sequence-Specific Repressor of ISG Promoters. In order to in-
vestigate the function of ZBED2 at the molecular level, we per-
formed chromatin immunoprecipitation followed by DNA
sequencing (ChIP-seq) analysis of lentivirally expressed FLAG-
ZBED2 in AsPC1 and SUIT2 PDA cell lines. We observed high
concordance between ZBED2 occupancy in both cell lines, en-
abling us to define a set of 2,451 high-confidence binding sites
(Fig. 3A, SI Appendix, Fig. S3A, and Dataset S6), which was highly
biased toward promoter regions (Fig. 3B). Notably, genomic oc-
cupancy of ZBED2 was globally correlated with a repressive effect
on transcription of neighboring genes when comparing ChIP-seq
with the aforementioned RNA-seq analyses (Fig. 3C). This in-
cluded several ISGs (e.g., CMPK2 and STAT2) that are both
down-regulated and located near ZBED2 binding sites (Fig. 3C
and Dataset S7). To further support a repressive function of
ZBED2, we made use of GAL4 fusion proteins to artificially
tether ZBED2 to a plasmid with luciferase expression downstream
of a thymidine kinase promoter. Unlike the established activator
protein IRF1, tethering ZBED2 to this promoter resulted in a
significant decrease in luciferase expression (Fig. 3D). Moreover,
using the GAL4 assay, we were able to map these repressive ef-
fects of ZBED2 to its N-terminal region and to its DNA binding
domain (SI Appendix, Fig. S3 B–D). Together, these findings
suggest that ZBED2 is a transcriptional repressor that occupies
specific sites in the genome.
Since other ZBED zinc fingers function as sequence-specific

DNA binding domains (30, 31), we attempted to define a
ZBED2 motif that correlates with its genomic occupancy. Using a
de novo motif discovery analysis in the MEME-ChIP software
(48), we derived an 8-nucleotide position weight matrix that
closely correlated with ZBED2 enrichment observed by ChIP-seq
(Fig. 3E). In addition, we found that the presence of two or more
ZBED2 motifs correlated with strong genomic occupancy as well
as with a stronger repressive effect on transcription than peaks
displaying only a single ZBED2 motif (Fig. 3 F and G and SI
Appendix, Fig. S3E). Notably, we found that less than 1% of all
human promoters of protein-coding genes contain two or more
ZBED2 motifs, and these promoters are strongly enriched for
those driving expression of genes in the IFN pathway (Fig. 3H and
I, SI Appendix, Fig. S3F, and Dataset S8). MX1, CMPK2, and
STAT2 are examples of ISGs that contain two ZBED2 motifs in
their promoters (Fig. 3J). Collectively, these results suggest that
ZBED2 functions as a sequence-specific DNA-binding repressor
of select ISG promoters harboring multiple ZBED2 motifs.

Antagonistic Regulation of ISG Promoters by ZBED2 and IRF1. In our
MEME analysis of ZBED2-enriched locations in the human
genome, we noticed a strong correlation between ZBED2 oc-
cupancy and a motif recognized by the IRF family TFs (Fig. 4A
and SI Appendix, Fig. S4A). RNA-seq analysis revealed variable
expression of IRF family TFs in PDA cell lines; however, the
levels of ZBED2 expression were closely correlated with that of
IRF1 (Fig. 4B and SI Appendix, Fig. S4B). A significant positive
correlation between ZBED2 and IRF1 expression was also

observed across all 1,156 cell lines within the CCLE database (SI
Appendix, Fig. S4C). We next performed ChIP-seq analysis of
IRF1 in AsPC1 cells, which confirmed its overlap with ZBED2
occupancy (SI Appendix, Fig. S4D and Dataset S9). For further
analysis, we defined a high-confidence set of IRF1/ZBED2
cooccupied sites (Fig. 4C and Dataset S10). Notably, the pres-
ence of IRF1 and ZBED2 cooccupancy was a feature that was
highly enriched for ISG promoters, such as CMPK2 and STAT2
(Fig. 4 D and E and SI Appendix, Fig. S4 D–H).
Since ZBED2 is a transcriptional repressor and IRF1 is a

transcriptional activator (Fig. 3D), we reasoned that these two
TFs might function in an antagonistic manner to regulate ISG
expression. Consistent with this hypothesis, RT-qPCR analysis
showed that IRF1 led to potent activation of CMPK2, while this
effect was ablated in the presence of ZBED2 (Fig. 4F). RNA-seq
analysis further verified that IRF1 and ZBED2 function in an
antagonistic manner to regulate the entire program of cooccu-
pied sites (Fig. 4 G and H and SI Appendix, Fig. S4 I–L). The
antagonistic activities of ZBED2 and IRF1 were also demon-
strated at the promoter of STAT2 (Fig. 4D). In addition, a
STAT2 knockout in PANC0403 cells revealed a strong correla-
tion between genes regulated by STAT2 and IRF1 (SI Appendix,
Fig. S4M). Moreover, the entire set of genes sustained by STAT2
were found to be antagonistically regulated by ZBED2 and IRF1
(SI Appendix, Fig. S4 N–P). Considering these observations, we
next treated AsPC1-empty and AsPC1-ZBED2 cells with IFN-β,
IFN-γ, or control for 12 h and performed RNA-seq analysis. This
analysis revealed that genes associated with IRF1/ZBED2
cooccupied sites were significantly induced by IFN, and this ef-
fect was attenuated by the presence of ZBED2 (Fig. 4I and SI
Appendix, Fig. S4Q). Taken together, these data indicate that
ZBED2 colocalizes with IRF1 at a subset of ISG promoters that
are potently modulated by IFN pathway activation.
We noticed that the IRF1 and ZBED2 motifs bear similarity with

one another, with both factors able to recognize a GAAA sequence
(Fig. 4J) (49). This led us to hypothesize that IRF1 and ZBED2
might bind to specific promoter sequences in a competitive manner,
and this may contribute to the antagonistic function of these two
TFs. To evaluate this, we performed IRF1 ChIP-seq in AsPC1 cells
that either express or lack ZBED2. This analysis revealed a twofold
reduction of IRF1 occupancy at ∼19% of IRF1/ZBED2 cobound
sites, which represent less than 2% of all IRF1 binding sites in the
genome (Fig. 4K and Dataset S11). This included sites at the pro-
moters of ISGs STAT2 and CMPK2 (Fig. 4 K and L), which were
consistently observed to be among the most strongly down-
regulated genes upon ZBED2 expression (Figs. 2E and 3C). No-
tably, these two promoters both possess motifs with a common
GAAA core that are capable of being recognized by both IRF1 and
ZBED2 (Fig. 4L). Taken together, these findings reveal two distinct
mechanisms by which ZBED2 can block the output of IRF1 at ISG
promoters: Through an intrinsic repressor function and via com-
petitive DNA binding at specific motifs.
To gain a deeper understanding of these antagonistic activities,

we used a deep-learning approach to characterize ZBED2 and
IRF1 binding sites. This analysis enabled us to identify IRF1 rec-
ognition motifs that were either “favorable” or “unfavorable” for
ZBED2 binding, which highlighted the importance of a CGAAAC
sequence for ZBED2 cooccupancy (SI Appendix, Fig. S4R). In
order to distinguish the intrinsic repressive activities of ZBED2
from those associated with competition for IRF1 binding sites, we
next analyzed our 140 IRF1/ZBED2 cobound sites and separated
them into two categories based on our model-based predictions: 89
sites predicted to have directly overlapping IRF1/ZBED2 binding
sites (overlapping sites), and 51 sites predicted to have binding sites
at neighboring locations (nonoverlapping sites). Interestingly, upon
ZBED2 expression, we observed comparable down-regulation of
genes associated with both overlapping and nonoverlapping sites
(SI Appendix, Fig. S4 S–W). This observation lends additional
support that ZBED2 can down-regulate IRF1-activated genes
through multiple mechanisms, including both competition for DNA
binding and via an intrinsic repressive function.
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ZBED2 Protects PDA Cells from IRF1- and IFN-γ–Induced Growth
Arrest. In addition to coordinating an antiviral cellular re-
sponse, IRF1 leads to a powerful growth arrest when activated in
tumor cells (50–52). Consistent with this observation, we found
that forced IRF1 expression in several human and murine PDA

cell line contexts resulted in a significant growth arrest (Fig. 5A
and SI Appendix, Fig. S5A). However, if we repeated this ex-
periment in the presence of ZBED2, the IRF1-induced growth
arrest was prevented (Fig. 5 B–E). To verify this result in the
setting of a more physiological context, we used exogenous IFN-γ
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Fig. 4. Antagonistic regulation of ISG promoters by ZBED2 and IRF1. (A) CentriMo analysis for JASPAR motifs at ZBED2 binding sites. (B) ZBED2 and IRF1
expression across 15 human PDA cell lines. (C) Density plot showing IRF1 and FLAG-ZBED2 enrichment surrounding a 2-kb interval centered on the summit of
140 intersecting IRF1 and FLAG-ZBED2 sites in AsPC1 cells, ranked by IRF1 peak intensity. (D) ChIP-seq profiles of IRF1 and FLAG-ZBED2 in AsPC1 cells at the
promoters of CMPK2 and STAT2. (E) GO analysis of genes annotated by HOMER to IRF1/ZBED2 sites. Terms are ranked by their significance (P value) and the
most significant terms (−log10 P > 12) are shown. (F) RT-qPCR analysis of CMPK2 in AsPC1-empty and AsPC1-ZBED2 cells following IRF1 cDNA expression.
Mean+SEM is shown. n = 3. **P < 0.01 by Student’s t test. (G and H) GSEA plots evaluating protein coding genes annotated by HOMER to IRF1/ZBED2 sites upon
IRF1 (G) or ZBED2 (H) cDNA expression in AsPC1 cells. (I) Expression levels of protein coding genes annotated to IRF1/ZBED2 sites following 12-h treatment with
0.2 ng/μL of IFN-β, IFN-γ, or control. ****P < 0.0001, **P < 0.01 *P < 0.05 by one-way ANOVA. (J) IRF1 motif logo from the JASPAR database (Upper) and the
ZBED2 motif logo (Lower). (K) ChIP-seq analysis showing the log2 fold-change in IRF1 occupancy at IRF1 binding sites in AsPC1-ZBED2 versus AsPC1-empty cells. (L)
ChIP-seq profiles of FLAG-ZBED2 and IRF1 at the promoters of CMPK2 (Left) and STAT2 (Right) in AsPC1-empty or AsPC1-ZBED2 cells. ZBED2 and IRF1 motifs
recovered by Find Individual Motif Occurrences (P < 0.001) are highlighted in purple and yellow, respectively. See also SI Appendix, Fig. S4.
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to promote IRF1 activation in PDA cells. Notably, in PDA cell
lines, IRF1 knockout only blocked IFN-γ–induced growth arrest
but not growth arrest caused by IFN-β, which instead relied on
IRF9 (Fig. 5 F–H and SI Appendix, Fig. S5 B–D). Given that the
growth-inhibition effects of IFN-γ stimulation are at least par-
tially mediated through IRF1 induction, we reasoned that
ZBED2 expression might confer a protective effect in this con-
text. Consistent with this hypothesis, ZBED2 expression was
sufficient to protect PDA cells from the effects of IFN-γ–
mediated growth arrest, which was observed in AsPC1 cells, as
well as in three murine PDA cell lines derived from the KPC
(Kras+/LSL-G12D; Trp53+/LSL-R172H; Pdx1-Cre) mouse model
(Fig. 5 I and J and SI Appendix, Fig. S5E) (53, 54). Analysis of
single-cell RNA-seq data (40) revealed IFNB1-expressing ductal
tumor cells and IFNG-expressing T cells as possible sources of
IFN production in human PDA tumors (SI Appendix, Fig.
S5 F–H). Taken together, these data suggest that ZBED2 can
antagonize both the transcriptional and phenotypic conse-
quences of IRF1 activation in PDA cells.

ZBED2 Represses Pancreatic Progenitor Lineage Identity in PDA. Prior
transcriptome analyses of tumor samples have revealed two
major molecular subtypes of PDA: A “pancreatic progenitor”
and a “squamous” subtype (13, 35, 36, 55). The pancreatic pro-
genitor subtype is also known as classical PDA, and expresses
endodermal TFs (e.g., GATA6, HNF4, FOXA) at high levels. In
contrast, the squamous subtype (also known as basal-like) si-
lences the pancreatic progenitor gene signature and instead ex-
presses markers of the squamous lineage (e.g., KRT5, TP63) in
association with inferior patient survival outcomes (10, 13). We
found in three independent human tumor transcriptome datasets
(13, 35, 36), ZBED2 expression was highly associated with
squamous subtype PDA tumors (Fig. 6 A–F and Dataset S12).
This prompted us to investigate whether ZBED2 has a causal
role in influencing the pancreatic progenitor or squamous tran-
scriptional signatures in PDA cell lines. Using the aforemen-
tioned RNA-seq analysis, we found that the pancreatic
progenitor signature was significantly repressed by ZBED2 ex-
pression in 13 of 15 PDA cell lines examined (Fig. 6 G and H).
The two exceptions were MIAPaca2 and PANC1 cells, which do
not express pancreatic progenitor signature genes (10). The
squamous signature was more variably affected by ZBED2 ex-
pression (SI Appendix, Fig. S6A). In accord with previous find-
ings (27), we found that IRF1 activates the pancreatic progenitor
signature, which is consistent with its antagonism with ZBED2
(Fig. 6I). We noticed that one of the IRF1/ZBED2 cooccupied
sites was found at the promoter of the GATA6 gene, which en-
codes an established marker of the pancreatic progenitor tran-
scriptional program (Fig. 6 J and K) (36, 55–57). Consistent with
their antagonistic activities, we found ZBED2 or IRF1 expres-
sion resulted in the repression or activation of GATA6 in this
context, respectively (Fig. 6L and SI Appendix, Fig. S6 B and C).
Of note, of the 15 PDA cell lines used in this study, we observed
the lowest levels of GATA6 and IRF1 in MIAPaca2 and PANC1
cells (SI Appendix, Fig. S6 D and E).
In order to determine the impact of GATA6 expression on the

pancreatic progenitor signature, we first performed RNA-seq
analysis following GATA6 knockout in PATU8988S cells, the
cell line that expresses GATA6 at the highest levels (SI Appendix,
Fig. S6D). Notably, a GATA6 knockout resulted in a potent re-
pression of the pancreatic progenitor signature (SI Appendix, Fig.
S6 F and G). Next, to investigate whether the down-regulation of
GATA6 was a requirement for ZBED2-mediated repression of
the progenitor transcriptional program, we performed RNA-seq
analysis following the expression of ZBED2 or GATA6 cDNAs
alone, or in combination, in SUIT2 PDA cells (SI Appendix, Fig.
S6 H–J). As expected, ZBED2 expression alone resulted in re-
pression of the pancreatic progenitor signature. In contrast,
GATA6 expression was sufficient to potently activate the pan-
creatic progenitor signature, and this was true whether GATA6
was expressed alone or in the presence of ZBED2 (SI Appendix,

Fig. S6 H–J). Finally, by intersecting our GATA6 knockout and
overexpression datasets, we defined a set of genes that were
potently regulated by GATA6 (SI Appendix, Fig. S6K and
Dataset S13). Consistent with the antagonistic activities of
ZBED2 and IRF1 at the promoter of GATA6, we observed
potent repression and activation of GATA6-regulated genes in
response to ZBED2 and IRF1 expression, respectively (SI
Appendix, Fig. S6 L–N).
Consistent with the results above, patient tumor samples with

high levels of ZBED2 expression were much more likely to
present with poorly differentiated tumors compared to those
patients with low ZBED2 expression (SI Appendix, Fig. S6 O and
P). Moreover, we found that ZBED2 expression in PDA cells
was sufficient to promote loss of epithelial integrity and in-
creased invasiveness when cells were plated in Matrigel
(Fig. 6M), as well as enhanced migratory behavior in scratch
assays (Fig. 6N). These observations are consistent with our
findings that ZBED2 expression can repress GATA6 and induce
an EMT transcriptional program. Collectively, these findings are
in support of ZBED2 regulating the lineage identity of PDA cells
and can account for the biased expression of ZBED2 in squa-
mous subtype PDA tumors.

Discussion
Here, we have shown that a previously uncharacterized zinc
finger protein ZBED2 is aberrantly expressed in a diverse col-
lection of human tumors in a manner that correlates with poor
clinical outcomes. Using PDA cells as an experimental system,
we have defined two major molecular functions of ZBED2 that
may underpin its role in promoting cancer: As an antagonist of
the IFN response and as a modulator of epithelial cell identity.
In addition, we provide evidence that both of these functions of
ZBED2 can be accounted for by antagonism of IRF1-mediated
transcriptional activation.
A key mechanistic advance in our study is in revealing the

DNA sequence motif recognized by ZBED2, which we show is
disproportionately enriched at ISG promoters in juxtaposition
with IRF1 motifs. At these sites, we have shown that ZBED2 can
suppress transcription through multiple mechanisms, including
an intrinsic transcriptional repressor function as well as the
ability to compete with IRF1 for DNA binding. While both
mechanisms are likely to contribute to the suppression of IRF1
transcriptional output, we note that eviction of IRF1 by ZBED2
only occurs at a small fraction of cobound promoters. Taken
together, these observations suggest that the evolved function of
ZBED2 in mammalian biology is as a tissue-specific attenuator
of the IFN response. The tissues that express ZBED2 at the
highest levels include thyroid, esophagus, lung, and skin, which
are organs that are often exposed to pathogens and may employ
ZBED2 to define thresholds for IFN responsiveness. Notably,
inflammation of the thyroid is one of the most common side
effects of IFN-α therapy in humans (58), which leads us to
speculate that ZBED2 may have evolved to protect vulnerable
tissues from the damaging effects of chronic IFN stimulation.
Other ZBED TFs have also been implicated in the regulation of
immune responses. For example, ZBED1 has been described as
a viral restriction factor that negatively regulates viral growth
(59). In addition, a recent study in plants identified a ZBED
protein as a novel regulator of immunity (60). Thus, the function
of ZBED2 defined in our study may have its origins in the early
evolutionary functions of ZBED proteins as important regulators
of immune responses.
We have defined ZBED2 as an attenuator of IFN responses

through its ability to antagonize the transcriptional output of
IRF1. A paradoxical observation revealed from our studies is
that PDA cells that have acquired high levels of ZBED2 also
tend to display higher levels of IRF1 expression and IFN path-
way activation. We attribute this to ZBED2 functioning as a
quantitative dampener of the IFN transcriptional response dur-
ing the initiation and progression of PDA. Importantly, IRF1 is a
validated tumor suppressor (50–52, 61) and IFN pathways have a
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well-established role in the regulation of antitumor immunity
(62). Thus, antagonism of IRF1 provides a plausible explanation
for why high ZBED2 expression is selected for during tumori-
genesis. Less clear are the initial triggers of IRF1/IFN pathway
activation in PDA. A recent study demonstrated that cancer cells
exhibit high ISG expression due to chronic IFN signaling sus-
tained by the STING adaptor protein, which is activated by
various intracellular nucleic acid sensors (63, 64). Thus, elevated
ISG expression in cancer cells could be attributed to the accu-
mulation of cytosolic double-stranded DNA, which may arise
from the disruption of micronuclei as a result of DNA damage,
chromosome mis-segregation, and chromothripsis (65, 66). Such
features of high genomic instability have been strongly impli-
cated in the development and progression of PDA (46, 67).
However, sustained activation of ISG expression via the STING
pathway was shown to be dependent on chronic production of
type I IFNs (63). In our analysis of human PDA cell lines, we
observed high basal levels of ISG expression in PDA cells in a

manner that is independent of type I IFNs. While the triggers of
the ISG pathway in PDA await further characterization, our
results strongly suggest that the function of ZBED2 in this
context is to block the antitumor effects of IRF1 within the IFN
pathway. It is also noteworthy that, despite direct repression of
STAT2 and the type I IFN transcriptional response, ZBED2 was
unable to suppress the effects of IFN-β–mediated growth arrest
in the PDA cell lines tested. While the mechanisms of IFN-
β–mediated growth arrest of PDA cell lines was not extensively
investigated in this study, it is clear that they occur independent
of IRF1 and instead rely more on IRF9. These data suggest that
the functional antagonism demonstrated for ZBED2 and IRF1
may not be a feature that is equally shared across the IRF
transcription factor family. Notably, immune checkpoint therapy
requires an intact IFN pathway for effective tumor clearance
(68), and this approach has been found to be ineffective in PDA
when compared to other tumor subtypes. While several factors
are likely contributing to immune evasion in PDA (69), we
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Fig. 5. ZBED2 protects PDA cells from IRF1- and IFN-γ–induced growth arrest. (A) Luciferase-based quantification of cell viability of AsPC1 cells grown in
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speculate that high ZBED2 expression could be a mechanism by
which tumor cells evade cytotoxic T cells.
Histopathological and transcriptome studies have shown that a

subset of aggressive PDA tumors undergo transdifferentiation
into the squamous lineage (13, 70–72). In addition to the aber-
rant up-regulation of squamous lineage markers, a key attribute
of these tumors is the silencing of genes associated with pan-
creatic progenitor cell identity. A key finding in our study is that
ZBED2 is selectively up-regulated in squamous-subtype PDA
tumors, and in this context represses the pancreatic progenitor
transcriptional program. Notably, we also observe high ZBED2
expression in normal squamous epithelial tissues, such as the
skin, lung, and esophageal mucosa, suggesting a normal function
for ZBED2 in the regulation of squamous epithelial cells. In-
terestingly, single-cell RNA-seq analysis recently identified
ZBED2 as a key TF in the regulation of human keratinocyte
differentiation (33). ZBED2 was predicted to promote the basal
state and experimental depletion of ZBED2 was shown to induce
keratinocyte differentiation, demonstrated by the up-regulation
of KRT10 (33). It is noteworthy that IRF family members have
also been ascribed functional roles in regulation of the skin
epidermis. For example, both IRF2 and IRF6 are necessary for
regulating proliferation and terminal differentiation of kerati-
nocytes within the epidermis (73–76). Thus, it is possible that the
ability of ZBED2 to modulate the transcriptional output of IRF
TFs may extend to its ability to regulate stem cell function and
cell identity within normal squamous epithelial tissues.
Similar to ZBED2, prior studies have implicated TP63 and

GLI2 as additional determinants of squamous cell identity in
PDA (10, 11, 13, 15). Our analysis has shown that ZBED2 and
TP63 are among the most aberrantly expressed TFs in the
squamous subtype of PDA; however, these two TFs are not
expressed in a mutually exclusive manner. These findings suggest
the aberrant expression of TP63, GLI2, or ZBED2 offer distinct
mechanisms by which pancreatic cancer cells with a ductal
identity adopt squamous features during the pathogenesis and
progression of this disease. An important area of future in-
vestigation will be to determine whether such factors can func-
tion in a collaborative manner to regulate squamous identity.
An important feature of squamous subtype tumors is their

poorly differentiated histopathological features and an excep-
tionally poor prognosis (13, 35, 36, 55, 77, 78). Interestingly, a
recent study identified IRF1 as one of several candidate TFs
responsible for preserving differentiation and epithelial identity
in human PDA (27). In this study, IRF1 was shown to associate
with “low-grade” enhancers controlling grade-specific transcrip-
tional programs, which is in accord with our functional studies of
IRF1. Given the dual role of IRF1 as a tumor suppressor and as
a regulator of cellular differentiation in PDA cells, we speculate

that ZBED2-mediated dampening of the IFN response may
support PDA cell growth at early stages of tumor progression.
This may also explain, at least in part, the positive correlation
that is observed between ZBED2 and IRF1 expression in PDA
cell lines, which runs counterintuitive to the repressor function of
ZBED2 on IRF1 transcriptional output. We have shown that a
key IRF1/ZBED2 cooccupied target gene is GATA6, which is
overexpressed and amplified in the pancreatic progenitor sub-
type of PDA (55, 57, 79). Indeed, GATA6 expression is altered
by multiple mechanisms in pancreatic tumors and was found to
be a robust biomarker for PDA subtypes (36, 78). We have now
established GATA6 as a master regulator of the pancreatic
progenitor subtype of PDA, strongly implicating the regulation
of the GATA6 promoter as a critical region of ZBED2-mediated
control of PDA cell identity. Thus, our study further reinforces
how cell identity in PDA is defined by antagonism among TFs
important for maintaining the epithelial identity of this lineage.

Materials and Methods
CRISPR-Based Targeting. To generate cell lines in which ZBED2, IRF1, IRF9,
STAT2, GATA6, or IFNAR1 had been stably knocked out, PDA cells expressing
Cas9 in the LentiV-Cas9-puro vector (Addgene #108100) were infected in a
pooled fashion with domain-targeting sgRNAs or a control sgRNA (sgNEG) in
the LRG2.1_Neo vector (addgene #125593). sgRNA targeting sequences can
be found in Dataset S14.

shRNA-Based Targeting. shRNAs targeting ZBED2 or control were cloned into
the miR30-based retroviral shRNA expression vector LENC (LTR-miR30-
shRNA-PGK-neo-mCherry) (#111163) (80). Two days postinfection with
shRNAs, transduced cells were selected with 1 mg/mL of G418 for 5 d prior to
RNA extraction. shRNA sequences can be found in Dataset S14.

Data and Software Availability. ChIP-seq and RNA-seq data reported in this
paper is available via the Gene Expression Omnibus (GEO) accession no.
GSE141607. Previously deposited ChIP-seq data (10) can be found in the
GEO, accession no. GSE115463. PDA patient microarray data (35) can be
found in the GEO, accession no. GSE71729.
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