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Abstract

Pancreatic ductal adenocarcinoma (PDAC) is an aggressive form of cancer with high mortality. The cellular origins of PDAC
are largely unknown; however, ductal cells, especially centroacinar cells (CACs), have several characteristics in common
with PDAC, such as expression of SOX9 and components of the Notch-signaling pathway. Mutations in KRAS and alterations
to Notch signaling are common in PDAC, and both these pathways regulate the transcription factor SOX9. To identify genes
regulated by SOX9, we performed siRNA knockdown of SOX9 followed by RNA-seq in PANC-1s, a human PDAC cell line. We
report 93 differentially expressed (DE) genes, with convergence on alterations to Notch-signaling pathways and ciliogenesis.
These results point to SOX9 and Notch activity being in a positive feedback loop and SOX9 regulating cilia production in
PDAC. We additionally performed ChIP-seq in PANC-1s to identify direct targets of SOX9 binding and integrated these results
with our DE gene list. Nine of the top 10 downregulated genes have evidence of direct SOX9 binding at their promoter
regions. One of these targets was the cancer stem cell marker EpCAM. Using whole-mount in situ hybridization to detect
epcam transcript in zebrafish larvae, we demonstrated that epcam is a CAC marker and that Sox9 regulation of epcam
expression is conserved in zebrafish. Additionally, we generated an epcam null mutant and observed pronounced defects in
ciliogenesis during development. Our results provide a link between SOX9, EpCAM and ciliary repression that can be
exploited in improving our understanding of the cellular origins and mechanisms of PDAC.

Introduction

Pancreatic ductal adenocarcinoma (PDAC) is the most common
and aggressive form of pancreatic cancer. PDAC is the ninth
most commonly diagnosed cancer in women and 10th in men;
however, it has the fourth highest mortality rate (1). There are
several reasons for the low survival rate in PDAC patients includ-
ing: late detection of the tumor (2), a predicted early spread of
cancer cells during tumor progression (3) and PDAC’s inherent
chemoresistance (reviewed in (4)).
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PDAC was originally named after the duct-like morphology
of the cancer cells; however, the actual cellular origin is still
unknown. Indeed, PDAC in mouse models can be induced by
oncogene overexpression in a number of different pancreatic
cell types (5–7). Broadly speaking, the cells of the pancreas are
classified by their function, being either endocrine or exocrine.
The endocrine pancreas is comprised of cell clusters, called
islets, which secrete hormones into the blood that aid metabolic
regulation. The functional unit of the exocrine pancreas is
called the acinus (pl. acini); it consists of spherically organized
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acinar cells that secrete zymogen into small intercalated ducts.
These intercalated ducts are lined by squamous epithelial cells.
The most terminal of these intercalated ductal cells is actually
positioned within the acini, and hence called centroacinar
cells (CACs) (8). CACs are found in all vertebrates and have a
very distinct morphology; they constitutively express genes
associated with stem-cell maintenance, such as the components
of Notch signaling and homologs of SOX9 (9–11). In zebrafish,
CACs act as facultative progenitors, differentiating to replace lost
pancreatic endocrine cells as required (12,13). Although there is
limited evidence that CACs act as progenitors in vivo in mammals
(9,14), murine terminal ductal cells do have considerable potency
in vitro (15).

Although CACs and other ductal cells seem like good can-
didates for the cellular origins of PDAC, these cells are vastly
outnumbered in the pancreas by acinar cells. The early stages
of tumor initiation in the pancreas involve the loss of cells with
acinar characteristics and their replacement by cells with both
ductal morphology and ductal marker gene expression (16). This
early step is called acinar-to-ductal metaplasia (ADM). Following
oncogenic activation, preneoplasmic lesions called pancreatic
intraepithelial neoplasias (PanINs) are thought to accumulate
mutations over time before progressing into PDAC (17). Together
these observations suggest that the origins of PDAC could be
acinar cells, which first have to transition through a duct-like
state during the early stages of transformation.

Most PDAC is caused by sporadic somatic mutations where
the biggest known risk factor in accumulating these mutations is
pancreatitis (inflammation and destruction of the pancreas) (18).
About 5–10% of PDAC cases have a hereditary component (19),
with a significant proportion of these familial cases caused by
a genetic susceptibility to developing pancreatitis. Sequencing
of PDAC samples has demonstrated that the majority (92%)
of these tumors contain activating mutations in the GTPase,
KRAS (20–22). Other commonly affected molecular pathways
found in PDAC samples include G1/S checkpoint machinery
(78%), TGF-β signaling (47%) and histone modification (24%)
(22).

Constitutive KRAS activity leads to aberrant cell proliferation
and differentiation (reviewed in (23)) as well as activation of
SOX9 (24). SOX9 encodes a transcription factor and gets its name
from being a member of the SRY-related box (SOX) gene family.
All Sox genes contain a high mobility group (HMG) DNA-binding
domain (25). SOX9 also has several other conserved domains
including a homodimerization domain and a C-terminal acti-
vation domain (26). Besides being an activator of transcription,
SOX9 can also repress transcription (27,28). This repressive activ-
ity is likely to involve the recruitment of repressor cofactors
(29). SOX9 is expressed in nearly all the organs in a human and
haploinsufficiency causes campomelic dysplasia—a syndrome
that affects multiple structures leading to heart complications,
skeletal abnormalities (30), sex reversal (31,32) and, importantly,
malformed pancreatic islets (33).

Evidence from animal models has shown that SOX9
homologs play an important role during pancreas development
in maintaining pancreas progenitor potency and regulating
endocrine differentiation (23,24). Dysregulation of SOX9 in
mature pancreas, however, is implicated in accelerating PDAC
formation and progression (16). Another hallmark of PDAC is
the activation of the Notch-signaling pathway (34), which also
activates SOX9 expression (11). SOX9 is thought to play multiple
and critical roles in PDAC initiation and progression. Using
transgenic mouse models, Kopp et al. demonstrated that overex-
pression of Sox9 in acinar cells destabilized their cellular state,

as evidenced by loss of acinar markers and conversely, gain of
ductal markers (16). These changes in gene expression are con-
sistent with the initiation of ADM. Furthermore, these authors
showed that there was a significant synergy in PDAC formation
when both KRAS and Sox9 were manipulated in pancreatic
epithelium. Finally, Kopp et al. showed that deleting Sox9 blocked
production of PanINs and PDAC in mice even when oncogenic
KRAS was overexpressed in pancreatic epithelium (16).

As mentioned, whether SOX9-expressing CACs or other duc-
tal cells normally contribute to PDAC in patients is still unknown.
Results from a mouse model utilizing solely overexpression of
oncogenic KRAS suggested that ductal cells are actually refrac-
tory to becoming PDAC (16). In contrast, more complex models
using oncogenic KRAS activity in concert with loss of function
of tumor suppressor genes suggest that ductal cells (including
CACs) are actually ‘primed’ for PDAC transformation (5,7). What-
ever the cellular origin, CACs naturally express genes and utilize
molecular pathways that are instrumental in PDAC initiation
and progression (16,35–37).

To further elucidate the role of SOX9 in pancreas and PDAC
biology, we utilized two very different model systems: 1) A
human cell line named PANC-1 (38) and 2) the developing
zebrafish pancreas. As PANC-1 s are derived from a resected
PDAC, they express high levels of SOX9 and are a useful source
of both RNA and chromatin to facilitate genomic studies into
PDAC biology. To identify effectors of SOX9 transcriptional
activity in PANC-1 s, we integrated RNA-seq and ChIP-seq to
identify direct transcriptional targets of SOX9. Zebrafish have
two homologs of SOX9, namely: sox9a and sox9b. However,
sox9b is the only homolog expressed in the pancreas, allowing
phenotypic consequences of both haploinsufficiency and
loss of function to be studied in the pancreas without side
effects from gross abnormalities elsewhere in the organism
(10).

In this paper, we report on direct transcriptional targets of
SOX9 function in PANC-1 s and start to investigate the in vivo
implication of some the downstream SOX9-dependent biological
pathways during development.

Results
SOX9 modulates the transcription of proliferation
and cilia genes in PANC-1s

To identify transcripts dependent on SOX9 activity, we per-
formed RNA-seq on PANC-1s that had been transfected with
either a SOX9 siRNA or a control siRNA. SOX9 siRNA-dependent
loss of SOX9 protein was verified using both western blotting of
cell lysate (Fig. 1A) and immunofluorescence detection in fixed
cells (Fig. 1B). Total RNA was extracted from SOX9 siRNA and
control siRNA transfected PANC-1s and sequenced. Upon SOX9
knockdown, we identified 93 differentially expressed (DE) genes
with 60 genes being upregulated and 33 downregulated (Fig. 1C,
Supplementary Material, Table S1). We confirmed the predicted
top five upregulated and top five downregulated DE genes using
qRT-PCR (Fig. 1D). Nine out of 10 of these predicted DE genes
were validated in this assay; the one exception was SKIV2L.
Although SKIV2L had the largest fold change of downregulation
in our RNA-seq experiment, this gene was the closest to the cut-
off P-value set for acceptability—and likely represents a false
positive.

To assess the biological consequences of our DE genes, we
explored their individual functions and gene ontology (GO)
terms. Genes that are downregulated following SOX9 knockdown
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Figure 1. Knockdown of SOX9 results in an increase of ciliary gene expression and a decrease in expression of genes negatively regulating proliferation. (A) Western

blot and (B) immunofluorescence confirms knockdown of SOX9 protein following SOX9 siRNA treatment. (C) A volcano plot of adjusted P-value versus fold change upon

SOX9 knockdown indicates that 93 genes exhibit significantly altered expression (33 decreased and 60 increased). (D) Quantitative PCR confirms all but one (SKIV2L) of

the top five upregulated and top five downregulated genes observed with RNA-seq. Error bars are standard deviation from three biological replicates. (E) GO analysis of

downregulated genes reveals a role for SOX9 in Notch signaling as well as in the regulation of proliferation. (F) GO analysis of upregulated genes is enriched for ciliary

development and function. Neg, Negative; Pos, Positive; reg, regulation. Scale bar size is 100 μM (B).

include genes with established roles in cancer motility (ESRP1,
(39)), cell–cell adhesion (TINAGL1, (40,41), obesity and insulin
resistance (RGCC, (42)), and cancer stem cell (CSC) maintenance
(EPCAM, (43)). Downregulated genes were collectively enriched

for biological processes associated with Notch signaling and
the negative regulation of proliferation (Fig. 1E). As a whole,
upregulated genes were enriched for processes associated
with cilia development, assembly and movement (Fig. 1F),
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suggesting that SOX9 typically suppresses these processes in
PANC-1 s. Indeed the most highly upregulated gene following
SOX9 knockdown was LRRC6, which is required for the normal
axoneme (core of cilia) formation (44,45).

For additional validation of our results, we analyzed publicly
available RNA-seq data from 178 pancreatic adenocarcinoma
samples in The Cancer Genome Atlas (TCGA). In all these
samples, SOX9 is highly expressed and as such, we predicted
to observe directions of effect opposite to those observed
in our SOX9 siRNA-induced knockdown experiments. We
clustered our differentially expressed genes based on their
expression patterns in the tumor samples and observe that
in general upregulated genes clustered together and were
lowly expressed in the tumor samples, and downregulated
genes clustered together and with SOX9 and are highly
expressed (Fig. 2A). Furthermore, at an individual gene level,
we correlated SOX9 expression with each of the top 10 DE
genes to examine how closely the genes are co-regulated
in these tumor samples and observed there to be a high
degree of correlation between the differentially expressed
genes and SOX9 expression (Table 1). For example, CCDC13
is a gene that encodes a centriolar satellite protein that is
essential for ciliogenesis (46). This gene that is upregulated
with SOX9 knockdown has the strongest degree of nega-
tive correlation with SOX9 expression (r = −0.50), consistent
with SOX9 negatively regulating CCDC13 expression not
only in PANC-1 s but also across PDAC samples (Fig. 2B).
Conversely, expression of the downregulated gene Epithe-
lial splicing regulatory protein 1 (ESRP1), is strongly positively
correlated with SOX9 expression (r = 0.67), further suggest-
ing that SOX9 positively regulates this gene’s expression
(Fig. 2C). Overall, these data serve to validate observations from
our genome wide RNA-seq analyses and provide additional
support for our observed transcriptional targets of SOX9.
Importantly, these results support the biological relevance of
our in vitro model and suggest that the genes we identify
as targets of SOX9 are relevant to the human disease state.

SOX9 binding occurs primarily at transcription start
sites and regulates pancreatic functions

To identify SOX9-responsive regulatory regions, we undertook
anti-SOX9 ChIP-seq using PANC-1 chromatin. Following pull-
down, sequencing and alignment, our analysis identified 47 858
SOX9 binding sites in PANC-1s. Next, we analyzed the sequence
underlying the top 1000 most significant SOX9 binding events
to identify transcription factor motifs present at these sites.
The top enriched motif was a ‘head-to-head’ palindrome with
high similarity to the SOX9 consensus motif (Fig. 3A). This result
supports previous observations in chondrocytes that SOX9 can
function as a homodimer (47). The second highest enriched
motif matched the binding sequence for FOS::JUN (Fig. 3B), which
has been previously reported to bind in conjunction with SOX9
in chondrocytes (48). Similar to findings from other groups (49–
51), we observe an enrichment of SOX9 binding events at gene
promoters (8.8% of SOX9 peaks, n = 4219 versus the 1.1% of peaks
expected; Fig. 3C), with diminishing proportions of SOX9 binding
events occurring as the distance from the transcriptional start
site increases (Fig. 3D).

To interrogate the potential outcome of SOX9 binding in
PANC-1s, we performed functional annotation of the genes prox-
imal to SOX9 binding sites. We found many GO biological pro-
cesses that matched SOX9’s known roles (Fig. 3E). These include
1) ‘endocrine pancreas development’, consistent with the known

function of SOX9 activity in the pancreas during embryogenesis
(9,49,52) and 2) ‘stem-cell maintenance’, reflecting the partic-
ipation of SOX9 in maintaining pancreatic progenitor identity
(37,53,54). And 3) ‘ossification and osteoblast differentiation’
reflecting known functions for SOX9 that are normally restricted
to bone development (55,56) but may become dysregulated in
cancer (57).

Direct targets of SOX9 and overlap with known
pancreatic ductal genes

We compared our datasets of genes affected by SOX9 knock-
down (RNA-seq) to genes associated with SOX9 binding (ChIP-
seq data). Of the genes upregulated after SOX9 knockdown, a
minority (43%) was shown to be bound by SOX9. In the top
10 upregulated genes, there is only evidence for three genes
to be directly bound by SOX9. This is in contrast to the genes
downregulated by SOX9 knockdown where a majority are bound
by SOX9 (64%) and nine of the top 10 downregulated genes are
putative direct targets of SOX9 (Table 1).

As PANC-1s are originally derived from a PDAC (38), we
were interested to determine if PANC-1s possess similarities
to normal ductal cells—a possible cellular origin for this tumor
(58,59). To do this, we compared our datasets to two previously
published bulk RNA-seq experiments that were performed on
two populations of cells taken from adult zebrafish pancreas.
Ghaye et al. used an nkx6.1 fluorescent reporter to isolate
by FACS a ‘ductal’ cell population (including CACs) from
adult transgenic zebrafish (13,60); whereas, Delaspre et al.
used a Notch-responsive fluorescent reporter to specifically
isolate CACs (12). Sox9b was shown to be enriched in both
the resulting ‘ductal’ and ‘CAC’ transcriptomes, reflecting
the known expression of this gene in adult pancreas (10).
Table 1 summarizes the comparison of the PANC-1 data
generated here with the previous zebrafish-transcriptome work.
Following siRNA-induced SOX9 knockdown in PANC-1 s, none
of the top 10 upregulated genes have expression in either
zebrafish pancreatic ducts or CACs. In contrast 4/10 of the
‘downregulated genes’ have enriched expression in pancreatic
ductal cells (Table 1). Together, these results are consistent
with sox9b-expressing ducts being enriched for homologues
of SOX9 direct targets in PANC-1s. One of these homologues,
epcam, was also shown to be enriched in the zebrafish CAC
transcriptome (Table 1). These results suggest that our in vitro
model derived from a PDAC reflects the normal biology of
sox9b-expressing CACs.

SOX9 directly regulates expression of EPCAM

There are several biological connections between EpCAM and
SOX9. The expression of both these genes in healthy pancreas
is restricted to the ducts (61), whereas, expression of both genes
in tumors is enriched in cancer stem cells CSCs (57,62–65).
Accordingly, we examined the relationship between SOX9 and
EpCAM in greater detail. Examining the ChIP-seq (red) and RNA-
seq (blue) reads from our PANC-1 experiments at the EPCAM
locus (black), we interrogated how SOX9 might be regulating
EPCAM. First, through ChIP-seq, we identified a SOX9 binding
event overlapping the EPCAM transcriptional start site and
promoter (Fig. 4A). Consistent with SOX9 regulation of EPCAM,
following siRNA knockdown of SOX9, EPCAM transcription is
greatly diminished (Fig. 4A). To verify this observation, we
took the additional step of performing immunofluorescence
to detect EpCAM and SOX9 in PANC-1s transfected with either
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Figure 2. Expression data from PDAC samples corroborate the expression patterns seen in PANC-1s. (A) Expression analysis of the TCGA pancreatic adenocarcinoma

sample data set indicate that genes upregulated following siRNA knockdown of SOX9 in PANC-1s tend to cluster together and are lowly expressed in these ex vivo

samples. Furthermore, downregulated genes with SOX9 knockdown in PANC-1s tend to cluster together and with SOX9 and are highly expressed. (B) At an individual

gene level, CCDC13, a gene that is upregulated following SOX9 knockdown, is negatively correlated with SOX9 expression, suggesting that SOX9 negatively regulates this

gene. (C) Conversely, ESRP1, a gene that is downregulated following SOX9 knockdown, is positively correlated with SOX9 expression, suggesting that SOX9 positively

regulates this gene.

control or SOX9 siRNA. In control-transfected cells, SOX9 was
expressed in all cell nuclei and EpCAM was expressed at the
plasma membrane in all cells, albeit with varying intensity
(Fig. 4B). Following SOX9 knockdown, SOX9 expression was
reduced or absent in nuclei, and EpCAM expression too was

reduced or absent (Fig. 4C). Altogether, these results support
the conclusion that SOX9 directly binds the EPCAM locus,
enhancing EPCAM production in PANC-1s. Next, we examined
the co-regulation of SOX9 and EPCAM in the TCGA pancreatic
adenocarcinoma samples, as previously described. In doing so,
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Figure 3. Characteristics of SOX9 gene regulation include promoter proximal binding and regulation of genes important in pancreatic biology. (A) The most common

motif seen at SOX9 binding sites is head-to-head SOX9 binding sequences indicating binding as a homodimer. (B) The second most common motif at SOX9 binding sites

is recognized by FOS::JUN. (C) SOX9 binding is enriched at promoters (≤1000 base-pairs upstream of a transcription start site). (D) As distance from the transcriptional

start site increases, the proportion of SOX9 binding events decreases. (E) The nearest genes to SOX9 binding sites are enriched for GO terms related to known SOX9

biology, including endocrine pancreas functions.
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Table 1. Comparison of SOX9-dependent, SOX9-bound and duct-expressed genes.

we observe a strong positive correlation of SOX9 and EPCAM
expression (r = 0.58; Fig. 4D), consistent with SOX9 being a
positive regulator of EPCAM transcription in multiple PDACs
and not just an artifact of PANC-1s derivation or in vitro
maintenance.

SOX9 has many distinct roles during pancreas organogene-
sis, including maintaining a bipotent endocrine/ductal progen-
itor population (reviewed (66)). To test whether SOX9 regulates
EPCAM expression during development, we performed in situ
hybridizations on pancreata dissected from larval zebrafish at
5 days postfertilization (dpf).

At this stage of development, acinar cells surround a large
principal islet and extend posteriorly to form a pancreatic tail.
The ductal cells are organized equatorial to the islet and run
down the center of the pancreatic tail (8,67,68). At these larval
stages, all the ductal cells are Notch responsive, express sox9b,
and are akin to early CACs (8).

To detect if levels of Sox9b activity affect epcam expres-
sion, we utilized a zebrafish line containing the mutant null
allele sox9bfh313 (10,69). Heterozygous sox9bfh313 fish (hereafter
sox9b+/−) were incrossed and whole mount in situ hybridiza-
tion (wmish) was performed to detect epcam transcript in the

progeny at 5 dpf. Epcam expression is detected in the ductal
region of pancreata in all three genotypes (Fig. 4E–G). Epcam
expression is harder to discern in wild-type pancreata (n = 33,
representative image in Fig. 4E); the signal is noticeably stronger
in heterozygous pancreata (Fig. 4F, n = 55) and strongest in the
CACs of mutant homozygotes (Fig. 4G, n = 23). Previous stud-
ies showed that Sox9b−/− homozygotes have fewer CACs than
either heterozygotes (53) or wild types (10,69). As the strongest
epcam staining occurs in the pancreata with the least CACs, we
conclude that loss of Sox9b causes enhanced epcam expression.
As in the case of PDAC, there is a clear correlation in expres-
sion between a SOX9 homologue and an EPCAM homologue
suggesting transcriptional regulation—although SOX9 activity is
consistent with a role as a repressor in the developing pancreas
and an activator in PDAC.

To learn more about Epcam function, we generated a null
allele (epcam jh79) using CRISPR/Cas9 technology in zebrafish
(Supplementary Material, Fig. S1). Null homozygous epcam
mutants are viable and have morphologically normal pan-
creata (data not shown). Indeed, there are only a few gross
morphological abnormalities. Using alternative mutant alleles
of epcam, other groups have previously reported that one

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddab064#supplementary-data
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Figure 4. EPCAM is direct target of SOX9. (A) RNA-seq (blue) and ChIP-seq (red) reads over the EPCAM locus confirm siRNA-mediated EPCAM knockdown and SOX9

binding at the transcription start site. (B, C) Immunofluorescence detection of SOX9 and EPCAM in PANC-1 s treated with control siRNA (B) and SOX9 siRNA (C). (D)

Positive correlation of EPCAM and SOX9 expression in TCGA pancreatic adenocarcinoma samples. (E-G) Whole mount in situ hybridization to detect epcam expression

in the pancreas of 5 dpf zebrafish with the following sox9b genotypes: (E) +/+, (F) +/− and (G) −/− (H–M) cilia phenotype in MZ epcamjh79 mutants: Bright-field images

of otic vesicles in wild-type (H) and MZ epcam mutants (K). Immunofluorescent detection of acetylated tubulin (green), phalloidin (red) and DAPI (blue), using confocal

microscopy, in wild-type (I) and MZepcam mutants (L). Dashed insets indicate areas enlarged in (J) and (M) to visualize cilia. Scale bar 100 μm (B, C, E, F, G, H, I, K and L)

and 5 μm (J, M).

clear abnormality is in the developing the ear (70). By 1 dpf,
wild-type embryos have very distinctive otic vesicles, each
containing two large otoliths (Fig. 4H); whereas, otoliths in
mutants are either absent or extremely small (Fig. 4K). This

defect was most pronounced in the otic vesicles of maternal
zygotic (MZ) epcamjh79 homozygotes (hereafter MZ mutants).
This ear defect is only transient and by 2.5 dpf, mutants display
otoliths within the size range seen in wild-type siblings (data not
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shown). Otolith formation is linked to cilia function in the otic
epithelium (71). Accordingly, we performed immunofluorescent
staining against acetylated tubulin to detect cilia in the
developing ear of 1 dpf wild-type (Fig. 4I and J) and MZ mutant
embryos (Fig. 4L and M). On close quantification by confocal
microscopy, all MZ mutants (n = 20) had aberrant cilia. At 1
dpf, a wild-type otic vesicle (n = 18) has on average 6.17 ± 0.44
cilia, whereas MZ mutants have significantly fewer 2.55 ± 0.3,
P < 0.01, two-tailed t test (Supplementary Material, Fig. S2A).
When present in the MZ mutants, cilia were significantly shorter
(P < 0.01, two-tailed t test) at an average length of 4.01 ± 0.2
microns—compared to wild-type cilia at 5.44 ± 0.09 microns
(Supplementary Material, Fig. S2B). To see if the aberrant cilia
phenotype was conserved in other epithelial, we looked at two
other structures previously described as highly ciliated, namely
the developing olfactory pits (72) and pronephric duct (73). We
saw a lack of cilia in the developing olfactory pit and the distal
pronephric epithelium (Supplementary Material, Fig. S2C and D).
Together these results indicate that Sox9b activity negatively
regulates epcam expression in the pancreas and that EpCAM is
required for normal ciliogenesis in multiple epithelia.

Discussion
To better understand the role of SOX9 in PDAC, we set out to
obtain a list of genes regulated by this transcription factor in
PANC-1 s. We performed two experiments: 1) a knock down with
RNAi to get a list of differentially expressed genes that depend
on SOX9 levels and 2) ChIP-seq using a SOX9 antibody to find the
regions of the genome bound by SOX9. In our first experiment,
we achieve a reduction in SOX9 expression to approximately
25% normal levels and consequently, we identified 93 DE genes
(Supplementary Material, Table S1). While we achieve a robust
decrease in SOX9 levels, perhaps a larger number of differentially
regulated genes could be identified with knock-out studies, as
suggested in Stöckl et al. (74). These genes fit into two groups—
those downregulated upon SOX9 knock down and those upreg-
ulated upon SOX9 knock down. It is assumed that in PANC-1 s,
the former group of DE genes is normally positively regulated
by SOX9 activity and those in the latter group are normally
repressed by SOX9 activity.

Gene ontology pointed to biological processes positively reg-
ulated by SOX9 that included Notch-signaling target activation
and negative regulation of cell proliferation. In murine pancre-
atic progenitors during development, it has been shown that
Notch signaling regulates Sox9 expression (11,75). Our results
show that SOX9 also positively regulates Notch-signal trans-
duction suggesting a positive feedback loop between SOX9 and
Notch. Notch signaling is thought to have multiple roles in the
induction and progression of pancreatic tumors (76). Cells in
human PDACs respond to Notch signaling (34), and several exper-
iments in mice suggest an oncogenic-like function for Notch
(77,78). However, our results do not point to a simple model
where Notch signaling and SOX9 act in concert to drive PDAC
formation. Most GO biological terms associated with the down-
regulated DE genes point to SOX9 positively regulating repres-
sors of cell proliferation—a characteristic predicted for a tumor
suppressor. Indeed, a connection between SOX9 activity and low
levels of proliferation has been made in several different systems
(79–81) and further work is needed to tease out the complicated
relationship between SOX9, Notch and tumorigenesis.

From our GO results, the top biological processes repressed
by SOX9 activity were all involved in some aspect of cilia biology.
Primary cilia are organelles instrumental in sensing signals from

the extracellular environment. Biliary epithelial cells (BECs) of
the liver share many similarities with intercalated duct cells
and CACs of the pancreas. When expression of both Sox9 and
Sox4 were removed from mouse BECs, these cells failed to form
primary cilia (82). Pancreatic duct cells in Sox9-null homozygous
mice also failed to develop primary cilia (11). Our results now
provide a more detailed picture of the cilia-related genes altered
when SOX9 is lost. What is intriguing, however, is our finding
that SOX9 acts to repress rather than enhance ciliogenesis in
PANC-1 s. Clearly, there is an inverted relationship between SOX9
function and cilia in cancer versus development.

We compared our results from PANC-1 s to PDAC samples
listed in TCGA. In doing so, we showed that the relationship
found in PANC-1 s between SOX9 expression and many of the
DE genes was also present in multiple PDAC samples. This
correlation lends support to our conclusion that the DE genes
are dependent on SOX9 function and also suggests that the SOX9
regulation we have uncovered is not unique to just PANC-1 s. To
distinguish direct from downstream targets of SOX9 activity, we
performed ChIP-seq in PANC-1s. In contrast to previous work in
other cell systems (50) wherein identifying a robust consensus
SOX9 motif was hindered by an apparently low-sequence speci-
ficity of SOX9 binding, we detected the enrichment of a canonical
SOX9 binding consensus sequence (head-to-head SOX9 motif)
under peaks. The presence of enriched SOX9 sites is taken as
strong validation of the results. We observe an enrichment of
SOX9 binding peaks at gene promoters and investigated whether
there is evidence of direct SOX9 binding at the promoters of
the genes identified as differentially regulated following SOX9
knockdown (83).

Of the top 10 downregulated genes following SOX9 knock-
down, nine were also bound at their promoters by SOX9 in our
ChIP-seq data. These genes would be predicted to be positively
regulated by SOX9, and indeed, we know several of these tran-
scripts are expressed in sox9b-expressing pancreatic ducts in the
zebrafish. One of these genes, EpCAM, is expressed in CACs, a
ductal cell subtype with the characteristics of facultative pro-
genitors (8). As with the cilia genes mentioned above, the rela-
tionship between SOX9 function and EpCAM expression seems
to be inverted when comparing the situation in PANC-1 s to an
in vivo zebrafish model system. There are several explanations
that could account for this switch from activator to repressor.
SOX9 (and homologs) are known to regulate transcription by
binding cis-regulatory elements in the genome, but it is cell-
specific cofactors that determine whether Sox9 will act as a
transactivator or repressor (28,29,84). Our results are consistent
with different species-specific cofactors being used, or different
cofactors being used in healthy versus cancerous cells. These
observations require further investigation as such changes in
cofactor use could provide a potential therapeutic route.

The EpCAM gene itself encodes a 40 kDa transmembrane
glycoprotein that is often used as a biomarker for carcinoma
(85), and in common with SOX9, it is enriched in CSCs (86). In
most carcinomas (including pancreatic), high EpCAM expres-
sion correlates with low survival rate (reviewed in (87) and (88).
Although a wealth of data is available for EpCAM function in
vitro, exactly what if any role EpCAM plays in carcinogenesis is
still under debate (43). As its full name (epithelial cell adhesion
molecule) implies, this protein was originally believed to be a
homophilic cell adhesion molecule; however, recent biochemical
work has refuted this role (89). Furthermore, EpCAM is cleaved
multiple times and on either side of the membrane and the
intra-cellular portion can modulate the function of PKC (90) and
even enter the nucleus, where it can interact with transcription

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddab064#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddab064#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddab064#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddab064#supplementary-data
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factors, such as LEF1 (91). We provide the first evidence that
loss of function in EpCAM leads to a cilia defect. In MZ epcam
mutants, every otic vesicle displays a significant delay in otolith
production concurrent with a cilia defect—both in number and
length at 1 dpf. Future studies must address if regulating cilia
is a general role for EpCAM or specific to the otic vesicle. It will
also be interesting to determine whether this role in ciliogenesis
is related to EpCAM’s association with decreased survival rate
in cancer or whether EpCAM expression is solely a marker of
carcinogenesis.

Loss of cilia can impact cell biology profoundly as it disrupts
normal paracrine signaling—a classic hallmark of carcinogene-
sis (92). PanIN cells induced by the overexpression of KRAS in
transgenic mice were shown to be abnormally devoid of primary
cilia (93). In another mouse model, Kif3a (essential cilia gene)
was conditionally deleted in the pancreas leading to ADM and
pancreatitis (94). Pancreatitis (inflammation and destruction of
the pancreas) is the leading known risk factor for developing
PDAC (18). Considering all these data together, we hypothesize a
direct link between KRAS activity, SOX9 activation and cilia-gene
repression—a potential cancer-driving pathway that warrants
closer investigation.

Materials and Methods
RNA-seq library preparation and sequencing

PANC-1s were transfected in 24 well plates with either 25 nM of
control siRNA (Dharmacon catalog # D-001210-03-05) or 25 nM
of SOX9 siRNA (Dharmacon catalog # M-021507-00-0005) using
Lipofectamine 3000 (Thermo). After 48 h, transfected cells were
pooled (four wells per replicate) and harvested, two replicates
from each siRNA condition, and total RNA was isolated using
a Qiagen RNeasy kit. RNA-seq libraries were created using the
Illumina TruSeq Stranded Total RNA Sample Prep Kit. RNA-seq
libraries were pooled and sequenced on the Illumina HiSeq 2000
to a minimum depth of 60 million 2 × 100 bp reads per library.

RNA-seq alignment, quantification and analysis

Reads were aligned to hg19 genome with HISAT2 (v2.0.5; (95))
and visualized with the Integrative Genomics Viewer (96,97).
Statistical analyses were performed using both R (98). Gene
expression was quantified using the ‘featureCount’ function
of the Rsubread package (v1.28.1; (99)) to count read overlap
with RefSeq genes. Genes with greater than one read across
all four samples were submitted to DESeq2 (v1.18.1; (100))
to identify genes differentially expressed across conditions
(absolute(log2(fold change)) > 1, adjusted P-value <0.05). To
generate the volcano plot, each gene’s log2(fold change) was
plotted against the –log10(adjusted P-value), with genes meeting
our criteria for significantly differentially expressed being
plotted in red (upregulated) or blue (downregulated). Genes
significantly up- and downregulated were submitted to Enrichr
(101,102). The GO Biological Process (2017b) was ranked on the
basis of the combined score. Differentially expressed genes were
annotated as being directly bound by SOX9 if there was a SOX9
binding event within 1 kb (upstream or downstream) of the
transcriptional start site (RefSeq, hg19).

ChIP-seq library preparation and sequencing

PANC-1s were grown in DMEM supplemented with 10% FBS at
37◦C with 5.0% CO2 and passaged at 70–80% confluency. Two bio-
logical replicates of ChIP-seq were performed. Briefly; approx-
imately 2.0 × 108 cells were crosslinked in 11% formaldehyde

and stopped with 2.5 M glycine before being washed in 1 × PBS,
lysed and sonicated for 35 min in a Bioruptor at 4◦C to achieve
a fragment size of approximately 200 bp. An input fraction was
set aside, and the rest of the lysate was then incubated with
10 μg anti-SOX9 (AB5535, Millipore) overnight at 4◦C. Antibody-
bound chromatin was then purified using Protein G Dynabeads
(Thermo), and crosslinking was reversed overnight at 65◦C. ChIP-
seq libraries were created using the Illumina TruSeq DNA Sam-
ple Prep Kit and quantified using Quant-iT PicoGreen dsDNA
assay (Invitrogen). ChIP-seq libraries were pooled and sequenced
on the Illumina HiSeq to a minimum depth of 59 million, 1 × 50
bp reads per library.

ChIP-seq alignment, peak calling and analysis

Reads were aligned to hg19 with Bowtie2 (v2.2.5; (103)) in—
local mode following TruSeq adapter removal and quality filter-
ing with fastx toolkit (v0.0.14). Following alignment, reads with
mapping score < MAPQ30, reads aligning to the mitochondria
and duplicate reads were removed with SAMtools (v1.3.1; (104)).
ChIP-seq replicates were combined, and peaks were called on
this joint file with MACS2 (v2.1.1.20160309; (105)) using ‘call-
peak’. Peaks with q-value >10−3 and those overlapping ENCODE
blacklists were removed (106). These peaks were annotated for
their genomic location using CEAS (v1.0.0; (107) of the Cistrome
analysis pipeline (108) and the distance of each peak to the
nearest gene’s transcriptional start site was quantified. The top
1000 most significant SOX9 peaks by q-value were submitted
to SeqPos (v1.0.0) under default parameters. The top resulting
position weight matrices were matched to motifs in the JASPAR
database (109). These same 1000 peaks were submitted to GREAT
(v3.0.0; (110)) under default settings except that the association
rule was expanded such that ‘proximal’ was defined as 5 kb both
upstream and downstream. The top 20 GO Biological Process
terms by binomial rank were chosen for display and manually
grouped by function.

Western blot confirmation of SOX9 knockdown

PANC-1s were cultured in 6-well plates and transfected with
100 nM control siRNA (catalogue number above) or 100 nM
SOX9 siRNA (catalogue number above). After 48 h, cells were
washed with PBS, isolated in RIPA buffer with complete, EDTA-
free protease inhibitor (Roche) and vortexed. Supernatant was
collected after centrifugation. Protein concentration was deter-
mined using the Pierce BCA Protein Assay Kit (Thermo Scien-
tific), and 10 μg of protein was run on an any kD Mini-PROTEAN
TGX Precast Protein Gel (Bio-Rad). Transfer from gel to mem-
brane was carried out at 45 V for 90 min, and then the membrane
was blocked for 1 h before overnight incubation in rabbit anti-
Sox9 (Santa Cruz sc-20 095 1:500). Membrane was then washed
three times and incubated in anti-rabbit HRP (Cell Signaling
7074S 1:2500) for 1 h. Signal was developed using SuperSignal
West Dura Extended Duration Substrate (Thermo Scientific) and
exposure on a ChemiDoc-It2 for 5 min. Membrane was stripped
using Restore Western Blot Stripping Buffer (Thermo Scien-
tific), and repeated staining plus development was performed
as described above using rabbit anti-beta-tubulin (Cell Signaling
2128 1:1000) primary, exposure for 2 min 30 s.

Antibody staining

PANC-1s were grown on gelatin-coated coverslips for 48 h after
siRNA transfection and fixed in 4% paraformaldehyde buffered
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in 1X PBS. Following 4 × 5 min washes in 1X PBS, coverslips
were blocked in PBST +10% FBS for 1 h at room temperature
and permeablized in 0.5% Triton in PBS for 20 min, incubated
with primary antibodies (rabbit anti-SOX9 Santa Cruz sc-20 095
1:250, mouse anti-EPCAM Santa Cruz sc-66 020 1:100) at 4◦C
overnight. Coverslips were washed 4 × 5 min in blocking, then
incubated in secondary antibody (Alexa Fluor 488 donkey anti-
rabbit, Alexa Fluor 488 donkey anti-mouse, Cy3 donkey anti-
rabbit, all 1:500, Jackson ImmunoResearch 711-546-152, 715-456-
150, 711-166-152, respectively) at 4◦C overnight before 4 × 5 min
final PBST washes and a brief DAPI (1:2500 in PBS) stain. Images
were collected using a Nikon A1-si Laser Scanning Confocal
microscope.

Zebrafish EpCAM mutant and wild-type embryos at 1 dpf
were fixed in 4% paraformaldehyde overnight at 4◦C. Afterwards,
the embryos were washed 3 × 10 min in 0.1% TritonX-100 PBS
(PBST). The embryos were then blocked in PBST +10% FBS for
1 h and incubated overnight at 4◦C with mouse anti-acetylated
alpha tubulin (Sigma 1:500) and Alexa-Fluor 568 phalloidin (1:40).
After, another 3 × 10 min washes with PBST, the embryos were
incubated with Alexa Fluor 488 donkey anti-mouse (1:500) for 3 h
at room temperature. After another 3 × 10 min washes with PBST,
the embryos were covered with hard set Vectashield mounting
medium containing DAPI. The embryos were then mounted and
imaged on a Leica SP8 confocal microscope.

Live imaging of embryos

Embryos at 1 dpf were anesthetized and mounted in low melt
agarose. Their otoliths were then imaged on a Leica SP8 confocal
in brightfield.

Quantitative PCR confirmation of differentially
expressed genes

PANC-1s were cultured in 12-well plates and transfected with
100 nM control siRNA (catalogue number above) or 100 nM
SOX9 siRNA (catalogue number above). After 48 h, RNA was
isolated using Qiagen RNeasy Kit (with DNase digestion step)
and cDNA was synthesized using Superscript III (Thermo) with
random hexamer primers. Three biological replicates of the
quantitative PCR reactions were run in technical triplicate
following the default SYBR green cycling conditions on an
Applied Biosystems Viia 7 using 2× Power SYBR Green Master
Mix (Applied Biosystems). Expression was calculated using the
��CT method normalized to GAPDH expression and control
siRNA transfected cells. Primer sequences can be found in
Supplementary Material, Table S2.

Correlation with TCGA pancreatic adenocarcinoma
expression patterns

mRNA sequencing from 178 pancreatic adenocarcinoma sam-
ples from the TCGA was accessed and downloaded on March
2, 2018. Read counts were log2 normalized after addition of a
pseudocount, and a heatmap (111) was generated for all signifi-
cantly upregulated and downregulated genes and SOX9’s expres-
sion patterns in these samples, using hierarchical clustering to
group these selected genes into three clusters, and scaling the
expression values by column. Individual gene correlation with
SOX9 expression was calculated using the Pearson correlation
method, and for visualization, normalized expression values
were plotted.

in situ hybridization

sox9bfh313 heterozygotes were in-crossed, and subsequent
embryos were maintained in E3 media. NOTE: the sequence
of epcam is highly polymorphic, and all fish used to generate
larvae were first screened for homozygosity across the locus. At
5 dpf, zebrafish larvae were euthanized on ice. Cadavers were
cut (transverse) into two at the level of the cloaca. The tail of
each larvae was placed in a well of a 96 well plate and digested
for genomic DNA prep (112). The remaining fish was placed into
4% PFA in a separate 96-well plate (in the same well position as
tail) overnight at 4◦C. Tail DNA was genotyped (10). As required,
pancreata of known genotypes were dissected and placed into
separate tubes ready for whole mount in situ (WMISH) protocol
(68). The original WMISH protocol was modified for dissected
larval zebrafish pancreata (See Supplemental Materials and
Methods for modifications).

The epcam riboprobe (1.2 kb) was synthesized from larval
cDNA (derived from sibling fish) using the following primers: for-
ward—GGCCAGAGAGGGGATATCTT, reverse—GTTAATCCAATT-
GAAGAGAAGC. To make a stock riboprobe of epcam, the
transcription reaction was carried out for 2 h using 1 μg of DNA
in a total volume of 20 μL. The probe was transcribed using
Dig rNTP labeling mix (Roche), and the transcribed riboprobe
was cleaned using the RNAeasy elution kit following the
manufacturers protocol (Qiagen). To establish a working epcam
probe for WMISH, the probe was diluted 1:100 in hybridization
buffer. Images were collected on a Zeiss Axioplan2.

Data Availability
ChIP-sequencing and RNA-sequencing data will be available
at the Gene Expression Omnibus (GEO) under the accession
number GSE167590.
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Supplementary Material is available at HMG online.
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