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BACKGROUND & AIMS: SETDB1, a histone methyltransferase
that trimethylates histone H3 on lysine 9, promotes develop-
ment of several tumor types. We investigated whether SETDB1
contributes to development of pancreatic ductal adenocarci-
noma (PDAC). METHODS: We performed studies with Ptf1aCre;
KrasG12D; Setdb1f/f , Ptf1aCre; KrasG12D; Trp53f/þ; Setdb1f/f, and
Ptf1aCre; KrasG12D; Trp53f/f; Setdb1f/f mice to investigate the
effects of disruption of Setdb1 in mice with activated KRAS-
induced pancreatic tumorigenesis, with heterozygous or
homozygous disruption of Trp53. We performed microarray
analyses of whole-pancreas tissues from Ptf1aCre; KrasG12D;
Setdb1f/f, and Ptf1aCre; KrasG12D mice and compared their gene
expression patterns. Chromatin immunoprecipitation assays
were performed using acinar cells isolated from pancreata with
and without disruption of Setdb1. We used human PDAC cells
for SETDB1 knockdown and inhibitor experiments. RESULTS:
Loss of SETDB1 from pancreas accelerated formation of
premalignant lesions in mice with pancreata that express acti-
vated KRAS. Microarray analysis revealed up-regulated
expression of genes in the apoptotic pathway and genes regu-
lated by p53 in SETDB1-deficient pancreata. Deletion of Setdb1
from pancreas prevented formation of PDACs, concomitant
with increased apoptosis and up-regulated expression of Trp53
in mice heterozygous for disruption of Trp53. In contrast,
pancreata of mice with homozygous disruption of Trp53 had no
increased apoptosis, and PDACs developed. Chromatin immu-
noprecipitation revealed that SETDB1 bound to the Trp53
promoter to regulate its expression. Expression of an inacti-
vated form of SETDB1 in human PDAC cells with wild-type
TP53 resulted in TP53-induced apoptosis. CONCLUSIONS: We
found that the histone methyltransferase SETDB1 is required
for development of PDACs, induced by activated KRAS, in mice.
SETDB1 inhibits apoptosis by regulating expression of p53.
SETDB1 might be a therapeutic target for PDACs that retain
p53 function.

Keywords: Pancreatic Cancer; Oncogene; Cell Death; Epigenetic
Factor.
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ancreatic ductal adenocarcinoma (PDAC) is one of
BACKGROUND AND CONTEXT

SETDB1, a histone methyltransferase that trimethylates
histone H3 on lysine 9, promotes development of
several tumor types, but it is not clear if it contributes to
development of pancreatic ductal adenocarcinoma
(PDAC).

NEW FINDINGS

SETDB1 is required for development of PDACs, induced
by activated KRAS, in mice. SETDB1 inhibits apoptosis
by regulating expression of p53.

LIMITATIONS

Future studies are required to clarify the role of SETDB1 in
p53 mutated PDAC.

IMPACT

SETDB1 might be a therapeutic target for PDACs that
retain p53 function.
Pthe most dismal malignancies, with an extremely
poor prognosis.1 In order to further improve the prognosis,
it is crucial to elucidate the molecular mechanisms under-
lying PDAC initiation and progression.

Recent studies have revealed that epigenetic abnormal-
ities exhibit a great influence on the characteristics of cancer
development in addition to genetic abnormalities.2–4 One
form of epigenetic regulation, known as histone modifica-
tion, contributes to tumorigenesis by affecting the expres-
sion of oncogenes/tumor suppressor genes. In fact, previous
reports have shown that histone methyltransferases sup-
press pancreatic cancer by regulating glucose/fatty acid
metabolism and promoting pancreatic regeneration.5,6

Setdb1 serves as a histone 3 lysine 9 trimethyltransfer-
ase. Trimethylation of histone 3 lysine 9 (H3K9me3) is a
repressive chromatin modification.7 Setdb1 plays different
functional roles through gene silencing. It helps to control
heterochromatin formation8 and contributes to stem cell
maintenance,9 embryonic development, and endogenous
proviral silencing.10 Recently, an in vivo study revealed that
the amplification of Setdb1 accelerates the development of
melanoma,11 and SETDB1 has been shown to promote
tumorigenesis in various human cancers, including lung,12

liver,13,14 and breast cancers.15 Furthermore, a whole-
exome sequencing study revealed a copy number amplifi-
cation mutation of SETDB1 in PDAC patients.16 These find-
ings indicate a role of Setdb1 in PDAC initiation and
progression. However, the functional role of Setdb1 in PDAC
remains elusive. Therefore, in this study, we aimed to
investigate the impact of Setdb1 deletion on Kras-induced
pancreatic tumorigenesis and elucidate the in vivo role of
Setdb1 in PDAC formation in mouse models.
Abbreviations used in this paper: ADM, acinar-to-ductal metaplasia; ChIP,
chromatin immunoprecipitation; CK19, cytokeratin 19; H3K9me3, histone
H3 on lysine 9 tri-methylation; KC, Ptf1aCre; KrasG12D; KCS, Ptf1aCre;
KrasG12D; Setdb1f/f; KO, Ptf1aCre; Setdb1f/f; KPheteroC, Ptf1aCre; KrasG12D;
p53f/D; PanIN, pancreatic intraepithelial neoplasia; PDAC, pancreatic
ductal adenocarcinoma; qRT-PCR, quantitative reverse transcription po-
lymerase chain reaction.
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Materials and Methods
Mice

Experimental animals were generated by crossing Ptf1aCre

(gift from Y. Kawaguchi, Kyoto University, Kyoto, Japan),17

KrasG12D (gift from D. Tuveson, Cold Spring Harbor Labora-
tory, Cold Spring Harbor, NY),18 Setdb1flox (gift from Y. Shinkai,
Riken, Saitama, Japan),10 and p53flox (purchase from Jackson
Laboratory, Bar Harbor, ME; JAX strain 008462).

Acute pancreatitis was induced at 6 weeks of age by
injecting cerulein (2 mg/injection diluted in phosphate-buffered
saline; Sigma-Aldrich, St Louis, MO) intraperitoneally on 2
consecutive days once every hour for 8 hours each day.19

Clinical Samples
Forty-eight surgically resected specimens of pancreatic

cancer tissues were obtained from patients who had been
admitted to Kyoto University Hospital. Written informed con-
sent was obtained from all patients and the protocol was
approved by the Ethics Committee of Kyoto University.

Cell Lines
A mouse acinar cell line (266-6) was purchased from ATCC

(Manassas, VA), and cultured on 0.1% gelatin-coated plate in
Dulbecco’s modified Eagle medium supplemented with 10%
fetal bovine serum. Human PDAC cell lines (PK59 and KP4)
were purchased from RIKEN (Tsukuba, Japan), and cultured in
RPMI medium supplemented with 10% fetal bovine serum. For
inhibition experiments, cells were cultured in growth medium
containing 10% fetal bovine serum overnight at 37�C under 5%
CO2 on a 6-well plate. Then, the plates were treated with
mithramycin at defined concentrations or dimethyl sulfoxide
for 3 days. Total RNA was extracted from PDAC cell lines
administered with mithramycin for 3 days using RNA mini Kit.

Statistics
Data are presented as mean ± SEM. Statistical comparisons

between groups were made using the Student t test or Cochran-
Armitage test. P values <.05 were considered as statistically
significant. All statistical analyses were performed with either
GraphPad Prism, version 6.0 (GraphPad, La Jolla, CA), JMP 15
(SAS Institute Inc, Cary, NC), or Microsoft Excel 2016 (Micro-
soft, Redmond, WA).

Study Approval
All mice experiments were approved by the animal research

committee of Kyoto University and performed in accordance
with Japanese government regulations. Surgically resected
specimens of pancreatic cancer tissues were obtained from
patients who had been admitted to Kyoto University Hospital.
Written informed consent was obtained from all patients and

http://creativecommons.org/licenses/by-nc-nd/4.0/
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the protocol was approved by the Ethics Committee of Kyoto
University.

Detailed methods are described in the Supplementary
Material and Methods. Primary antibodies are listed in
Supplementary Table 1. Primer Sequences are described in
Supplementary Table 2.
Results
Setdb1 was Dispensable for Pancreatic
Development

To determine the expression pattern of Setdb1 in
pancreatic epithelial cells in mice, we first performed
immunohistochemistry. Setdb1 was expressed in pancreatic
ductal cells and a small subset of acinar cells in wild-type
mice (Figure 1A and B). During cerulein-induced pancrea-
titis, Setdb1 was expressed in ductal cells, almost all acinar
cells, and acinar-to-ductal metaplasia (ADM) (Figure 1A and
B). In Ptf1aCre; KrasG12D (KC) or Ptf1aCre; KrasG12D; p53f/þ

(KPheteroC) mice, a well-established mouse model of PDAC,
Setdb1 was expressed in ADM, pancreatic intraepithelial
neoplasia (PanIN), and PDAC (Figure 1A and B). Also,
Western blot analysis revealed that Setdb1 and H3K9me3
were expressed in PanIN and PDAC tissues from KC and
KPheteroC mice, respectively (Figure 1C). In addition, enzyme
activity of H3K9 methyltransferase was observed in mouse
PanIN and PDAC tissues, respectively (Figure 1D). Consis-
tent with the expression pattern in mice, in humans,
SETDB1 was expressed in pancreatic ductal cells and a
subset of acinar cells in normal pancreas (Figure 1E).
Further immunohistochemical analysis revealed positive
SETDB1 expression in 21 out of 48 PDAC cases (Figure 1E
and F).

To investigate the possible functional requirement of
Setdb1 for pancreatic development and maintenance, we
generated Ptf1aCre; Setdb1f/f mice. Ptf1aCre; Setdb1f/f mice
were born as predicted by the Mendelian ratio and were
indistinguishable from control Ptf1aCre mice. Ptf1aCre;
Setdb1f/f mice were indistinguishable from control mice in
terms of pancreata appearance and the pancreas/body
weight ratio at 6 weeks of age. Histologically, Ptf1aCre;
Setdb1f/f mice showed no pancreatic abnormalities at that
time point (Supplementary Figure 1A). Efficient recombi-
nation of the Setdb1 allele was confirmed in Ptf1aCre;
Setdb1f/f pancreata by quantitative reverse transcription
polymerase chain reaction (qRT-PCR) (Supplementary
Figure 1B). These data suggested that Setdb1 was dispens-
able for pancreatic development in mice.
Setdb1 Was Required for Exocrine Pancreatic
Regeneration

Given that Setdb1 was expressed in ADM, we next
determined whether Setdb1 plays a role in exocrine
pancreas regeneration in response to cerulein-induced
acute pancreatitis, which induced ADM. Two and 7 days
after cerulein treatment, in contrast to control Ptf1aCre mice,
massive pancreatic atrophy and severe reduction in the
pancreas to body weight ratio were observed in Ptf1aCre;
Setdb1f/f mice (Figure 2A and B). Histologically, 2 days after
cerulein treatment, infiltration of inflammatory cells and
ADM formation were induced due to acute pancreatitis in
control Ptf1aCre mice. In contrast, more massive infiltration
of inflammatory cells was observed concomitant with
increased ductal structures and fewer acinar cells in
Ptf1aCre; Setdb1f/f mice compared with control mice
(Figure 2C, Supplementary Figure 2A). In addition, the pa-
thology score of pancreatitis was significantly higher in
Ptf1aCre; Setdb1f/f mice compared to control mice
(Figure 2D). These findings suggested that Setdb1 loss
resulted in the exacerbations of pancreatitis in the early
acute phase. Seven days after cerulein treatment, prolonged
pancreatitis was observed in Ptf1aCre; Setdb1f/f mice,
whereas pancreatitis was almost fully recovered in control
mice (Figure 2C and D).

To better characterize the immune cell populations
infiltrating in Ptf1aCre; Setdb1f/f pancreata 2 days and 7
days after cerulein treatments, we performed immuno-
staining for F4/80, CD45, CD3, CD8, CD11b, and CD117.
The immunostaining and quantification results revealed
that the number of F4/80-, CD45-, CD3-, or CD11b-
positive cells was significantly increased in Ptf1aCre;
Setdb1f/f mice compared to the controls 2 days and 7
days after treatment (Figure 2C and D, Supplementary
Figure 2A and B). The infiltration of F4/80-positive
cells was remarkably observed in Ptf1aCre; Setdb1f/f

mice. The infiltration of CD8- or CD117-positive cells was
rarely observed in both control and Ptf1aCre; Setdb1f/f

mice. These data indicated that pancreatic deletion of
Setdb1 exacerbated the cerulein-induced pancreatitis and
that pancreatic Setdb1 was required for normal exocrine
pancreas regeneration after cerulein-induced pancreatitis.

To investigate the underlying mechanisms for the
pancreas atrophy in Ptf1aCre; Setdb1f/f mice upon pancrea-
titis, we evaluated cell proliferation and apoptosis in
Ptf1aCre and Ptf1aCre; Setdb1f/f mice 2 days after cerulein
treatment. Immunostaining for cleaved caspase 3 and ter-
minal deoxynucleotidyl transferase–mediated deoxyuridine
triphosphate nick-end labeling (TUNEL) staining revealed a
dramatic increase in apoptotic cells in Ptf1aCre; Setdb1f/f

mice compared to control Ptf1aCre mice, whereas immuno-
staining for Ki67 revealed that there were no differences in
cell proliferation between the control and Ptf1aCre; Setdb1f/f

mice (Figure 3A–C). To investigate the possible mechanism
of Setdb1 deletion-mediated apoptosis upon pancreatitis, we
performed immunostaining for p53, which is one of the
major players for apoptosis, and found that p53 expression
was markedly increased in Ptf1aCre; Setdb1f/f mice 2 days
after cerulein treatment (Figure 3D and E). Consistently,
qRT-PCR analysis revealed that the expression of apoptotic
genes, including Apaf1, Noxa, and p53, was significantly
elevated in Ptf1aCre; Setdb1f/f mice compared to control
mice, whereas the expression of an anti-apoptotic gene, Bcl2,
was significantly decreased (Figure 3F and G). In a physio-
logical condition, p53 expression was comparable between
Ptf1aCre and Ptf1aCre; Setdb1f/f mice (Supplementary



Figure 1. The expression of Setdb1 in mouse and human pancreas. (A) Representative immunostaining for Setdb1 in wild-type
(WT) mice (upper left) at 6 weeks of age, cerulein-induced pancreatitis (upper right) 2 days after cerulein treatment at 6 weeks
of age, and Ptf1aCre; KrasG12D (KC) mice at 20 and 48 weeks of age or Ptf1aCre; KrasG12D; p53f/þ (KPheteroC) mice at 20 weeks
of age (lower 2) (n ¼ 3). Scale bars: 50 mm. (B) Proportion of Setdb1-positive cells in all acinar cells in WT, duct cells in WT
mice, ADM in pancreatitis, PanIN in KC mice, and PDAC cells in KC or KPheteroC mice, respectively, in random high-power
fields (n ¼ 3). Means ± SEM are shown. (C) Western blot analysis for Setdb1 and H3K9me3 using PanIN and PDAC tis-
sues from KC and KPheteroC mice, respectively (n ¼ 3). (D) Quantification of H3K9 methyltransferase activity in PanIN and
PDAC tissues from KC and KPheteroC mice, respectively (n ¼ 3). Means ± SEM are shown. (E) Representative immunostaining
for SETDB1 in human normal pancreas (upper) and PDAC (lower) tissues. Scale bars: 50 mm. (F) SETDB1 immunohisto-
chemistry (IHC) score ranging from 0 to 3 (0 ¼ none, 1 ¼ low, 2 ¼ medium, 3 ¼ high) evaluated by 2 investigators from 48
human PDAC samples. The cutoff score was <2 for negative and �2 for positive SETDB1 expression.
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Figure 3. Setdb1 deletion induced apoptosis and up-regulated p53 expression after cerulein-induced pancreatitis. (A)
Representative immunostaining for Ki67 (upper row) and cleaved caspase 3 (lower row) in Ptf1aCre and Ptf1aCre; Setdb1f/f mice
2 days after cerulein treatment (n ¼ 3). Scale bars: 50 mm. (B) Representative terminal deoxynucleotidyl transferase–mediated
deoxyuridine triphosphate nick-end labeling (TUNEL) staining (green, upper row), and co-immunostaining of E-cadherin (red)
and TUNEL staining (lower row), counterstaining with 40,6-diamidino-2-phenylindole (DAPI) (blue) in Ptf1aCre and Ptf1aCre;
Setdb1f/f mice 2 days after cerulein treatment (n ¼ 3). Scale bars: 50 mm. (C) Numbers of Ki67-, cleaved caspase 3–, and
TUNEL-positive cells/high-power field (HPF) (n ¼ 3). Means ± SEM are shown. (D) Representative immunostaining for p53 in
Ptf1aCre and Ptf1aCre; Setdb1f/f mice 2 days after cerulein treatment (n ¼ 3). Scale bars: 50 mm. (E) Numbers of p53-positive
cells/HPF (n ¼ 3). Means ± SEM are shown. (F, G) qRT-PCR analysis of apoptotic genes (F) and an anti-apoptotic gene (G) in
Ptf1aCre and Ptf1aCre; Setdb1f/f mice 2 days after cerulein treatment (n ¼ 5). Means ± SEM are shown. *P < .05; **P < .01; ***P
< .001, Student t test.

=
Figure 2. Pancreatic Setdb1 deletion led to pancreatic atrophy and exacerbated cerulein-induced pancreatitis. (A) Repre-
sentative gross morphology of Ptf1aCre and Ptf1aCre; Setdb1f/f pancreata at 6 weeks of age 2 days after cerulein treatment (top
row) and 7 days after cerulein treatment (bottom row) (n ¼ 5–7). Scale bars: 5 mm. (B) Relative pancreas to body weight ratio in
mice at 6 weeks of age before or after cerulein treatment (n ¼ 5–7). Means ± SEM are shown. (C) Representative H&E staining
and immunostaining for F4/80, CD45, and CD3 in Ptf1aCre and Ptf1aCre; Setdb1f/f mice 2 days after cerulein treatment (left 2
rows) (n ¼ 3) and 7 days after cerulein treatment (right 2 rows) (n ¼ 3). Scale bars: 50 mm. (D) Pathology score of pancreatitis
and numbers of F4/80-, CD45-, and CD3-positive cells/HPFs in Ptf1aCre and Ptf1aCre; Setdb1f/f mice 2 days (left 4 graphs) and
7 days (right 4 graphs) after treatment with cerulein (n ¼ 3). Means ± SEM are shown. *P < .05; **P < .01; ***P < .001, Student t
test.
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Figure 3). These results indicated that pancreatic deletion of
Setdb1 resulted in pancreatic atrophy concomitant with
increased apoptosis and up-regulated p53 expression after
cerulein-induced pancreatitis.
Setdb1 Deletion Accelerated the Formation of
Acinar-to-Ductal Metaplasia/Pancreatic
Intraepithelial Neoplasia in the Context of
Oncogenic Kras Activation

The expression of Setdb1 in ADM, PanIN, and PDAC
implied the possible role of Setdb1 in pancreatic tumori-
genesis. Furthermore, given that pancreatic deletion of
Setdb1 exacerbated the cerulein-induced pancreatitis, we
next investigated the impact of pancreatic Setdb1 deletion in
the context of oncogenic Kras activation. To this end, we
generated Ptf1aCre; KrasG12D; Setdb1f/f (KCS) mice and
compared them to control Ptf1aCre; KrasG12D (KC) mice.
Histologically, at 1 week of age, KCS pancreata were indis-
tinguishable from KC pancreata, as indicated by H&E
staining. However, at 4 and 8 weeks of age, duct-like
structures and fibrosis could be observed in KCS pan-
creata more prominently compared to KC pancreata, sug-
gesting that Setdb1 loss resulted in the exacerbations of
metaplastic ductal change with fibrosis in the context of
oncogenic Kras (Supplementary Figure 4A). To characterize
the duct-like structures observed in KCS pancreata at 4 and
8 weeks of age, we first performed immunostaining for
amylase, cytokeratin 19 (CK19), sex determining region Y
box 9 (Sox9), phosphorylated extracellular signal–
regulated kinase (pErk), and phosphorylated signal trans-
ducer and activator of transcription 3 (pStat3)
(Supplementary Figure 4B). Notably, immunostaining dis-
played amylase- and CK19 double-positive cells indicative
of ADM in KCS pancreata at 4 weeks of age, whereas these
were not observed in KC controls. To quantify the PanIN
and fibrotic areas, we performed immunostaining for
Claudin 18 and Sirius Red staining, respectively. Quantifi-
cation analysis revealed that areas of PanIN and fibrosis
were markedly increased in KCS mice compared to KC mice
(Supplementary Figure 4C–E). These data indicated that
pancreatic deletion of Setdb1 markedly accelerated the
formation of ADM/PanIN with fibrosis in the context of
oncogenic Kras activation.

To investigate whether the phenotypes observed in
pancreatic Setdb1 deleted mice was cell autonomous or
non–cell autonomous, we next isolated acinar cells from
Ptf1aCre; Setdb1f/f mice at 6 weeks of age, cultured them in a
3-dimensional culture system, and compared to those from
control Ptf1aCre mice. In the absence of transforming growth
factor–a, significantly higher number of acinar cells from
Ptf1aCre; Setdb1f/f mice converted to duct-like cysts
compared to those from control Ptf1aCre mice. When treated
with transforming growth factor–a, the formation rate of
ductal cystic structures in Ptf1aCre; Setdb1f/f mice was
significantly higher than that in control Ptf1aCre mice
(Supplementary Figure 5A and B). Immunostaining for
amylase and CK19 revealed that this ductal cystic structure
was ADM (Supplementary Figure 5C), supporting our in vivo
data that ADM formation was more prominent in Ptf1aCre;
Setdb1f/f mice. These data suggested that acinar cells from
Ptf1aCre; Setdb1f/f mice had the characteristics to convert to
ductal cells, at least in part, in a cell autonomous manner
ex vivo.

To understand the underlying mechanism whereby
Setdb1 loss predisposed acinar cells to retain ductal
phenotype in Ptf1aCre; Setdb1f/f mice, we performed
qRT-PCR of acinar cells isolated from Ptf1aCre and
Ptf1aCre; Setdb1f/f mice at 6 weeks of age, and qRT-PCR
of KC and KCS pancreata at 1 week of age. However,
there was no significant difference between expressions
of pancreatic transcription factors of both groups
(Supplementary Figure 6A and B). We also evaluated
the activation of mediators related to Wnt pathway,
Notch pathway, and inflammation in KC and KCS pan-
creata at 1 week of age by qRT-PCR analysis. However,
there were no significant differences among them be-
tween KC and KCS pancreata (Supplementary Figure 6C–
E). These data suggested that pancreatic transcription
factors, Wnt pathway, Notch pathway, and inflammation
were not mainly involved in enhanced ADM/PanIN for-
mation in KCS pancreata.
Setdb1 Deletion Led to Increased Apoptosis and
Elevated p53 Expression

Given the fact that apoptosis was increased during
cerulein-induced pancreatitis, we next evaluated apoptotic
status in KCS pancreata at 4 weeks of age. Immunostaining
for cleaved caspase 3 and TUNEL staining revealed a sig-
nificant increase in the numbers of apoptotic cells in KCS
pancreata compared to KC pancreata (Figure 4A–C).

To identify the global transcriptional changes in KCS
pancreata, we performed genome-wide analysis of gene
expression in KC and KCS pancreata at 4 weeks of age.
Microarray analysis of messenger RNA from KC and KCS
pancreata demonstrated that the expression of genes
related to apoptotic pathways were up-regulated
(Figure 4D). Pathway enrichment analyses (gene ontology
analysis) using the software program DAVID 6.8 (https://
david.ncifcrf.gov/) showed that the apoptotic process (GO:
0006915) was significantly enriched (false discovery rate,
9.9E-11). Furthermore, the genes related to apoptotic pro-
cesses, such as Tns4, p19, Serpina3g, Noxa, Trfrs11b, and
S100a8, were included among the 100 most up-regulated
genes in KCS mice compared to KC mice (Supplementary
Figure 7). Notably, Gene Set Enrichment Analysis revealed
that “apoptotic signaling pathway” and “p53 downstream
pathway” were significantly enriched in KCS pancreata
compared to KC pancreata (Figure 4E). Furthermore, the
qRT-PCR analysis confirmed that the expression of
apoptotic genes, including p53, Apaf1, and Noxa, was
elevated, whereas the expression of an anti-apoptotic gene
Bcl2 was decreased, in KCS pancreata compared to KC
pancreata (Figure 4F and G). These results indicated that
pancreatic Setdb1 deletion led to up-regulation of the
apoptotic signaling pathway and p53 pathway in the context
of oncogenic Kras activation.

https://david.ncifcrf.gov/
https://david.ncifcrf.gov/
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Setdb1 Bound to p53 Promoter Regions to
Directly Regulate its Expression

Given that p53 expression was increased in KCS mice
and that Setdb1 has been determined as an essential factor
for apoptosis associated with p53,12,20 we next investigated
whether Setdb1 directly regulates p53 expression in the
pancreas. To address this question, we performed chro-
matin immunoprecipitation (ChIP) assay using acinar cells
isolated from wild-type and Ptf1aCre; Setdb1f/f (KO) mice at
6 weeks of age. The ChIP-sequencing data of a previous
report showed that Setdb1 binding was enriched in p53
promoter regions of mouse embryonic stem cells.21 There-
fore, we designed primers around this area and performed
ChIP experiments (Figure 4H). ChIP experiments revealed
that Setdb1 bound to the promoter regions of p53 in iso-
lated acinar cells of wild-type mice. In contrast, we found
that Setdb1 binding was impaired in isolated acinar cells of
KO mice (Figure 4I). These results suggested that Setdb1
bound to p53 promoter regions to directly regulate its
expression in the pancreas.
Setdb1 Deletion Promoted Pancreatic Atrophy
With Increased Apoptosis in the Context of
Oncogenic Kras

At 20 weeks of age, higher degree of pancreatic atrophy
was observed in KCS mice compared to KC mice (Figure 4J).
Histologically, almost all acinar cells were replaced by ADM
and PanIN in KC mice. In contrast, pancreatic parenchyma
was replaced by fibrosis and fat in KCS mice, as indicated by
H&E staining (Figure 4J). Immunostaining for Ki67 revealed
significant cell proliferation in KC mice, whereas it was not
observed in KCS mice. Of note, immunostaining for cleaved
caspase 3 and p53 showed dramatic increase in apoptotic
cells and p53 expression in KCS mice compared to KC mice
(Figure 4J). Quantification analysis revealed that the number
of cleaved caspase 3–positive cells was significantly
=
Figure 4. Setdb1 deletion caused p53-mediated apoptosis and
p53 promoter regions. (A) Representative immunostaining for
transferase–mediated deoxyuridine triphosphate nick-end l
immunostaining of E-cadherin (red) and TUNEL staining (bott
(DAPI) (blue) in KC and KCS at 4 weeks of age (n ¼ 3). Scale
TUNEL- (C) positive cells/high-power field (HPF) in KC and KC
heatmap showing the expression of genes related to apoptotic p
(n ¼ 3). (E) Enrichment plots from gene set enrichment analys
regulated in KCS pancreata. The GO_APOPTOTIC_SIGNALING
which triggers the apoptotic death of a cell (upper). The PID_P
effectors (lower). Nominal P value and false discovery rate q va
apoptotic genes (F) and an anti-apoptotic gene (G) in KC and K
Illustration of the murine p53 promoter sites. Black arrow ind
investigated by ChIP assay. Blue bar shows the enrichment are
cells (GSM440256).21 (I) ChIP-qPCR of isolated acinar cells from
age in the promoter regions of p53 (n ¼ 2–4). Means ± SEM are
Numbers in primer names show distance from transcription star
and KCS pancreata at 20 weeks of age (top row) (n ¼ 3). Scale b
age (lower 2 rows) (n ¼ 3). Right 2 rows: Representative immuno
mice at 20 weeks of age (n¼ 3). Scale bars: 50 mm. (K, L) Numbe
KC and KCS mice at 20 weeks of age (n ¼ 3). Means ± SEM a
increased in KCS mice compared to KC mice, whereas the
number of Ki67 positive cells was significantly decreased in
KCS mice compared to KC mice (Figure 4K and L). These
data indicated that Setdb1 deletion led to increased
apoptosis, and subsequently, pancreatic atrophy in the
context of oncogenic Kras.

Setdb1 Deletion Protected Against Pancreatic
Ductal Adenocarcinoma Formation in the
Context of Heterozygous p53 Deletion

Given that Setdb1 deletion led to increased apoptosis in
the context of oncogenic Kras, we next investigated the
impact of pancreatic Setdb1 deletion on PDAC formation. To
this end, we crossed KCS mice with p53f/þ mice to generate
Ptf1aCre; KrasG12D; p53f/þ; Setdb1f/f (KPheteroCS) mice
and compared them to control Ptf1aCre; KrasG12D; p53f/þ;
Setdb1wt/wt (KPheteroC) mice at 20 weeks of age. Gross
morphology showed that KPheteroCS pancreata were more
atrophic compared to KPheteroC pancreata. Histologically, con-
trol KPheteroC mice displayed PDAC formation at 20 weeks of
age, whereas no PDAC formation was observed in KPheteroCS
mice at that age, as indicated by H&E staining (Figure 5A).
Immunostaining for Ki67 revealed that prominent cell prolif-
eration was observed in PDAC in control KPheteroC mice,
whereas it was not observed in KPheteroCS mice. Of note, im-
munostaining for cleaved caspase 3 and p53 showedmarkedly
increased apoptotic cells and up-regulated p53 expression in
KPheteroCS mice compared to that in control KPheteroC mice.
Quantification analysis revealed that the number of cleaved
caspase 3–positive cells was significantly increased, whereas
the number of Ki67-positive cells was markedly decreased in
KPheteroCS mice compared to control mice (Figure 5A–C). We
found that all control KPheteroCmice developed PDAC (6 of 12
mice succumbed to PDAC before censor, and the other 6 mice
developed PDAC at 20–24 weeks of age). Surprisingly, none of
5 KPheteroCS mice developed PDAC at 24 weeks of age
(Figure 5D). Kaplan-Meier curves analysis revealed that
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cleaved caspase 3 (top row) and terminal deoxynucleotidyl
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is (GSEA) shows that apoptotic signaling pathway was up-
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lue are shown in each GSEA plot. (F, G) qRT-PCR analysis of
CS at 4 weeks of age (n ¼ 5). Means ± SEM are shown. (H)
icates the transcription start site. Red bar shows the sites
a in Setdb1 ChIP sequencing data of mouse embryonic stem
wild-type (WT) and Ptf1aCre; Setdb1f/f (KO) mice at 6 weeks of
shown. Relative fold enrichment of Setdb1 over IgG control.

t site. (J) Left 2 rows: Representative gross morphology of KC
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Figure 5. Setdb1 deletion prevented PDAC formation with increased apoptosis in the context of heterozygous p53 deletion. (A)
Left 2 rows: Representative gross morphology of KPheteroC and KPheteroCS pancreata at 20 weeks of age (top row). Scale bars:
5 mm. Representative H&E staining in KPheteroC and KPheteroCS mice at 20 weeks of age (lower row) (n ¼ 4–6). Right 2 rows:
Representative immunostaining for Ki67, cleaved caspase 3, and p53 in KPheteroC and KPheteroCS mice at 20 weeks of age
(n ¼ 3). Scale bars: 50 mm. (B, C) Numbers of Ki67- (B) and cleaved caspase 3– (C) positive cells/high-power field (HPF) in
KPheteroC and KPheteroCS mice at 20 weeks of age (n ¼ 3). Means ± SEM are shown. (D) PDAC incidence in KPheteroC (n ¼ 6)
and KPheteroCS (n ¼ 5) mice at 24 weeks of age. (E) Kaplan-Meier survival curve of KPheteroC (n ¼ 17) and KPheteroCS (n ¼ 17)
mice. *P < .05; **P < .01; ***P < .001, Student t test and log-rank test.
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KPheteroCS mice showed significantly better prognosis for
survival compared to control KPheteroCmice (Figure 5E). These
findings indicated that Setdb1 deletion prevented from PDAC
formation while inducing apoptosis and up-regulating p53
expression in the context of heterozygous p53 deletion.
Suppression of Pancreatic Ductal
Adenocarcinoma Formation by Setdb1 Deletion
Was Offset in the Absence of p53

Given that Setdb1 directly regulated p53 expression in
the pancreas and that Setdb1 deletion protected against
PDAC formation while inducing apoptosis and up-
regulating p53 expression in the context of heterozygous
p53 deletion, we next determined whether suppression of
PDAC formation by Setdb1 deletion is offset by homozy-
gous p53 deletion. To this end, we generated Ptf1aCre;
KrasG12D; p53f/f; Setdb1f/f (KPhomoCS) mice and compared
them to control Ptf1aCre; KrasG12D; p53f/f; Setdb1wt/wt

(KPhomoC) mice at 6 weeks of age. Gross morphology and
H&E staining showed PDAC formation in both control
KPhomoC and KPhomoCS mice (Figure 6A). Immunostaining
for Ki67, CK19, pErk, and pStat3 revealed that there were
no apparent differences between PDAC of control KPhomoC
and KPhomoCS mice (Figure 6A). In addition, immuno-
staining for cleaved caspase 3 and p53 showed that there



Figure 6. Homozygous p53 deletion offset protection against PDAC formation and increased apoptosis by Setdb1 deletion. (A)
Left 2 rows: Representative gross morphology of KPhomoC and KPhomoCS pancreata at 6 weeks of age (top row). Scale bars: 5
mm. Representative H&E staining and immunostaining for cleaved caspase 3 and p53 in KPhomoC and KPhomoCS mice at 6
weeks of age (n ¼ 3). Scale bars: 50 mm. Right 2 rows: Representative immunostaining for Ki67, CK19, phosphorylated
extracellular signal-regulated kinase (pErk), and phosphorylated signal transducer and activator of transcription 3 (pStat3) in
KPhomoC and KPhomoCS mice at 6 weeks of age (n ¼ 3). Scale bars: 50 mm. (B) Numbers of cleaved caspase 3–positive cells/
high-power field (HPF) in KPhomoC and KPhomoCS at 6 weeks of age (n ¼ 3). Means ± SEM are shown. (C) PDAC incidence in
KPhomoC (n ¼ 5) and KPhomoCS (n ¼ 7) mice at 6 weeks of age. *P < .05; **P < .01; ***P < .001, Student t test.
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were no apparent differences between control KPhomoC and
KPhomoCS mice (Figure 6A). Quantification showed that
there was no significant difference in the number of
cleaved caspase 3–positive cells between control KPhomoC
and KPhomoCS mice (Figure 6B). Notably, we found that all
control KPhomoC mice (5 of 5 mice) and all KPhomoCS mice
(7 of 7 mice) developed PDAC at 6 weeks of age
(Figure 6C). These results indicated that homozygous p53
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deletion offset increased apoptosis and suppression of
PDAC formation by Setdb1 deletion in KPhomoCS mice.

Taken together, these results indicated that pancreatic
Setdb1 deletion protected against PDAC formation by
inducing p53-meditaed apoptosis.

Given that the status of the RAS-MYC oncogenic axis is
important for the regenerative program, which is
involved in PDAC initiation,22,23 we investigated whether
the RAS-MYC oncogenic axis is altered in KCS mice. We
found that the expression of c-Myc expression was
significantly decreased in KCS mice compared to control
mice (Supplementary Figure 8). Given that Myc co-
operates with Ras to play various roles in PDAC forma-
tion, the down-regulated Ras-Myc oncogenic axis may
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also play a tumor-suppressive role in PDAC formation in
KCS mice.
Suppression of SETDB1 Led to Elevated TP53
Expression and Reduced Growth of Human
Pancreatic Ductal Adenocarcinoma Cells

We next investigated whether suppression of SETDB1
affects TP53 expression and growth of human PDAC cells.
To this end, we silenced SETDB1 and performed growth
inhibition experiments using PK59 and KP4 cells, which
were identified as PDAC cells having a wild TP53 status by
the open database.24 At first, we silenced SETDB1 expres-
sion with short hairpin RNA in PK59 and KP4 cells. qRT-PCR
analysis revealed decreased SETDB1 expression and
elevated TP53 expression in SETDB1 silenced PK59 and KP4
cells (Figure 7A). We next developed orthotopic PDAC
models using SETDB1 silenced PK59 cells. The tumor size
was significantly smaller in SETDB1 silenced PK59 cells
compared to controls (Figure 7B). In addition, qRT-PCR
analysis revealed decreased SETDB1 expression and
elevated TP53 expression in SETDB1 silenced orthotopic
tumors (Figure 7C). Consistent with our mouse model data,
these findings suggested that SETDB1 regulated TP53
expression in human PDAC cells and that decreased SETDB1
expression reduced the growth of human PDAC cells in vivo.

To provide further insights into how SETDB1 epigenet-
ically regulates the expression of TP53, we next investigated
whether SETDB1 regulates TP53 expression through
H3K9me3 in human PDAC cells. Western blot analysis
revealed that the expression of H3K9me3 was decreased in
SETDB1 silenced PK59 cells compared to controls
(Figure 7D). ChIP experiments revealed that the bindings of
SETDB1 and H3K9me3 to TP53 promoter regions were
decreased in SETDB1 silenced PK59 cells compared to
controls, respectively (Figure 7E). These data suggested that
SETDB1 epigenetically regulated TP53 expression, at least
in part, through H3K9me3 in human PDAC cells.

To further investigate the functional role of Setdb1 in
pancreatic tumorigenesis, we also overexpressed Setdb1 in
266-6 cells, which is a mouse pancreatic acinar cell line. The
cell proliferation assay revealed that there were no signifi-
cant differences between control and Setdb1 overexpressed
266-6 cells (Supplementary Figure 9). This result suggested
=
Figure 7. SETDB1 silencing led to elevated TP53 expression and
of SETDB1 and TP53 expression in PK59 and KP4 cells sile
respectively (n ¼ 4). (B) Weight of orthotopic tumors derived
respectively (n ¼ 3–4). (C) qRT-PCR analysis of SETDB1 and T
silenced with control and SETDB1 shRNA, respectively (n ¼ 3
PK59 cells silenced with control and SETDB1 shRNA, respecti
SETDB1 shRNA, respectively, in the TP53 promoter regions (n
SETDB1 and H3K9me3 over IgG control. Numbers in primer n
sentative bright field images (top row) and immunostaining for c
of E-cadherin (red, bottom row) counterstaining with 40,6-diam
dimethyl sulfoxide (DMSO) and 500 nM of mithramycin for 3 d
staining for Annexin V (green)/Ethidium Homodimer III (red) (upp
qRT-PCR analysis of SETDB1 and TP53 expression in PK59 an
for 3 days, respectively (n ¼ 3–4). *P < .05; **P < .01; ***P < .0
that overexpression of Setdb1 did not affect cell prolifera-
tion in mouse pancreatic acinar cells.

Next, to further validate the effect of SETDB1 inhibition
on growth of human PDAC cells, we performed growth in-
hibition experiments using mithramycin A, which is an
antitumor antibiotic that suppresses SETDB1 promoter ac-
tivity and thereby inhibits the expression of SETDB1.14,25

Our results revealed that the proliferation of PK59 cells
was markedly inhibited by treatment with 500 nM of
mithramycin A (Figure 7F). Immunostaining for cleaved
caspase 3 and Annexin V/Ethidium Homodimer III, showed
markedly increased number of apoptotic cells in PK59 cells
treated with mithramycin A (Figure 7F and G). In addition,
qRT-PCR analysis revealed decreased SETDB1 expression
and elevated TP53 expression in PK59 and KP4 cells treated
with mithramycin A (Figure 7H). Thus, mithramycin A
inhibited proliferation of PDAC cells with up-regulating
TP53-induced apoptosis. Therefore, consistent with our
mouse data, these findings suggested that suppression of
SETDB1 led to elevated TP53 expression and reduced
growth of human PDAC cells. These data suggested that
SETDB1 could be a therapeutic target for human PDAC.

Considering the limitation of orthotopic tumor models
regarding human relevance, we further performed the bio-
informatic analysis on human The Cancer Genome Atlas data.
Analysis of The Cancer Genome Atlas data set of pancreatic
cancer showed that PDAC cases with SETDB1 low expression
retained at least 1 wild-type TP53 allele less frequently (27%
[4 of 15]) compared to PDAC cases with SETDB1 intermediate
(53% [64 of 119]) and high (67% [10 of 15]) expression,
respectively, which suggested that biallelic alterations in TP53
alleles are required for the formation of PDAC with reduced
SETDB1 expression also in human (Supplementary Figure 10).
These data are consistent with results from our mouse ex-
periments that Setdb1 deletion protected against PDAC for-
mation in the context of heterozygous p53 deletion, but not
homozygous p53 deletion.
Discussion
In this study, we demonstrated that Setdb1 is required

for PDAC formation by inhibiting apoptosis through the
regulation of p53 expression in mice. First, we found that
Setdb1 deletion results in pancreatic atrophy concomitant
reduced growth of human PDAC cells. (A) qRT-PCR analysis
nced with control and SETDB1 short hairpin RNA (shRNA),
from PK59 cells silenced with control and SETDB1 shRNA,
P53 expression in orthotopic tumors derived from PK59 cells
). (D) Western blot analysis for SETDB1 and H3K9me3 using
vely. (E) ChIP-qPCR of PK59 cells silenced with control and
¼ 3). Means ± SEM are shown. Relative-fold enrichment of
ames show distance from transcription start site. (F) Repre-
leaved caspase 3 (green, middle row) and co-immunostaining
idino-2-phenylindole (DAPI) (blue) in PK59 cells treated with
ays (n ¼ 3). Scale bar: 100 mm. (G) Representative immuno-
er row) and counterstaining with DAPI (blue) (lower row). (H)
d KP4 cells treated with DMSO and 500 nM of mithramycin A
01, Student t test.
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with a dramatic increase in apoptosis during pancreatic
regeneration in response to cerulein-induced pancreatitis.

Second, we found that Setdb1 deletion leads to up-
regulated p53 expression and p53-induced apoptosis in
the context of pancreatitis and PDAC initiation in mouse
models. Notably, we revealed that Setdb1 deletion protects
against Kras-driven PDAC formation by inducing apoptosis
in the context of heterozygous p53 deletion. Furthermore,
we showed that suppression of PDAC formation and
increased apoptosis by Setdb1 deletion are offset by ho-
mozygous p53 deletion. In addition, mechanistically, we
revealed that Setdb1 binds to the p53 promoter regions to
directly regulate its expression in mouse pancreatic acinar
cells. These findings clearly demonstrated that Setdb1 is
required for PDAC formation by inhibiting apoptosis
through regulation of p53 expression in mice.

Third, consistent with our mouse data, we showed that
suppression of SETDB1 leads to the elevated TP53 expres-
sion and reduces growth of human PDAC cells having a wild
TP53 status in the orthotopic tumor models. We also
showed that SETDB1 epigenetically regulates TP53
expression, at least in part, through H3K9me3 in human
PDAC cells. This finding is also supported by our inhibitor
experiments in human PDAC cells, showing that suppression
of SETDB1 in human TP53 wild-type PDAC cells led to up-
regulated TP53 expression and increased apoptosis.
Consistent with our findings, recent reports have shown
that silencing SETDB1 in non–small cell lung cancer cell
lines increased TP53 expression and that SETDB1 was
enriched in the TP53 promoter regions in colon cancer
cells.12,20 Therefore, SETDB1 could be a therapeutic target
for PDAC, which retains TP53 function. Although we showed
that SETDB1 could be a therapeutic target for PDAC with
normal TP53 function in this study, the role of SETDB1 in
TP53 mutated PDAC remains unclear. Therefore, further
studies are crucial to clarify the role of SETDB1 in TP53
mutated PDAC.

Fourth, we revealed that Setdb1 deletion accelerated
the formation of ADM and PanIN. Our data suggested
that Setdb1 plays a tumor-suppressive role in prema-
lignant stages of PDAC formation. Given that Setdb1
forms complexes with various proteins and also meth-
ylates nonhistone proteins,14,26–28 this context-dependent
roles of Setdb1 in PDAC formation are most likely due
to a wide range of target genes of Setdb1 at distinct
stages of PDAC formation. It awaits further investigation
to elucidate the underlying mechanism by which Setdb1
deletion accelerates formation of premalignant ADM/
PanIN lesions.

A previous report showed that SETDB1 overexpression
is associated with mutant p53 through demethylating p53 at
K370.13 Given that mutant p53 was stabilized by
p53K370me2 and acted in an oncogenic manner in liver,13

we also investigated whether p53K370me2 is changed in
the absence of Setdb1 in KCS mice. Immunostaining for
p53K370me2 revealed that there were no significant dif-
ferences in the number of p53K370me2-positive cells
between KC and KCS pancreata at 4 and 20 weeks of ages,
respectively, suggesting that Setdb1 was not associated with
p53K370me2 in pancreatic tumorigenesis in our mouse
model (Supplementary Figure 11A and B).

In conclusion, we demonstrated that Setdb1 deletion
protects against PDAC formation by inducing p53-mediated
apoptosis, revealing an essential role of Setdb1 in PDAC
formation in mice. Furthermore, mechanistically, we
showed that Setdb1 binds to the p53 promoter regions to
directly regulate p53 expression in the pancreas. Thus,
although future studies are required to clarify the role of
Setdb1 in p53 mutated PDAC, Setdb1 could be a potential
therapeutic target for PDAC.

Supplementary Material
Note: To access the supplementarymaterial accompanying this
article, visit the online version of Gastroenterology at www.
gastrojournal.org, and at https://doi.org/10.1053/j.gastro.
2020.04.047.
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Supplementary Materials and Methods

Immunohistochemistry
Mouse tissues were fixed overnight in 4% para-

formaldehyde, dehydrated with 70% ethanol, embedded in
paraffin, and cut into 5-mm sections. Paraffin-embedded
sections were stained with H&E, or Sirius Red staining
(saturated picric acid containing 0.1% Direct Red 80 and
0.1% Fast Green FCF; Sigma-Aldrich). For immunohisto-
chemistry, antigen retrieval was performed by incubating
the sections in 10 mM citric acid buffer (pH 6.0) or EDTA
buffer (pH 8.0) for 15 minutes at 98�C. Blocking was per-
formed by incubating sections with blocking solution (Dako,
Santa Clara, CA; catalog no. X0909). For primary antibodies,
the incubation was performed overnight at 4�C or 2 hours
at room temperature in a humidified chamber. Secondary
antibody incubation was performed for 1 hour at room
temperature. Immunoperoxidase labeling was performed
with ABC Kit (Vector Laboratories, Burlingame, CA; catalog
no. PK-6102). The sections were then colored with dia-
minobenzidine substrate (Dako, catalog no. K3468) and
were counterstained with hematoxylin. For immunofluo-
rescence, sections were incubated with primary antibody
overnight at 4�C or 2 hours at room temperature. The
sections were then incubated with fluorescence-conjugated
secondary antibody (Invitrogen, Carlsbad, CA) for 1 hour at
room temperature. Primary antibodies are listed in
Supplementary Table 1.

Terminal deoxynucleotidyl transferase–mediated deox-
yuridine triphosphate nick-end labeling staining (In Situ
Death Detection Kit, catalog no. 11 684 795 910; Roche,
Basel, Switzerland) was performed to assess apoptotic cells.
Claudin 18 staining was performed to assess the PanIN
areas. Sirius Red staining was performed to visualize
fibrotic areas. Annexin V/Ethidium Homodimer III staining
(Apoptotic/Necrotic Cells Detection Kit, catalog no. PK-
CA707-30017; Promocell, Heidelberg, Germany) was per-
formed to assess the apoptotic and necrotic cells.

For quantitative analysis of PanIN or fibrotic areas, the
measurement of Claudin 18–positive PanIN, or Sirius Red–
positive areas was performed using ImageJ software (Na-
tional Institutes of Health, Bethesda, MA). Three whole
pancreas sections per mouse were analyzed. Whole
pancreatic areas were measured using a BZ-X Analyzer
(Keyence, Osaka, Japan). For quantitative analysis of cell
numbers or scoring, counting was performed using 3
random high-power fields from 3 sections or 5 random
high-power fields from one section. For pathology score of
pancreatitis, we evaluated the severity of pancreatitis as
described previously.1 We evaluated the intensity of
SETDB1 expression in human pancreatic cancer tissues
immunohistochemically and scored it ranging from 0 to 3
(0 ¼ none, 1 ¼ low, 2 ¼ medium, 3 ¼ high). Scoring was
performed by 2 blinded investigators and reviewed by a
board-certified pathologist. The mean score was shown as a
representative value of individual samples and the cutoff
score was set at 2 to distinguish negative and positive
SETDB1 expression.

Western Blot Analysis
Pancreatic tissues were homogenized in Cell Lysis Buffer

(Cell Signaling Technology, Danvers, MA) supplemented with
Protease Inhibitor Cocktail (Cell Signaling Technology).
Tissues were separated by sodium dodecyl sulfate poly-
acrylamide gel electrophoresis and transferred to nitrocellu-
lose membranes. After blocking, membranes were incubated
with primary antibodies overnight at 4�C, followed by
horseradish peroxidase–conjugated secondary antibodies.
The immobilized peroxidase activity was detected with an
enhanced chemiluminescence system (Pierce Western Blot-
ting Substrates, Thermo Fisher Scientific). Primary antibodies
are listed in Supplementary Table 1.

Methyltransferase Activity Quantification Assay
Nuclear extracts were prepared from pancreatic tissues

using Nuclear Extraction Kit (ab113473; Abcam, Cambridge,
UK) following the manufacturer’s protocols. We quantified
histone methyltransferase activity with these extracts using
Histone Methyltransferase H3 (K9) Activity Quantification
Assay Kit (ab113453; Abcam) following the manufacturer’s
protocols. The absorbance at 450 nm was measured using a
plate reader. Methyltransferase activity was calculated by
the following formula: activity [OD/h/mg] ¼ (Sample OD –
blank OD) / (protein amount [mg] � incubation hour).

RNA Isolation and Quantitative Reverse
Transcription Polymerase Chain Reaction

Mouse pancreata were collected in RNAlater (Ambion,
Austin, TX), and subsequently, total RNA was extracted
using the RNA mini Kit (Qiagen, Hilden, Germany). Single-
strand complementary DNA (cDNA) was synthesized using
a ReverTra Ace qPCR RT Kit (TOYOBO, Tokyo, Japan). qRT-
PCR was performed using SYBR Green Master Mix (Roche
Applied Science) and LightCycler 480 (Roche Applied Sci-
ence). The expression levels were standardized by
comparing to the levels of Gapdh. Primer sequences are
listed in Supplementary Table 2.

Acinar Cell Isolation and Culture
Mouse pancreata were minced into small pieces and

digested with Collagenase P (0.4 mg/mL) at 37�C for 10
minutes. After 2 washes with Hanks’ Balanced Salt solution
buffer containing 5% fetal bovine serum, the tissue sus-
pension was filtered through a 100-mm cell strainer. The
flow-through was layered onto Hanks’ Balanced Salt solu-
tion plus 30% fetal bovine serum solution and centrifuged.
The cell pellet was centrifuged and resuspended in a 1:1
ratio of acinar cultured media to rat-tail collagen Type I
solution (1 mg/mL final collagen concentration), and plated
onto a 24-well plate coated with rat-tail collagen Type I.
Acinar cultured medium consisted of Waymouth’s media
supplemented with 10% fetal bovine serum, 1% penicillin/
streptomycin, 100 mg/mL trypsin inhibitor, and 1 mg/mL
dexamethasone.2–4

For quantitative analysis of ADM formation rate
(percent of total cell clusters), cell clusters were seeded
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in triplicate and were counted from at least 3 optical
fields per well.

Microarray Analysis
The quality of RNA extracted from pancreata in Ptf1aCre;

KrasG12D and Ptf1aCre; KrasG12D; Setdb1f/f mice was exam-
ined with an Agilent 2100 bioanalyzer (Agilent Technolo-
gies, Santa Clara, CA) and a Nanodrop (Thermo Fisher
Scientific, Waltham, MA).

The RNA samples were hybridized using SurePrint G3
Mouse Gene Expression 8�60K v2 (Agilent Technologies).
The raw data were normalized by GeneSpring GX 14.9
(Agilent Technologies). Unnamed genes were excluded. The
gene expression data of the pancreata was analyzed using
Gene Set Enrichment Analysis software and the Molecular
Signature Database, which was provided by the Broad
Institute of Massachusetts Institute of Technology and
Harvard University.5 The pathway analyses and Gene
Ontology enrichment analyses of the gene expression data
in 3000 most up-regulated genes were performed using
DAVID 6.8.6,7

Chromatin Immunoprecipitation
ChIP was performed using Simple ChIP Plus Enzymatic

Chromatin IP Kit (magnetic beads) (9005; Cell Signaling
Technology). Briefly, isolated mouse acinar cells or human
PDAC cells were crosslinked with 1% formaldehyde and
incubated for 10 minutes with gentle shaking at room tem-
perature. Crosslinkingwas stoppedby addition of glycine for 5
minutes with gentle shaking. After washing by phosphate-
buffered saline, fixed cells were lysed and subsequently
sheared using Covaris S220 (Covaris, Woburn, MA), Sheared
chromatin (1/50) was kept aside as input, and the remaining
chromatin was immunoprecipitated with 1.5 mg rabbit IgG
antibody (provided in kit), 2 mg anti-Setdb1 antibody (11231-
1-AP; Proteintech Group, Rosemont, IL), and 1.5 mg anti-
H3K9me3 antibody (ab8898; Abcam). Chromatin was
collected using magnetic beads and de-crosslinked. The DNA
was purified using DNA spin columns. Purified DNA was
amplified by SYBR Green Master Mix (Roche). We used IgG
antibody, which exhibited minimal binding to chromatin at all
the promoter regions investigated, as negative control, and
calculated the fold change. Fold enrichment over IgG was
calculated based on percentage of input values (percent
Input¼ 2% � 2(C[T] 2%Input Sample - C[T] IP Sample)) compared to
negative control.

The primer sequences listed in Supplementary Table 2
were used for identification of putative binding sites of
Setdb1 and H3K9me3 on p53 promotor regions.

Vectors Transfection and Cell Proliferation Assay
To generate cells overexpressing Setdb1, Setdb1

expression vectors, pCAG-3�Flag-ESET-IRESbsd (gift from
Y. Shinkai) were transfected into 266-6 cells with Lip-
ofectamine 3000 (Invitrogen) following the manufacturer’s

protocols. Total RNA was extracted from 266-6 cells
transfected with vectors for 3 days using RNA mini kit. For
cell proliferation assay, 266-6 cells (1.0 � 104) were seeded
in 96-well plates for 24 hours and transfected. Cell prolif-
eration was evaluated using CellTiter 96 AQueous One So-
lution Cell Proliferation Assay (Promega, Madison, WI)
following the manufacturer’s protocol. The absorbance at
490 nm was measured using a plate reader. Background
absorbance from empty wells was subtracted from that of
sample wells.

Lentivirus Transduction and Infection of
Pancreatic Cancer Cells

Silencing SETDB1 was achieved by using pLKO-
shSETDB1 (SETDB1 MISSION shRNA SHCLND-NM_012432
TRCN0000276169 for PK59 cells and TRCN0000276105
for KP4 cells). To produce lentiviruses, HEK293T cells were
transfected with the targeting plasmid, pCAG-HIVgp, and
pCMV-VSV-G-RSV-Rev (kind gifts from Dr Hiroyuki Miyoshi,
RIKEN BioResource Center, Tsukuba, Japan) plasmids. The
culture supernatants were collected 48 hours after trans-
fection, filtered, concentrated by PEG-it (System Bio-
sciences, Palo Alto, CA; catalog no. LV810A-1) and re-
suspended in Hanks’ Balanced Salt solution. Infection was
performed in the presence of polybrene (5 mg/mL) over-
night, followed by selection with puromycin. For orthotopic
tumor model experiments, 6- to 8-week-old NOD/SCID mice
(NOD.CB17-Prkdcscid/J) (purchase from Jackson Labora-
tory; JAX strain 001303) were used. Mice were adminis-
tered intrapancreatic injections of PK59 cells (1.0 � 106)
transfected with control and SETDB1 short hairpin RNA
(shRNA) in 25 mL Matrigel þ 25 mL medium. Mice were
analyzed after 3 weeks.

The Cancer Genome Atlas Data Set Analysis
The Cancer Genome Atlas (Firehose legacy) data of 149

pancreatic cancer patients in terms of mutations, copy
number alterations, and messenger RNA expression Z
scores were obtained from cBioportal.8,9 Cases with a mu-
tation and a shallow deletion or cases with a deep deletion
were considered as cases retaining no wild TP53 by
analyzing TP53mutations and copy number alterations. The
rest of cases were considered as cases retaining at least 1
wild TP53 allele. The cutoff SETDB1 expression was upper
10% for high, middle 80% for intermediate, and lower 10%
for low.

Data Availability
All original microarray data were deposited in the Gene

Expression Omnibus at National Center for Biotechnology
Information (GSE 145775). The data that support the
findings of this study are included in this article and its
Supplementary Material or available from the correspond-
ing author upon reasonable request.
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Supplementary Figure 1. Setdb1 was dispensable for pancreatic development. (A) Representative H&E staining and im-
munostaining for amylase, CK19, and insulin at 6 weeks of age in Ptf1aCre and Ptf1aCre Setdb1f/f mice (n ¼ 3). Scale bars: 50
mm. (B) qRT-PCR analysis of Setdb1 in Ptf1aCre and Ptf1aCre; Setdb1f/f pancreata (n ¼ 3). Means ± SEM are shown. *P < .05;
**P < .01; ***P < .001, Student t test.
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Supplementary Figure 2. Characteristics of inflammatory cells in cerulein-induced pancreatitis in Ptf1aCre; Setdb1f/f mice. (A)
Representative immunostaining for amylase, CK19, CD8, CD11b, and CD117 in Ptf1aCre and Ptf1aCre; Setdb1f/f mice 2 days
after cerulein treatment (left 2 rows) (n ¼ 3) and 7 days after cerulein treatment (right 2 rows) (n ¼ 3). Scale bars: 50 mm. (B)
Numbers of CD8-, CD11b-, and CD117-positive cells/high-power field (HPF) in Ptf1aCre and Ptf1aCre; Setdb1f/f mice 2 days
(left 3 graphs) and 7 days (right 3 graphs) after cerulein treatment (n ¼ 3). Means ± SEM are shown.
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Supplementary Figure 3. p53 expression was comparable
between Ptf1aCre and Ptf1aCre; Setdb1f/f pancreata in a
physiological condition. qRT-PCR analysis of p53 expression
in Ptf1aCre and Ptf1aCre; Setdb1f/f pancreata at 6 weeks of
age (n ¼ 4). Means ± SEM are shown. *P < .05; **P < .01; ***P
< .001, Student t test. mRNA, messenger RNA.
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Supplementary Figure 5. Setdb1-null acinar cells converted toADM inacell-autonomousmanner ex vivo. (A) Representative bright
field images of acinar cell clusters from Ptf1aCre and Ptf1aCre; Setdb1f/f mice at 6 weeks of age after 2 days of culture in collagen gel
without transforming growth factor–a (TGFa) (upper row) and with TGFa (lower row) (n¼ 3). Scale bars: 200 mm. (B) Quantification of
ductal cystic structures in 3-dimensional (3D) cultured acinar cell clusters from Ptf1aCre and Ptf1aCre Setdb1f/fmice at 6 weeks of age
after 2 days of culture in collagen gel without TGFa (b) and with TGFa (c) (n ¼ 3). Means ± SEM are shown. (C) Representative H&E
staining and immunostaining for amylase (Amy) andCK19 in 3D-cultured acinar cell clusters fromPtf1aCre andPtf1aCre Setdb1f/fmice
at 6weeksof ageafter 2daysof culture in collagengelwithout TGFa. Scale bars: 50mm. *P< .05; **P< .01; ***P< .001,Student t test.

=
Supplementary Figure 4. Setdb1 deletionmarkedly accelerated the formation of Kras-driven premalignant ADM/PanIN lesions.
(A) Representative H&E staining at 1, 4, and 8 weeks of age in KC and KCSmice (n¼ 3–5). Scale bars: 50 mm. (B) Representative
immunostaining for amylase (Amy), CK19, sex determining region Y box 9 (Sox9), phosphorylated extracellular signal–regulated
kinase (pErk), and phosphorylated signal transducer and activator of transcription 3(pStat3) in KC and KCS mice at 4 weeks of
age (n¼ 3). Scale bars: 50 mm. (C) Representative immunostaining for Claudin 18 (upper row), and Sirius Red staining (lower row)
in KC and KCSmice at 4 weeks of age (n¼ 3). Scale bars: 50 mm. (D, E) Quantification of Claudin 18–positive (D) and fibrotic (E)
area in KC and KCS pancreata (n ¼ 3). Means ± SEM are shown. *P < .05; **P < .01; ***P < .001, Student t test.
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Supplementary Figure 6. Setdb1 deletion did not alter the expression of pancreatic transcription factors, Wnt pathway, Notch
pathway, and inflammation. (A) qRT-PCR analysis of pancreatic transcription factors of acinar cells isolated from Ptf1aCre and
Ptf1aCre Setdb1f/f mice at 6weeks of age (n ¼ 3). (B) qRT-PCR analysis of pancreatic transcription factors of KC and KCS
pancreata at 1 week of age (n ¼ 3). (C, D, E) qRT-PCR analysis of mediators related to Wnt pathway (C), Notch pathway (d) and
inflammation (e) of KC and KCS pancreata at 1 week of age (n ¼ 3). *P < .05; **P < .01; ***P < .001, Student t test.
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Supplementary Figure 7.Genes related to apoptosis were among the 100 most up-regulated genes in KCS mice. One
hundred most up-regulated genes identified by microarray analysis in KCS pancreata compared with KC pancreata. The red
bars show the factors involved in apoptosis.
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Supplementary Figure 8. The RAS-MYC oncogenic axis
tended to be down-regulated in KCS mice compared to KC
mice. qRT-PCR analysis of c-Myc expression in KC and KCS
mice at 1, 4, and 20 weeks of age (n ¼ 3, respectively). Means
± SEM are shown. *P < .05; **P < .01; ***P < .001, Student t
test.

Supplementary Figure 9. There were no significant differ-
ences in terms of cell proliferation between control and
Setdb1 overexpressed mouse pancreatic acinar cells. Cell
proliferation assay of control and Setdb1 overexpressed 266-
6 cells (n ¼ 3). *P < .05; **P < .01; ***P < .001, Student t test.

Supplementary Figure 10. Analysis of numbers of wild TP53
alleles in PDAC patients with high, intermediate, low SETDB1
expression using The Cancer Genome Atlas (TCGA) data set.
Proportion of numbers of wild TP53 alleles in PDAC patients
with high, intermediate, and low expression of SETDB1 in
TCGA data set. The number of wild TP53 alleles in cases
retaining at least 1 wild TP53 allele was described as �1, and
that of wild TP53 alleles in cases retaining no wild TP53 al-
leles was described as 0. Cochran-Armitage test
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Supplementary Figure 11. There were no significant differences in the expression of P53K370me2 between KC and KCS
mice. (A) Representative immunostaining for P53K370me2 in KC and KCS mice at 4 and 20 weeks of age (n ¼ 3). (B) Numbers
of P53K370me2–positive cells in KC and KCS at 4 and 20 weeks of age (n ¼ 3). *P < .05; **P < .01; ***P < .001, Student t test.

Supplementary Table 1.Primary Antibodies for
Immunohistochemistry and
Western Blot Analysis

Antibodies Source Catalog no. Dilution

Immunohistochemistry
Setdb1 Cell Applications CY1112 1:1000
Setdb1 Cell Applications CP10377 1:500
Amylase Abcam ab21156 1:300
CK19 Abcam ab52625 1:200
Insulin Abcam ab7842 1:100
F4/80 Abcam ab6640 1:200
CD45 B & D 55039 1:50
CD3 Abcam ab11089 1:100
CD8 B & D 550281 1:100
CD11b Abcam ab133357 1:4000
CD117 B & D 553352 1:200
Ki67 Biolegend 16A8 1:100
Cleaved caspase 3 Cell Signaling 9664S 1:500
E-cadherin B & D 610182 1:100
p53 Vector Laboratories VP-p956 1:500
Sox9 Chemicon ab5535 1:10000
pErk Cell Signaling 4370 1:200
pStat3 Cell Signaling 9145 1:200
Claudin 18 Invitrogen 700178 1:200
p53K370me2 St John’s Laboratory STJ90115 1:100

Western blot analysis
Setdb1 Proteintech 11231-1-AP 1:2000
H3K9me3 Abcam ab8898 1:5000
H3 Cell Signaling 9715 1:1000

pErk, phosphorylated extracellular signal–regulated kinase;
pStat3, phosphorylated signal transducer and activator of
transcription 3; Sox 9, sex determining region Y box 9.
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Supplementary Table 2.Primer Sets for Quantitative Reverse Transcription Polymerase Chain Reaction Analyses and
Chromatin Immunoprecipitation Experiments

Gene symbol Forward Reverse

Mouse
Gapdh AGGTCGGTGTGAACGGATTTG TGTAGACCATGTAGTTGAGGTCA
p53 GTCACAGCACATGACGGAGG TCTTCCAGATGCTCGGGATAC
Apaf1 AGTAATGGGTCCTAAGCATGTTG GCGATTGGGAAAATCACGTAAAA
Noxa GCAGAGCTACCACCTGAGTTC CTTTTGCGACTTCCCAGGCA
Bcl2 GGGAGAACAGGGTATGATAACCG TAGCCCCTCTGTGACAGCTTA
Setdb1 TGGCAACAGCGGTTCAGA CAGAAGTTATCATCAGAGCTGTCATCA
Amy TTGCCAAGGAATGTGAGCGAT CCAAGGTCTTGATGGGTTATGAA
Ptf1a TCCCATCCCCTTACTTTGATGA GTAGCAGTATTCGTGTAGCTGG
Mist1 GCTGACCGCCACCATACTTAC TGTGTAGAGTAGCGTTGCAGG
Nr5a2 TGTGTGGCGATAAAGTGTCTG TCGACAGTAGGGACATCGTTT
Ck19 GGGGGTTCAGTACGCATTGG GAGGACGAGGTCACGAAGC
Sox9 AGTACCCGCATCTGCACAAC ACGAAGGGTCTCTTCTCGCT
Ngn3 AGTGCTCAGTTCCAATTCCAC CGGCTTCTTCGCTTTTTGCTG
Pdx1 TTCCCGAATGGAACCGAGC GCGTGAGCTTTGGTGGATT
Apoe CTGACAGGATGCCTAGCCG CGCAGGTAATCCCAGAAGC
Gsk3b ATGGCAGCAAGGTAACCACAG TCTCGGTTCTTAAATCGCTTGTC
Igfbp4 AGAAGCCCCTGCGTACATTG TTGTTGGGATGTTCGCTCTCA
Lef1 TGTTTATCCCATCACGGGTGG CATGGAAGTGTCGCCTGACAG
Hes1 ATAGCTCCCGGCATTCCAAG GCGCGGTATTTCCCCAACA
Hey1 CCGACGAGACCGAATCAATAAC TCAGGTGATCCACAGTCATCTG
Hey2 AAGCGCCCTTGTGAGGAAAC GGTAGTTGTCGGTGAATTGGAC
IL6 TAGTCCTTCCTACCCCAATTTCC TTGGTCCTTAGCCACTCCTTC
IL1b GCAACTGTTCCTGAACTCAACT TTGGTCCTTAGCCACTCCTTC
Mcp1 TTAAAAACCTGGATCGGAACCAA GCATTAGCTTCAGATTTACGGGT
cMyc TCTCCATCCTATGTTGCGGTC TCCAAGTAACTCGGTCATCATCT

Human
GAPDH ATGGGGAAGGTGAAGGTCG GGGGTCATTGATGGCAACAATA
SETDB1 GACTACAATACCGGGACAGTAGC CCCAGCATCACCTGAATCAAT
TP53 CAGCACATGACGGAGGTTGT CCAGACCATCGCTATCTGAGC

Name Forward Reverse

Mouse
p53 (-1423bp) AGGCACCGGTTCAAAGTCTG AGAATGAAGACGTCGGAGGAG
p53 (-1144bp) GAACGAGTGTCCAAAGCCAAG GTGTAGGCAAAGTCGTTCCTTC
p53 (-689bp) CAGGACTATACAAGGCATTGGG CGCACCACCGTGTTTAATTTCC
p53 (-426bp) CTGTACTTGGAAGGCCTAAAGCAG CTGTGCTCTTTCCTATCCAGCTAG

Human
p53 (-1129bp) GAGCTAACGGTTGAGTCTCCAAAG CACAGGTGGGTTTCTTTAGCTCTG
p53 (-791bp) GTTAGAAGGTTTCCCGTTCCCATC TAGAAGCGTTCAGACTACAACTCC
p53 (-295bp) GAGAAGAAAGGATCCAGCTGAGAG GAGGGCAGAATTGGTGGAAATC

August 2020 Setdb1 Is Required for PDAC Formation 696.e13


	SETDB1 Inhibits p53-Mediated Apoptosis and Is Required for Formation of Pancreatic Ductal Adenocarcinomas in Mice
	Materials and Methods
	Mice
	Clinical Samples
	Cell Lines
	Statistics
	Study Approval

	Results
	Setdb1 was Dispensable for Pancreatic Development
	Setdb1 Was Required for Exocrine Pancreatic Regeneration
	Setdb1 Deletion Accelerated the Formation of Acinar-to-Ductal Metaplasia/Pancreatic Intraepithelial Neoplasia in the Contex ...
	Setdb1 Deletion Led to Increased Apoptosis and Elevated p53 Expression
	Setdb1 Bound to p53 Promoter Regions to Directly Regulate its Expression
	Setdb1 Deletion Promoted Pancreatic Atrophy With Increased Apoptosis in the Context of Oncogenic Kras
	Setdb1 Deletion Protected Against Pancreatic Ductal Adenocarcinoma Formation in the Context of Heterozygous p53 Deletion
	Suppression of Pancreatic Ductal Adenocarcinoma Formation by Setdb1 Deletion Was Offset in the Absence of p53
	Suppression of SETDB1 Led to Elevated TP53 Expression and Reduced Growth of Human Pancreatic Ductal Adenocarcinoma Cells

	Discussion
	Supplementary Material
	References
	Acknowledgments
	CRediT Authorship Contributions
	Supplementary Materials and Methods
	Immunohistochemistry
	Western Blot Analysis
	Methyltransferase Activity Quantification Assay
	RNA Isolation and Quantitative Reverse Transcription Polymerase Chain Reaction
	Acinar Cell Isolation and Culture
	Microarray Analysis
	Chromatin Immunoprecipitation
	Vectors Transfection and Cell Proliferation Assay
	Lentivirus Transduction and Infection of Pancreatic Cancer Cells
	The Cancer Genome Atlas Data Set Analysis
	Data Availability

	References


