
ATDC is required for the initiation of
KRAS-induced pancreatic tumorigenesis
Lidong Wang,1,2 Huibin Yang,3 Andrea Zamperone,1,2 Daniel Diolaiti,1,2 Phillip L. Palmbos,4

Ethan V. Abel,5 Vinee Purohit,1,2 Igor Dolgalev,2 Andrew D. Rhim,6 Mats Ljungman,3

Christina H. Hadju,7 Christopher J. Halbrook,5 Dafna Bar-Sagi,2,8,9 Marina Pasca di Magliano,10,11

Howard C. Crawford,4,5 and Diane M. Simeone1,2,7

1Department of Surgery, NewYorkUniversity School ofMedicine, NewYork, NewYork 10016, USA; 2Perlmutter Cancer Center,
NYU Langone Medical Center, New York University, New York, New York 10016, USA; 3Department of Radiation Oncology,
4Department of Internal Medicine, 5Department of Molecular and Integrative Physiology, University of Michigan, Ann Arbor,
Michigan 48109, USA; 6Department of Gastroenterology, Hepatology, and Nutrition, University of Texas MD Anderson Cancer
Center, Houston, Texas 77030, USA; 7Department of Pathology, 8Department of Biochemistry and Molecular Pharmacology,
9Department of Medicine, New York University School of Medicine, NewYork, NewYork 10016, USA; 10Department of Surgery,
11Department of Cell and Developmental Biology, University of Michigan, Ann Arbor, Michigan 48109, USA

Pancreatic adenocarcinoma (PDA) is an aggressive disease driven by oncogenic KRAS and characterized by late
diagnosis and therapeutic resistance. Here we show that deletion of the ataxia-telangiectasia group D-comple-
menting (Atdc) gene, whose human homolog is up-regulated in the majority of pancreatic adenocarcinoma,
completely prevents PDA development in the context of oncogenic KRAS. ATDC is required for KRAS-driven ac-
inar–ductal metaplasia (ADM) and its progression to pancreatic intraepithelial neoplasia (PanIN). As a result, mice
lacking ATDC are protected from developing PDA.Mechanistically, we showATDC promotes ADMprogression to
PanIN through activation of β-catenin signaling and subsequent SOX9 up-regulation. These results provide new
insight into PDA initiation and reveal ATDC as a potential target for preventing early tumor-initiating events.
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Pancreatic ductal adenocarcinoma (PDA) is a lethal
human malignancy that is typically diagnosed at an ad-
vanced stage and is largely unresponsive to chemotherapy
and ionizing radiation. With a 5-yr survival rate of 9%,
PDA displays the worst prognosis of any major malignan-
cy and is predicted to become the second leading cause of
cancer-related death by 2030 (Rahib et al. 2014). A better
understanding of key signaling mechanisms driving initi-
ation and progression of PDAmay lead to both early diag-
nosis and intervention.
The earliest steps of pancreatic tumorigenesis involve

transdifferentiation of acinar cells to a metaplastic duct-
like phenotype in a process known as acinar–ductal meta-
plasia (ADM) (Zhu et al. 2007). Lineage tracing studies in
genetically engineered mice (GEMs) show that ADM re-
sults from direct transdifferentiation of adult acinar cells
to a ductal cell phenotype upon KRASG12D expression
(De La et al. 2008; Habbe et al. 2008). ADM is transiently
observed in response to damage, such as pancreatitis;

however, in the presence of oncogenic KRAS, ADM is sus-
tained and progresses to pancreatic intraepithelial neopla-
sia (PanIN) lesions, which ultimately may give rise to
PDA (Guerra et al. 2007).
Interestingly, oncogenic KRASG12D expression in acinar

cells is insufficient by itself to induce ADM. In a GEM
model where the vast majority of acinar cells express
KRASG12D, only a small cohort of cells gives rise to
ADM/PanIN following a latency period (Hingorani et al.
2003). In humans, secondary events—either genetic
changes such as acquisition of loss-of-function mutations
in TP53, SMAD4, and CDKN2A or environmental factors
such as tissue damage/inflammation—are required, along
with KRAS mutations, for ADM/PanIN progression (The
CancerGenomeAtlasResearchNetwork 2017). Addition-
ally, ADM is facilitated by the loss of acinar-specific tran-
scription factors suchasPTF1AandMIST1 (Pin et al. 2001;
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Krah et al. 2015) and, conversely, is promoted by expres-
sion of ductal genes such as SOX9 (Kopp et al. 2012).

The ataxia-telangiectasia (AT) group D-complementing
(ATDC) gene was first identified in the hunt for the gene
responsible for the genetic disorder AT (Kapp et al. 1992)
but later was shown not to be involved in AT. ATDC,
also termed tripartite motif protein 29 (TRIM29), belongs
to the TRIM protein family and contains the characteris-
tic B1–B2–CC TRIM motifs but lacks the RING finger
domain (Reymond et al. 2001). ATDC is normally ex-
pressed in several tissues such as the lungs, prostate, co-
lon, and alveolar macrophages but is undetectable in the
heart, brain, pancreas, and small intestine (Hosoi and
Kapp 1994). Several studies have demonstrated elevated
expression of ATDC in multiple cancer types (Hata-
keyama 2016), and this has been associated with poor
prognosis and decreased overall survival (Lai et al. 2013;
Harris et al. 2015). We demonstrated previously that
ATDC is expressed in the majority of human PDA
(Wang et al. 2009), where ATDC serves as an invasive
switch by activating β-catenin signaling and up-regulating
CD44, resulting in epithelial–mesenchymal transition
(EMT) and leading to PanIN progression to PDA (Wang
et al. 2009, 2015). In this study, we examined whether
ATDC is required for KRAS-driven tumorigenesis and
how ATDC regulates oncogenic KRAS-induced initiation
of ADM, progression to PanIN, and, eventually, PDA
development.

Results

Genetic ablation of ATDC does not affect pancreas
development and morphology

We generated an Atdc-floxed strain (Supplemental Fig.
S1A) and bredAtdc-floxedmicewith Pdx1-Cre transgenic
mice (Supplemental Fig. S1B) to determine whether the

lack of Atdc affected pancreatic development or function.
In Pdx1-Cre transgenic mice, CRE recombinase expres-
sion is targeted to the epithelial lineages of the pancreas
(Hingorani et al. 2003). Consistent with lack of ATDC ex-
pression in the normal pancreas, both Pdx1-Cre; Atdcfl/+

(CA−/+) and Pdx1-Cre; Atdcfl/fl (CA−/−) mice were born
at the expected frequency and showed normal pancreatic
weight, morphology, and histology throughout postnatal
life, up to 12mo of age (n = 25 animals each group) (Supple-
mental Fig. S1C,D).

Generation of Pdx1-Cre; KrasLSL-G12D/+; Trp53fl/+;
Rosa26LSL-YFP/+; Atdcfl/fl (KPCYA−/−) mice

ToexploretheroleofATDCsignaling inanautochthonous
mouse model of PDA, we crossed Atdcfl/fl mice with a
Pdx1-Cre; KrasLSL-G12D/+; Trp53fl/+; Rosa26LSL-YFP/+

(KPCY) model (Fig. 1A; Rhim et al. 2012). Because Pdx1-
Cre mediates recombination exclusively in the epithelial
cells of the pancreas, this combination of alleles results
in the simultaneous activation of mutant Kras, deletion
ofAtdc, and loss of oneTrp53 allelewithin this tissue com-
partment. KPCYA−/− mice were born at expected Mende-
lian ratios and were phenotypically normal at birth.
Using a variety of approaches, we confirmed that ATDC
was efficiently deleted in the pancreas of KPCYA−/− (Fig.
1B,C; Supplemental Fig. S1E), that mutant KRASG12D

and YFP were expressed, and that Trp53 expression was
lowered by 50% in both of KPCY and KPCYA−/− mice
(Fig. 1D,E; Supplemental Fig. S1F,G).

ATDC is required for KRASG12D-induced PanIN
progression and PDA formation

The KPCY mouse model of pancreatic cancer displays all
of the stages of tumorigenesis—from PanIN lesions to

A

C D
E

B Figure 1. Conditional knockout of pancre-
as-specific ATDC expression in KPCY mice.
(A) Schematic of the KPCYA−/− mouse mod-
el, which uses theKrasLSL-G12D/+ (“K”), Pdx1-
Cre (“C”), Trp53fl/+ (“P”), RosaYFP/+ (“Y”),
and Atdcfl/fl (“A”) mice. (B) Quantitative
RT-PCR (qRT-PCR) analysis of Atdc mRNA
expression in the pancreata or tails of 3-mo-
old KPCY and KPCYA−/− mice. n =5 per
group. (nd) Not detectable. (C ) Western blot
analysis of ATDC expression in pancreata
(Pan) from 3-, 6-, or 12-mo-old KPCY and
KPCYA−/− mice. (D) Western blot analysis
of KRASG12D and YFP expression in pan-
creata (Pan) or livers (Liv) from 3- and 12-
mo-old KPCY and KPCYA−/− mice. (E) Rep-
resentative immunohistochemical images
of YFP expression in pancreatic sections
from 3-mo-old KPCY or KPCYA−/− mice.
Scale bar, 200 µm. The right panels are mag-
nified views. Scale bar, 50 µm. (m) Months.
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metastatic PDA—found in human patients (Rhim et al.
2012). Examination of pancreata of 3-mo-old KPCY mice
(12 out of 12 [100%]) exhibited abundant ADM and low-
and high-grade PanIN lesions, with an average of 19.8
ADM and PanIN lesions per field (Fig. 2A–D). In contrast,
the entire pancreata of 3-mo-old KPCYA−/− mice were
normal in 11 of 15 (73.3%) mice (Fig. 2A–D). In the re-
maining four of 15 (26.7%) KPCYA−/− mice, ADM and
low-grade PanIN1 lesions were observed rarely, with an
average of five ADM/PanIN1 lesions per field (Fig. 2A–

D). Importantly, we found that all of theADMand PanIN1
lesions in the KPCYA−/− mice expressed ATDC due to
incomplete recombination of the floxedAtdc alleles (Sup-
plemental Fig. S2A). Similar results were obtained in
KPCYA−/− mice sacrificed at 12 mo of age, which exhibit-
ed completely normal pancreata (nine of 12 [75%]
KPCYA−/− mice) and rare ADM or PanIN1 lesions (three
of the 12 [25%] KPCYA−/− mice), respectively (Fig. 2A–

D). In distinct contrast, all pancreata of 7-mo-old KPCY

mice were replaced by aggressive PDAwith lung and liver
metastasis (Fig. 2E,F).
Histological analysis of the pancreata from KPCY and

KPCYA−/−mice showed that inactivation ofAtdc blocked
the formation of Alcian blue-positive PanIN lesions in
3-mo-old KPCYA−/− mice versus age- and sex-matched
KPCYmice (Supplemental Fig. S2B,C). Additional immu-
nohistochemical staining to assess expression of Ki67,
cleaved caspase 3 (CC3), p-ERK-1/2, and α-smoothmuscle
actin (α-SMA) in pancreatic sections from 3-mo-old KPCY
and KPCYA−/− mice showed that Atdc knockout inhibit-
ed proliferation and ERK-1/2 phosphorylation and de-
creased the apoptotic rate and desmoplastic response
(SMA expression) typically seen during PanIN formation
(Supplemental Fig. S2D–J).
To determine whether ATDC had a dose-dependent ef-

fect on pancreatic tumorigenesis, we examined the pheno-
type of mice heterozygous for the Atdc locus (KPCYA+/−)
(Supplemental Fig. S2K). Both initiation and progression
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Figure 2. ATDC is required for KRASG12D-induced PanIN progression and PDA formation. (A, top panels) Representative H&E images of
whole pancreata from3- or 7-mo-old KPCY and 3- or 12-mo-old KPCYA−/−mice. Scale bar, 5000 µm. The bottom panels (scale bar, 50 µm)
are magnified views of staining patterns from the middle panels (yellow box) (scale bar, 100 µm). (B) The percentage of mice harboring
ADM/PanIN lesions in 3-mo-old KPCYmice and 3- or 12-mo-old KPCYA−/− micee. (m) Months. (C ) The number of ADM/PanIN lesions
per 200× optical high-power field (HPF) (four random 200× fields per representative slide) for each 3-mo-old KPCYmouse (n=12) and 3- or
12-mo-old KPCYA−/− mouse (n =4). (∗) P<0.05 versus KPCY. (D) Quantification of the proportion of the pancreas occupied by ADM/
PanIN lesions in KPCY mice (12 of 12) at 3 mo of age and KPCYA−/− mice at 3 mo of age (four of 15) or 12 mo of age (three of 12).
Data are shown as mean± SE. (∗) P <0.01. (E) Quantification of primary tumor (top panel) or metastatic incidence (bottom panel) in 7-
mo-old KPCY and 3- or 12-mo-old KPCYA−/− mice. (F ) Representative H&E-stained sections display lung and liver metastasis in 7-mo-
old KPCY mice. (m) Months. Scale bar, 2000 µm; inset scale bar, 100 µm. (G) Kaplan-Meier survival curves of KPCY, KPCYA−/+, and
KPCYA−/− mice. (∗∗) P <0.01 between KPCY, KPCYA−/+, and KPCYA−/− mice. (H) Quantification of circulating YFP+ pancreatic cells
(CPCs). CPC numbers (per milliliter of blood) for KPCY or KPCYA−/− mice were 1.3 ± 1.0 or 1.1 ± 0.5 for CY control, 37.5 ± 7.0 or 8.1 ±
6.1 for PanINs, and 93.7 ± 8.8 or 0.8 ± 0.6 for PDA. Mean±SEM. (∗) P<0.05. n =5 per group.
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of ADM and PanIN lesions in KPCYA−/+ micewere signif-
icantly slower than in age- and sex-matched KPCY mice,
with lower PDA and metastasis incidence and prolonged
survival compared with KPCYmice (Fig. 2G; Supplemen-
tal Fig. S2L–P). The average survival for KPCY and
KPCYA−/+ mice was 5.2 ± 1.2 mo and 8.5 ± 2.3 mo, respec-
tively. All of the 12 KPCYA−/− mice in the cohort were
alive at 12 mo and free of cancer at the time of harvest
(Fig. 2G). Thus, ATDC expression is required for PDA ini-
tiation in a dose-dependent manner, and its inactivation
results in prolonged survival in KPCY mice.

Lineage tracing studies have demonstrated that individ-
ual pancreatic cells cross the basement membrane in
PanIN lesions prior to the development of invasive dis-
ease; similarly, YFP+ circulating pancreatic neoplastic
cells (CPCs) are detected in the bloodstream prior to
PDA formation in KPCY mice (Rhim et al. 2012). To
determine whether ATDC similarly promotes invasion
during early stages of carcinogenesis, we examined the ef-
fect of ATDC knockout on the numbers of CPCs in the
bloodstream during various stages of tumorigenesis.
YFP+ CPCs were significantly increased in the blood of
KPCY mice harboring PanINs or PDA compared with
age-matched CY mice (n = 5 mice per group) (Fig. 2H).
However, ATDC deficiency markedly reduced the num-
ber of YFP+ CPCs in the bloodstream in KPCYA−/− mice
versus age-matched KPCYmice (Fig. 2H). Using immuno-
fluorescence staining, we demonstrated that ATDC and
CK19 were coexpressed in YFP+ CPCs in 6-mo-old
KPCY mice (Supplemental Fig. S2Q; Supplemental Table
1), supporting our previous results that ATDC plays an es-
sential role in the invasive phenotype of PDA (Wang et al.
2015).

ATDC is required for cerulein-induced ADM-to-PanIN
progression in the context of KRASG12D expression

Cerulein-induced acute pancreatitis promotes transient
ADM followed by reversion to normal acinar morphology
(Strobel et al. 2007) and can significantly accelerate the de-
velopment of ADM/PanIN lesions in the presence of mu-
tant KRAS (Carrière et al. 2009). To assess whether ATDC
is required during inflammation-induced PanIN forma-
tion, we studied the effect of cerulein treatment on wild-
type (WT) or Pdx1-Cre+; RosaLSL-YFP; Atdc−/− (CYA−/−)
and KrasLSL-G12D/+; Pdx1-Cre+; RosaLSL-YFP (KCY) mice
or their Atdc-null counterpart (KCYA−/−). Mice were
treated with supraphysiological doses of 250 mg/kg
cerulein daily for 5 d followed by 7 d of recovery (Supple-
mental Fig. S3A; Ardito et al. 2012). One day following
treatment, the pancreata, irrespective of genotype, exhib-
ited an acute pancreatitis-inducedmetaplastic phenotype,
as evidenced by replacement of acinar tissue with ADM
lesions and extensive inflammatory infiltrate (Fig. 3A).
The pancreata demonstrated a decrease of amylase
expression (Fig. 3A,B), an enhanced proliferative response
(Fig. 3C; Supplemental Fig. S3B), and replacement of
acinar tissue with CK19- and SOX9-positive and
MUC5ac- and Alcian blue-negative ADM lesions (Fig.
3D; Supplemental Fig. S3C,D). These data suggest that

pancreatic injury can induce ADM-initiating cues inde-
pendent of ATDC.

The finding that acute pancreatitis causes ADM initia-
tion even in the absence of ATDC raised the question of
whether ATDC-deficient acinar cells can undergo acinar
ductal reprogramming and form PanINs if expression of
oncogenic KRAS is combined with pancreatic injury. We
found that after 7 d of recovery, ADM lesions reverted to
normal acinarmorphology inWTandCYA−/−mice, along
with a basal proliferative rate and expression of amylase,
CK19, MUC5ac, and SOX9 (Fig. 3A–D, Supplemental
Fig. S3B–F; Supplemental Table 2). However, in KCY
mice, there was almost complete replacement of pancre-
atic tissuewith fibrosis, infiltration of inflammatory cells,
and widespread ADM/PanIN lesions with characteristic
loss of amylase-expressing acinar tissue, accompanied
by cuboidal to columnar duct-like structures with en-
larged lumens positive for CK19, SOX9, Alcian blue, and
MUC5ac (Fig. 3A–G; Supplemental Fig. S3B–F; Supple-
mental Table 2). In stark contrast to KCY mice, ATDC
knockout in the KCYA−/− mice inhibited KRASG12D-
induced ADM-to-PanIN progression, with pancreata
resembling those of WT mice (Fig. 3A–G; Supplemental
Fig. S3B–F; Supplemental Table 2).

To assess the status of ATDC expression during ceru-
lein-induced ADM formation, we evaluated pancreatic
sections from the different groups of mice. As shown in
Figure 3H and Supplemental Figure S3F, ATDC expres-
sion was not altered during pancreatitis-related ADM for-
mation immediately following cerulein treatment in WT
mice. However, in the presence of KRASG12D, cerulein-in-
duced ADM efficiently progressed into PanIN lesions,
and, during this acinar-to-ductal reprogramming period,
ATDC expression was significantly up-regulated (Fig.
3H,I; Supplemental Fig. S3F). Because of the kinetics of
ATDC expression and the fact that KCY and KCYA−/−

pancreatic tissue histological features differed at day 7 af-
ter cerulein treatment, we evaluated cell proliferation, ap-
optosis, and β-catenin and SOX9 expression at day 3, an
intermediate time point whenATDC expression becomes
detectable in ADM lesions that progress to PanIN. As
shown in Supplemental Figure S3G, the number of Ki67-
positive cells at days 3 and 7 was reduced in KCYA−/−

mice compared with KCY controls. Consistent with pre-
viously published data (Zhang et al. 2014), we observed a
small and persistent fraction of apoptotic cells, which
was maintained throughout day 7 in KCY mice but de-
creased to almost undetectable levels in KCYA−/− mice
at day 7 (Supplemental Fig. S3H). Expression of total β-cat-
enin (Supplemental Fig. S3I–K), nonphosphorylated (acti-
vated) β-catenin (Supplemental Fig. S3J–L), and Sox9
(Supplemental Fig. S3N) increased over the 7-d period in
KPC mice but was reduced in KCYA−/− mice at days 3
and 7 after treatment. Conversely, we observed a decrease
in the level of inhibitory phosphorylation (phospho-
Ser33,37 and Thr41) of β-catenin from day 1 to day 7 in
KCY mice (Supplemental Fig. S3J,M), while it increased
in KYCA−/− mice. Therefore, loss of ATDC prevents
the establishment of sustained β-catenin and Sox9 signal-
ing, thus inhibiting KrasG12D-driven proliferation and
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Figure 3. ATDC is required for cerulein-induced ADM-to-PanIN progression in the context of KRASG12D expression in the pancreas.
(A) WT, CYA−/−, KCY, and KCYA−/− 1.5-mo-old mice were treated with 250 µg/kg cerulein once daily for 5 d and allowed to recover
for up to 7 d. Sections were stained with H&E (left; scale bar, 100 µm; inset scale bar, 50 µm) or for amylase expression (right; scale
bar, 50 µm). (B) Quantitation of the percentage of amylase-positive areas in the pancreata from different animal groups at day 1 and
day 7 after treatment. n=5 per group (∗) P <0.05 versus KCYA−/− at day 7. (C ) Quantitation of the KI67-positive cells by counting at least
four individual 200× optical high-power fields (HPFs) in pancreata from the different animal groups. n=5 per group. (∗) P<0.05 versus
KCYA−/− at day 7. (D) Representative immunohistochemical staining of CK19, MUC5ac, and SOX9 in pancreatic sections from
1.5-mo-old KPCY or KPCYA−/− mice 1 or 7 d after cerulein treatment (250 µg/kg cerulein per day for 5 d). Scale bar, 50 µm. (E–G) Quan-
tification of the percentage of CK19+ (E), MUC5ac+ (F ), or SOX9+ (G) lesions per high-power field (HPF) 7 d after cerulein treatment in
1.5-mo-old KCY or KCYA−/− mice. Magnification, 400×; three random fields per mouse; normalization per field. Each point represents
a single mouse, and horizontal bars represent the mean percentage for each group. (∗) P <0.05. (H) Representative immunohistochemical
staining of ATDC in pancreatic sections from 1.5-mo-old WT or KPCY mice 1, 3, or 7 d of recovery after cerulean treatment (250 µg/kg
cerulein per day for 5 d). Scale bar, 50 µm. (I ) Quantification of the percentage of ATDC+ lesions per high-power field (HPF) 1, 3, or 7 d after
cerulein treatment in 1.5-mo-old WT or KCY mice. Magnification, 400×; three random fields per mouse; normalization per field. Each
point represents a single mouse, and horizontal bars represent the mean percentage for each group. (∗) P<0.05.
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allowing redifferentiation of ductal cells to acinar cells af-
ter ADM.

Collectively, our data indicate that ATDC is essential
for KRASG12D-mediatedADM-to-PanIN progression in re-
sponse to acute pancreatitis. Based on these findings, we
assessed whether ATDC was expressed in ADMs that
form spontaneously during the tumorigenic process in
KCYmice. Indeed, ATDC was expressed in these lesions,
highlighting its role in the ADM process (Supplemental
Fig. S3O). Consistent with our previous data, ATDC over-
expression significantly promoted PanIN lesion progres-
sion in GFP-KRASG12D primary ductal epithelial cell
(PDEC) orthotopic xenografts (Supplemental Fig. S3P–S;
Pylayeva-Gupta et al. 2012; Wang et al. 2015). In GEM
models, other signaling molecules have also been shown
to provide tumor-protective phenotypes in the setting of
oncogenic Kras, including Yap1 (Gruber et al. 2016; Jiang
et al. 2018; Rozengurt et al. 2018), IKK2 (Ling et al. 2012),
Stat3 (He et al. 2010; Corcoran et al. 2011), Klf4 (Wei et al.
2016), andKlf5 (He et al. 2018).We therefore testedwheth-
er ATDCmodulated the expression of Yap1, IKK2, or Klf4
inGFP-KRASG12D PDECs. As shown in Supplemental Fig-
ure S3T, these proteins were detectable in control GFP-
KRASG12D PDECs that do not express ATDC, indicating
that ATDC is not required for their expression, at least in
this model, counter to what was observed with activated
β-catenin and Sox9 (Supplemental Fig. S3T,U).

ATDC is required for KRASG12D-induced acinar-to-
ductal transdifferentiation in three-dimensional (3D)
primary acinar cell cultures

Since multiple lines of evidence suggest that ADM is a
source of neoplasia in the initiation of human PDA, we
used an additional experimental approach to evaluate
the contribution of ATDC toKRASG12D-drivenADM. Pri-
mary pancreatic acinar cells were isolated from 1.5-mo-
old KCY or KCYA−/− mice, embedded in a collagen gel,
and placed in 3D cultures for 5 d. KCY acinar cells grown
in 3D cultures underwent ADM, forming large duct-like
structures. The samples at 5 d presented as a single layer
of cells surrounding a clear lumen, characteristic of a ma-
ture ductal structure as described (Fig. 4A,B; Ardito et al.
2012). The lack of ATDC in acinar cells from KCYA−/−

mice significantly attenuated KRASG12D-induced acinar
cell transdifferentiation and ADM formation (Fig. 4C).
Time-dependent gain of the ductal marker CK19 and
down-regulation of amylase expression were observed in
acinar cells isolated from KCY mice (Fig. 4D,E). These
changes were significantly inhibited by ATDC knockout
in KCYA−/− acinar cell 3D cultures (Fig. 4D,E). Consistent
with our data in KCY mice, AtdcmRNA and protein lev-
els were significantly up-regulated in YFP-positive KCY
acinar cells 3 and 5 d after being placed in 3D cultures
when ADM lesions are present (Fig. 4F; Supplemental
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Figure 4. ATDC is required for KRASG12D-induced acinar-to-ductal transdifferentiation in primary acinar 3D cultures. (A,B) Represen-
tative bright-field lightmicroscopy (A) andH&E staining (B) at days 1, 3, and 5 of primary acinar cell 3D cultures from1.5-mo-old KCY and
KCYA−/−mice. Scale bar, 20 µm. (C ) Quantification of duct-like structures inA at days 1, 3, and 5 following acinar cell 3D culture.Mean±
SE. (∗) P< 0.05 versus KCY. n =3. (D) Coimmunofluorescence staining of amylase (green), CK19 (red), and DAPI (blue) in acinar cell 3D
cultures from 1.5-mo-old KCY and KCYA−/− mice at days 1, 3, and 5. Scale bar, 20 µm. n =3. (E) Quantitation of amylase or CK19 single-
or double-positive acinar clusters inD. (∗) P <0.05 versus KCY. n=3. (F ) Coimmunofluorescence staining of YFP (green), ATDC (red), and
DAPI (blue) in acinar cell 3D cultures at day 5 from 1.5-mo-old KCY and KCYA−/− mice. Scale bar, 20 µm. n=3.
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Fig. S4A,B). These data indicate that endogenous ATDC
expression is up-regulated in acinar cells during
KRASG12D-induced ADM formation.

Inactivation of ATDC does not affect RAS activity

It has been shown previously that continuous expression
of oncogenic KRAS is required for PanIN formation and
progression and cancer maintenance in the iKras model,
allowing inducible and reversible expression of onco-
genic KRAS (Collins et al. 2012). In addition, stimuli
that generate prolonged RAS signaling in the setting of
oncogenic KRAS accelerate PanIN formation (Ardito
et al. 2012; Daniluk et al. 2012). Therefore, we measured
RAS activity in acinar cells expressing oncogenic KRAS
activity in the presence and absence of ATDC. KRAS ac-
tivity was elevated in KCY mice compared with WT
mice; however, RAS activity levels were similar in aci-
nar cells isolated from KCY and KCYA−/− mice (Sup-
plemental Fig. S5), suggesting that inhibition of RAS
activity is not the mechanism by which knockout of
ATDC blocks oncogenic KRAS-induced ADM-to-PanIN
progression.

β-Catenin signaling activated by ATDC is required
for KRASG12D-induced ADM formation

β-Catenin has also been reported previously to play a func-
tional role in the process by which acinar cells undergo
ADM and pancreatic carcinogenesis (Pasca di Magliano
et al. 2007;Zhanget al. 2013).Wedemonstratedpreviously
that ATDC promotes proliferation and invasion of human
pancreatic cancer cells by activation of β-catenin signaling
(Wang et al. 2009, 2015). To determinewhether the ability
of ATDC to impact ADM formation was mediated
through its activation of canonical β-catenin signaling,
we used our 3D culture system to assess ADM in KCY
and KCYA−/−mice. Acinar cells placed in the 3D cultures
at day 1 showed very lowmembrane localization of β-cat-
enin in GFP-positive acinar cells isolated from KCY or
KCYA−/− mice (Fig. 5A). However, as ADM lesions devel-
oped over the 5 d in culture, we observed enhanced total
and nuclear localization of β-catenin in cells derived
from KCY mice (Fig. 5A; Supplemental Fig. S6A), which
was blocked by knockout ofATDC (Fig. 5A; Supplemental
Fig. S6A). To determine whether β-catenin signaling was
required for ATDC to drive ADM in context with
KRASG12D,we introduceda lentiviral β-cateninexpression
vector into 3D cultures from KCYA−/− mice and observed
that this was effective in restoring ADM formation (Fig.
5B–D). Overall, these data indicate that ATDC induces
ADM formation through β-catenin signaling.

ATDC increases SOX9 expression in KRASG12D-induced
ADM via β-catenin signaling

Recent studies have indicated that the transcription factor
SOX9 is critical for PDA initiation and is required for
ADM/PanIN progression to PDA in mouse models
(Kopp et al. 2012; Prévot et al. 2012; Chen et al. 2015).

Because the phenotype of ATDC knockout mimicked
the impact of SOX9 depletion onADM/PanIN progression
in cerulein-treated KC mice, we evaluated whether
ATDC might play a role in driving SOX9 expression. We
observed that Sox9 expression was up-regulated in KCY
acinar 3D cultures 5 d after plating, the time frame in
which ADM lesions formed (Fig. 5E; Kopp et al. 2012).
In contrast, Sox9 mRNA levels were significantly lower
in KCYA−/− acinar 3D cultures (Fig. 5E). SOX9 protein
was coexpressed with ATDC in ADM and PanIN lesions
in KPCY mice, while its expression was markedly de-
creased in pancreatic sections from KPCYA−/− mice (Fig.
5F; Supplemental Fig. S6B,C). Overexpression of β-catenin
effectively rescued the expression of Sox9 in acinar 3D
cultures from KCYA−/− mice at day 5 (Fig. 5G), indicating
that ATDC’s ability to up-regulate SOX9 expression was
mediated through β-catenin signaling.

Knockout of ATDC inhibits KRASG12D-inducedADMvia
SOX9 down-regulation

To evaluate whether the ability of ATDC to regulate
ADM formation was mediated through β-catenin-driven
SOX9 activity, we used lentiviral constructs to target
SOX9 expression and found that SOX9 knockdown signif-
icantly inhibited KRASG12D-induced ADM formation,
mimicking the effects observed with knockdown of
ATDC (Fig. 6A–C). Furthermore, SOX9 expression was
able to restore ADM formation in acinar 3D cultures
fromKCYA−/−mice to levels observed in KCYmice, dem-
onstrating that SOX9 is a key downstream effector of
ATDC in this setting (Fig. 6D–F). Notably, we observed
coexpression of β-catenin with SOX9 in the ADM lesions
that developed in the KCY acinar 3D cultures (Fig. 6G).
Similar to loss of ATDC, knockdown of β-catenin blocked
SOX9 expression at day 5 in acinar 3D cultures from KCY
mice (Fig. 6G). Overall, these results show thatATDCpro-
motes ADM by up-regulating SOX9 expression via β-cate-
nin signaling.

Expression of ATDC, β-catenin, and SOX9 is increased
in human ADM lesions and PDA

To determine the human relevance of these findings, we
examinedATDCexpression inADM lesions from 12 sam-
ples of human pancreatic tissue (obtained from patients
who underwent resection for chronic pancreatitis [n= 5]
or PDA [n= 7], the latter in areas of fibrosis away from
the tumor). Expression of ATDC was elevated in human
ADM lesions (Fig. 7A,B), indicating that aberrant expres-
sion of ATDC not only is a hallmark of established PDA
but also defines precancerous ADM lesions. To evaluate
whether the ATDC/β-catenin/SOX9 signaling axis is acti-
vated in human ADM, we performed coimmunofluores-
cence staining of ATDC and β-catenin or ATDC and
SOX9 in the same set of samples and confirmed that all
three proteins were coexpressed in human ADM lesions
(Fig. 7C,D; Supplemental Table 3).
Because ATDC is expressed throughout the progression

from ADM to PDA, we further investigated whether the

ATDC is required in pancreatic tumorigenesis

GENES & DEVELOPMENT 647

http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.323303.118/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.323303.118/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.323303.118/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.323303.118/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.323303.118/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.323303.118/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.323303.118/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.323303.118/-/DC1


ATDC/β-catenin/SOX9 axis remains functional in human
PDA. We showed previously that ATDC activation of β-
catenin signaling in human pancreatic cancer cells result-
ed in enhanced TCF4 transcriptional activity (Wang et al.
2009) and that TCF4 expression is significantly up-regu-
lated in PanIN lesions from KC mice (Pasca di Magliano
et al. 2007). A review of the encyclopedia of DNA ele-
ments (ENCODE) public database (The ENCODE Project
Consortium 2012) revealed three TCF4-binding motifs
(BM1, BM2, and BM3) in the human SOX9 gene promoter
and enhancer (Supplemental Fig. S7A). Specific primers to
these potential binding sites were designed (Supplemental
Table 4), and targeted chromatin immunoprecipitation
(ChIP) assays were performed on HPAC PDA cells and
showed enrichment of TCF4 binding on BM1 and BM2
of the human SOX9 promoter in an ATDC-dependent
manner (Fig. 7E). Consistent with loss of TCF4 binding

to its promoter, expression of SOX9 decreased after
ATDC silencing in HPAC cells (Fig. 7F), confirming that
ATDC regulates, through β-catenin, SOX9 expression in
PDA cells. A significant positive correlation between
ATDC and SOX9 expression was observed in human
TCGA (The Cancer Genome Atlas) PDA samples (P =
1.05 × 10−11) (Fig. 7G). Of note, a significant positive corre-
lationwas also observed inATDC and SOX9 expression in
other human malignancies, including oncogenic Kras-
driven lung adenocarcinoma (LUAD; P= 8.20 × 10−11)
(Supplemental Fig. S7B; Supplemental Table 5; The Can-
cer Genome Atlas Research Network 2017), highlighting
that this signaling pathwaymay be operant in other tumor
types. Overall, these data indicate that the ATDC/β-cate-
nin/SOX9 signaling axis is activated during the early stag-
es of human pancreatic tumorigenesis and remains
functional in PDA.
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Figure 5. ATDC promotes ADM and SOX9 expression via β-catenin signaling activation in KRASG12D-induced ADM. (A) Coimmuno-
fluorescence staining of YFP (green), β-catenin (β-cat; red), and DAPI (blue) in acinar cell 3D cultures from 1.5-mo-old KCY and KCYA−/−

mice. At day 1, very low expression of β-catenin in acinar cells is confined to the plasmamembrane (white arrow). In contrast, cytoplasmic
(yellow arrows) or nuclear (green arrows) β-catenin staining was observed in KRASG12D-induced ADM lesions generated in acinar cell 3D
cultures fromKCYmice at day 5. Knockout of ATDCblocked this action in acinar cell 3D cultures isolated fromKCYA−/−mice. Scale bar,
20 µm. n =3. (B) Representative bright-field light microscopy of acinar cell 3D cultures from 1.5-mo-old KCY or KCYA−/− mice at days 1
and 5. Primary acinar cells were infected with β-catenin (β-cat) or empty lentiviral vector (Vec). Scale bar, 20 µm. n=3. (C ) Quantification
of duct-like structures in B at days 1 and 5 following acinar cell 3D cultures from1.5-mo-old KCYor KCYA−/−mice.Mean±SE. (∗) P<0.05
versus KCY+Vec. n =3. (D) qRT-PCR analysis of β-cateninmRNA expression in B at days 1 and 5 following acinar cell 3D cultures from
1.5-mo-old KCY or KCYA−/− mice. Mean±SE. (∗) P<0.05 versus KCY+Vec. n =3. The probe used recognized both endogenous and lenti-
viral-expressed β-cateninmRNA. (E) qRT-PCR analysis of Sox9mRNA expression in acinar 3D cultures at days 1 and 5 from 1.5-mo-old
KCY and KCYA−/− mice. (∗) P<0.05 versus KCY. n =3. (F ) Coimmunofluorescence staining of SOX9 (green), ATDC (red), and DAPI (blue)
in pancreatic sections from 3-mo-old KPCY andKPCYA−/−mice. Scale bar, 50 µm. n= 5. (G) qRT-PCR analysis of Sox9mRNA expression
at days 1 and 5 in acinar cell 3D cultures from 1.5-mo-old KCY or KCYA−/−micewith or without β-catenin (β-cat) overexpression.Mean±
SE. (∗) P< 0.05 versus KCY+Vec. n=3.
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Discussion

ATDC is highly expressed in multiple tumor types and is
typically a marker of invasive and aggressive tumors
(Hatakeyama 2016). In human pancreatic cancer cells,
ATDC has been shown to promote cell proliferation and
invasion via activation of the β-catenin/TCF4 signaling
pathway (Wang et al. 2009). More recently, ATDC has
been identified as a proximal regulator of EMT in KRAS-
driven pancreatic cancer in vivo (Wang et al. 2015). Based
on these previous findings, we hypothesized that ATDC
knockout in the aggressive KPCY pancreatic cancer mod-
el would block the invasive switch and decrease tumor
growth and metastasis. Instead, we observed a complete
block of ADM formation, and no tumors developed in
KPCY ATDC knockout animals over the 12-mo period
of study, resulting in one of themost profound levels of in-
hibition of tumor formation observed in thismodel to date

(Baer et al. 2014; Garcia et al. 2014; Mazur et al. 2014;
Whittle et al. 2015; Zheng et al. 2015; Kugel et al. 2016;
Seifert et al. 2016; Shen et al. 2017).
ADM represents a mechanism of cellular reprogram-

ming in response to external stress signals and initiates
pancreatic regeneration of damaged epithelial cells (Mai-
tra andHruban 2008). In pancreatitis injurymodels, acinar
cells contribute to the regeneration of the damaged exo-
crine compartment through an intermediary process of
dedifferentiation, with transient acquisition of a develop-
mental transcriptional program followed by redifferentia-
tion into mature acinar cells (Strobel et al. 2007). In GEM
models in which pancreatic cells express oncogenic
KRAS, correct acinar cell redifferentiation is blocked,
leading to ADM that becomes reprogrammed to be irre-
versible. These ADM lesions are considered to be a source
of PanIN lesions that, in the setting of inflammation and
oncogenic KRAS, have accelerated progression to PanIN
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Figure 6. Knockout of ATDC inhibits KRASG12D-induced ADMvia SOX9 down-regulation. (A) Representative bright-field light micros-
copy at days 3 and 5 of acinar cell 3D cultures from 1.5-mo-old KCY mice. Primary acinar cells were infected with lentivirus expressing
control shRNA (Cont shRNA; scrambled) or two different Sox9 shRNAs (1 and 2) targeting specific regions of Sox9 mRNA. Scale bar,
20 µm. n=3. (B) Quantification of duct-like structures in A at days 3 and 5 following acinar cell 3D culture. Mean±SE. (∗) P<0.05 versus
Cont shRNA. n= 3. (C ) qRT-PCR analysis of Sox9mRNA expression inA at days 3 and 5 following acinar cell 3D culture from 1.5-mo-old
KCY mice. Mean±SE. (∗) P <0.05 versus Cont shRNA. n =3. (D) Representative bright-field light microscopy at days 1 and 5 following
acinar cell 3D culture from 1.5-mo-old KCY and KCYA−/− mice. Primary acinar cells were infected with empty vector (Vec) or Sox9 len-
tiviral expression vector. Scale bar. 20 µm. n =3. (E) Quantification of duct-like structures in D at days 1 and 5 following acinar cell 3D
culture. Mean±SE. (∗) P< 0.05 versus KCY+Vec. n =3. (F ) qRT-PCR analysis of Sox9 mRNA expression in D at days 1 and 5 following
acinar cell 3D culture from 1.5-mo-old KCY and KCYA−/−mice.Mean± SE. (∗) P<0.05 versus KCY+Vec. n =3. The probe used recognized
both endogenous and lentiviral-expressed Sox9 mRNA. (G) Coimmunofluorescent staining of SOX9 (green), β-catenin (β-cat; red), and
DAPI (blue) in 3D cultured acinar cells expressing β-catenin shRNA (β-cat shR) or control shRNA (Cont shR) isolated from 1.5-mo-old
KCY and acinar cells isolated from KCYA−/− mice. At day 1, low plasma membrane staining of β-catenin and negative staining of
SOX9 were observed in 3D cultured acinar cells. Nuclear staining of SOX9 (white arrows), cytoplasmic or nuclear staining of β-catenin
(yellow arrows), and nuclear coexpression of β-catenin and SOX9 (yellow) was exhibited in KRASG12D-induced ADM lesions generated
in 3D cultures from KCY mice at day 5. Knockout of ATDC or knockdown β-catenin inhibited these actions. Scale bar, 10 µm. n =3.
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and PDA development in mouse models (Guerra et al.
2007; De La et al. 2008; Carrière et al. 2009). Published ev-
idence has shown that ADM is a precursor to neoplasia in
the initiation of human PDA (Hruban et al. 2008).

To dissect out the role of ATDC in ADM formation, we
induced acute pancreatitis with cerulein in WT mice and
mice expressing oncogenic KRAS with and without
knockout of ATDC. Lack of ATDC did not preclude
ADM formation in any of the genetic backgrounds tested,
indicating that it is not required for ADM formation. After
7 d of recovery, ADM lesions had returned to normal aci-
narmorphology inWTmice, unlikeKCYmice, which dis-
played widespread ADM/PanIN lesions. In contrast to
KCY mice, KCY mice lacking ATDC exhibited a return
to normal acinar morphology, highlighting the require-
ment of ATDC for oncogenic KRAS to promote tumori-
genesis in this setting. Interestingly, we noted that
ATDC expression following cerulein treatment occurred
only in the presence of oncogenic KRAS but was not evi-
dent until 3 d after treatment. We showed previously
that ATDC is up-regulated in response to oncogenic
KRAS during tumorigenesis (Wang et al. 2015). A detailed

accounting of the signaling events by which oncogenic
KRAS induces ATDC expression in the context of ADM
formation remains to be elucidated.

We demonstrated previously that ATDC uses β-catenin
signaling to promote tumorigenesis in later stages of the
neoplastic process (Wang et al. 2009, 2015). It has been
shown that β-catenin signaling and theTCF4 transcription
factor are required for SOX9 expression in epithelial cells
(Blache et al. 2004), and several reports have indicated
that SOX9 expression is associated with β-catenin signal-
ing in bladder, lung, colon, and ovarian tumorigenesis
(Blache et al. 2004; Ahmad et al. 2011; Pacheco-Pinedo
et al. 2011). In addition, coactivation of KRASG12D and
β-catenin signaling promoted lung cancer formation and
up-regulated SOX9 expression in CC10CreCtnnb1ex3fl;
LSL-KrasG12D mice (Pacheco-Pinedo et al. 2011).

Consistent with previous reports, we found that β-cate-
nin expression and nuclear localization as well as SOX9
expression were dramatically increased in KRASG12D-
induced ADM lesions generated in 3D cultures from
KCY mice. However, knockout of ATDC inhibited β-cat-
enin and SOX9 expression and consequently blocked
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Figure 7. ATDC and SOX9 colocalize in humanADM lesions. (A) Representative immunohistochemical images of ATDC expression in
human normal pancreas or ADM samples. Scale bar, 50 µm. n =12 ADM; n= 9 normal. The bottom panels aremagnified views of the box.
Scale bar, 20 µm. (B) Quantification of the percentage of ATDC+ ADMs per high-power field (HPF) in human normal pancreas or ADM
samples.Magnification, 400×; three random fields per sample; normalization per field. Each point represents a single patient, and horizon-
tal bars represent the mean percentage for each group. (∗) P <0.05. (C ) H&E and coimmunofluorescence staining of β-catenin (red), ATDC
(green), and DAPI (blue) in human normal and ADM sections. (Black inset) ADM. Scale bar, 100 µm. (D) H&E and coimmunofluorescence
staining of SOX9 (green), ATDC (red), and DAPI (blue) in human ADM lesions. (Black inset) ADM; (white inset) ATDC/SOX9 coexpres-
sion. Scale bar, 100 µm. n =3 per group. (E) Chromatin immunoprecipitation (ChIP) assays performed usingChIP-grade anti-TCF4-specific
antibody or normal rabbit IgG in HPAC cells with or without ATDC shRNA expression. (F ) Western blot analysis of SOX9 in HPAC cells
in response to ATDC knockdown. (G)ATDC and SOX9mRNA expression level correlates in The Cancer Genome Atlas (TCGA) pancre-
atic adenocarcinoma cohort (black dots). n=178. Linear model smoothing (blue line) and confidence interval (gray shading) are shown.
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KRASG12D-induced ADM formation. In studies linking
β-catenin to up-regulation of SOX9 expression in other
model systems, themolecularmechanismbywhich β-cat-
enin up-regulates SOX9 has not been defined previously.
Previous studies reported that several TCF4-binding mo-
tifs are located at long-range upstream and downstream
enhancers of the Sox9 promoter (Bagheri-Fam et al.
2006). The sequence, position, and orientation of TCF4-
binding motifs are conserved between human and mouse
Sox9 promoters, suggesting that these elements are im-
portant for Sox9 transcription (Kanai and Koopman
1999). Careful examination of a set of human ADM le-
sions revealed coexpression of ATDC, β-catenin, and
SOX9, suggesting that these signaling relationships are
preserved in human pancreata. Mechanistically, we
showed that ATDC’s ability to increase SOX9 was depen-
dent on β-catenin signaling and binding of TCF4 to SOX9
regulatory elements in human PDA cells. This hypothesis
is supported by our observation that a positive correlation
exists between ATDC and SOX9 expression levels in hu-
man PDA and may extend to other malignancies.
A number of studies have defined key developmental

and duct cell regulatory genes such as PDX1, nestin, and
SOX9, which are re-expressed in the pancreas during
ADM formation (Jensen et al. 2005; Pin et al. 2015).
SOX9 is expressed in pancreatic progenitor cells and be-
comes restricted to ductal cells in the adult organ (Sey-
mour et al. 2007). Kopp et al. (2012) showed that deletion
of SOX9 from acinar cells expressing oncogenic KRAS re-
sulted in a complete blockage of PanIN formation, while
overexpression of SOX9 in the context of oncogenic
KRAS enhanced ADM/PanIN development. In a separate
study,ADMinitiatedbyNFATc1/4 in response toEGFsig-
naling in acinar cells also required SOX9, further implicat-
ing SOX9 as a key regulator of ADM formation (Hessmann
et al. 2016).
Using a physiological 3D cell culturemodel of ADM,we

showed that SOX9 expression was significantly up-regu-
lated during ADM formation and was coexpressed with
ATDC in ADM/PanIN lesions from KPCY mice as well
as inhumanADMspecimens.KnockoutofATDCblocked
SOX9 expression in KRASG12D-induced ADM lesions in
3D cultures, while overexpression of SOX9 rescued
ADM formation in an ATDC-null background, demon-
strating that ATDC’s ability to promote progression from
ADM to PanIN lesions required SOX9. Of note, our data
show that expression of ATDC was not required for ceru-
lein-induced ADM formation, and Sox9 expression was
detectable before induction of ATDC. Therefore, because
human ADM lesions were positive for both ATDC and
SOX9, it is possible that the ADM lesions described in
this study may represent an intermediate step along the
ADM-to-PanIn progression, perhaps as a consequence of
long-standing inflammation.
Of interest, we observed a more profound effect of loss

of ATDC in vivo than in the in vitro setting. One possible
explanation for this observation might be that in 3D cul-
ture conditions, the presence of polymerized collagen I
at levels not seen in a healthy pancreas might partially
complement the lack of ATDC, possibly downstream

from SOX9. Another intriguing possibility is that ATDC
may play a role in modulating the immune system in
vivo that is not contributory in the in vitro setting. Two
recent studies reported that loss of ATDC enhances the
innate immune response against viral and bacterial in-
fections. In particular, ATDC was found to mediate ubiq-
uitination and proteolytic degradation of NEMO (Xing
et al. 2016) and stimulator of interferon genes (STING)
(Xing et al. 2017; Li et al. 2018) proteins in alveolar macro-
phages and airway epithelial cells, respectively. As a con-
sequence, loss of ATDC results in increased levels of
NEMO and STING proteins, which in turn induce the
type I interferon pathway, the release of proinflammatory
cytokines, and the activation of the immune response
(Barber 2015; Ng et al. 2018). Recent studies have shown
that the STING pathway is essential for radiation-induced
and spontaneous natural antitumor T-cell responses
(Deng et al. 2014;Woo et al. 2014; Ho et al. 2016). Because,
the STING protein has been detected in human and mu-
rine PDAs (Baird et al. 2016), future experiments are need-
ed to determine whether ATDC might have an immune
regulatory role during pancreatic cancer initiation and
progression.
In summary (Supplemental Fig. S7C), we provide the

first evidence of a critical role of ATDC in oncogenic
KRAS-induced reprogramming of the pancreatic epithelia
en route to tumorigenesis. In this context, ATDC acti-
vates β-catenin signaling, which results in transcriptional
activation of SOX9 via binding of TCF4 to key binding
motifs in the SOX9 promoter. The ATDC/β-catenin/
SOX9 signaling axis is critical for the development of neo-
plastic precursors in the pancreas, which do not form in
the absence of ATDC, suggesting that theremay be a ben-
efit in targeting the pathway in high-risk patients to
decrease the development of PDA.

Materials and methods

Mouse strains

All animal studies were approved by the Institutional Animal
Care and Use Committee at the University of Michigan. For
the generation of conditional ATDC knockout mice, C57BL/6N
mouse embryonic stem cell clones harboring Atdc alleles in
which exons 2–4 of Atdc are flanked by two Loxp sites were
purchased from the European Mouse Mutant Cell Repository.
Embryonic stem cell clones carrying Atdc-floxed alleles were
injected into blastocysts of BALB/c donor mice at the University
of Michigan Transgenic Animal Model Core. Chimeras were
bred with C57BL/6N animals, and successful germline trans-
mission was indicated by black F1 offspring with the targeted al-
lele. Mice carrying Atdc-floxed alleles were intercrossed to
achieve homozygosity (Atdcfl/fl). Deletion ofAtdc in the pancreas
was achieved by mating Atdcfl/fl mice with Pdx1-Cre mice (C) to
generate Pdx1Cre; Atdc−/− (CA−/−) mice. KPCY mice were inter-
bred with Atdcfl/fl mice to produce KPCYA−/+ and KPCYA−/+

mice.

Histologic, immunohistochemical, and immunofluorescence analysis

Tissues were fixed in 10% neutral buffered formalin and embed-
ded in paraffin, and 5-µm sections were prepared. Routine H&E,
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immunohistochemical, and immunofluorescence staining was
performed as described previously (Wang et al. 2015). For a list
of the antibodies used, see Supplemental Table 6. Images were
taken with a Panoramic DESK 3DHistech slide scanner (Caliper
Life Sciences) and Nikon A1 Eclipse Ti confocal microscope.
Cell nuclei were counterstained with DAPI (Life Technologies).
Histopathological analysis and quantification and grading of
PanIN lesions were performed by an experienced pancreatic pa-
thologist in a blinded manner as described previously (Wang
et al. 2015). Quantification of images was performed using the
HALO 2.0 image analysis software platform (Indica Labs).

Isolation of primary pancreatic acinar cells and 3D cultures

Isolation of primary pancreatic acinar cells and establishment of
3D explant cultures was performed as described previously (Liou
et al. 2015). Acinar cells were infected with adenoviral or lentivi-
ral constructs of interest (see Supplemental Table 7) and incubat-
ed for 3–5 h before being embedded in the collagen/Waymouth
medium mixture. On days 1, 3, and 5, the number of duct-like
structures was counted and quantitated in a blinded manner.
The area of ducts was measured using ImageJ software and Stats-
Direct (StatsDirect Ltd; http://www.statsdirect.com) to obtain a
distribution curve. Quantification of ductal structures was per-
formed by counting at least four individual fields at 10× magnifi-
cation in triplicate.

Quantitative RT-PCR (qRT-PCR)

qRT-PCR was processed as described previously (Wang et al.
2015). RNA was extracted from pancreatic tissues or isolated ac-
inar cells of KPCY or KPCYA−/− mice using the RNeasy mini or
micro kits (Qiagen) according to the manufacturer’s instructions
and eluted in 40 or 15 mL of RNase-free H2O. cDNA was gener-
ated from RNA using high-capacity cDNA reverse transcription
kit (Life Technologies). qPCR was performed using Applied Bio-
systems ViiA 7 real-time PCR system according to the manufac-
turer’s instructions using TaqMan probes (Applied Biosystems)
and the following PCR protocol: denaturation for 2 min at 95°C
followed by 40 cycles for 15 sec at 95°C, 1 min at 60°C, and
15 sec at 72°C. To verify the specificity of the PCR amplification
products, melting curve analysis was performed. mRNA levels
were normalized to GAPDH mRNA levels.

Flow cytometry and cell sorting

Blood samples (0.5–1 mL) from KPCY or KPCYA−/− mice
were treated with red blood cell lysis reagent (Thermo Fisher
Scientific, Inc.). YFP+ CPCs were counted by flow cytometric
analysis (FACSCalibur, BD) as described previously (Rhim et al.
2012).

Immunoblot analysis

Western blot analysis and coimmunoprecipitation experiments
were performed as described previously (Wang et al. 2009). The
primary antibodies used and their dilutions are listed in Supple-
mental Table 5. After incubation with IRDye secondary antibod-
ies (LI-COR Biotechnology) suitable for multicolor detection,
protein bands were visualized using an Odyssey CLx imager
(LI-COR Biotechnology). After analysis, blots were stripped,
washed, and reprobed with a β-actin antibody (Sigma), which
served as a loading control. Protein expression was quantified us-
ing Odyssey Imaging Systems software.

RAS activity assays

RAS activity was assessed using Raf-1-RBD (Ras-binding domain)
pull-down assays. In brief, freshly isolated acinar cells from
1.5-mo-old KCY or KCYA−/− mice were lysed with buffer A
(50 mM Tris/HCl at pH 7.4, 1% Triton X-100, 150 mM NaCl,
5 mM EDTA) plus a protease inhibitor cocktail (Sigma-Aldrich).
Clarified cellular lysates were incubated with 20 mg of GST-
Raf-1- RBD (amino acids 1–149) for 90 min at 4°C followed by
three washes with buffer A. Samples were run on SDS-PAGE,
transferred to nitrocellulose membranes, and analyzed for Ras
(anti-Ras antibody) and KrasG12D (anti-KrasG12D antibody). Input
was controlled by staining of lysates for total anti-Ras or anti-
KrasG12D and β-actin.

In vitro ChIP assays

ChIP assays were performed in human PDA cell lines expressing
control or β-catenin shRNA using the SimpleChIP ChIP kit
(Cell Signaling) according to the manufacturer’s instructions.
Briefly, 4 × 107 PDA cells were treated with 1% formaldehyde to
cross-link histones to DNA. The cross-linking was stopped by
treating the samples with stop buffer for 5 min. The chromatin
was extracted and fragmented by incubation with micrococcal
nuclease for 20 min at 37°C to digest DNA to a length of ∼150–
900 bp. For each immunoprecipitation, 500 µL of the diluted
chromatin was transferred to microcentrifuge tubes. ChIP-grade
TCF4 antibody (C9B9; Cell Signaling) was added, and the sample
was incubated overnight at 4°C with rotation. Nonimmune nor-
mal rabbit IgG (Cell Signaling, 2729) was used as a negative con-
trol. ChIP-grade protein G magnetic beads (Cell Signaling, 9006)
were added to the lysate to isolate the antibody-bound complexes.
Pellet protein G magnetic beads were pulled down and washed,
and chromatin was eluted. Immunoprecipitated DNA (25 µg)
was purified using a DNA purification spin column provided in
the kit. TCF4-binding motifs on the Sox9 promoter region were
analyzed and identified by real-time qPCR using specially de-
signed primers. The signals were normalized to the input, and
the signal was obtained with the nonimmune normal rabbit
IgG immunoprecipitation. Data are expressed as the mean val-
ues ± SE of three independent experiments. The primers used
are listed in Supplemental Table 4.

TCGA gene expression analysis

To assess the relationship between ATDC and SOX9 gene expres-
sion in human cancer samples, we downloaded the batch effect
normalized RNA sequencing gene expression data generated by
the TCGA Pan-Cancer Atlas that covers the 33 most prevalent
forms of cancer. We used the 9675 primary tumor samples avail-
able in the data set. To estimate the measure of association be-
tween genes and its significance, the Pearson product moment
correlation coefficient was calculated within each cohort.

Orthotopic xenografts

C57BL/6 mice were obtained from The Charles River Laborato-
ries. For orthotopic implantation of PDECs, mice were anesthe-
tized using a ketamine/xylazine cocktail, and a small (7-mm)
left abdominal side incision was made. PDECs (1 × 106 cells per
mouse) were suspended in Matrigel diluted 1:1 with cold PBS (to-
tal volume of 50 mL) and injected into the tail region of the pan-
creas using a 26-gauge needle. A successful injection was verified
by the appearance of a fluid bubble without intraperitoneal leak-
age. The abdominal wall was closed with absorbable sutures, and
the skin was closed with wound clips. Mice were sacrificed at the
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indicated time points, and grafts weremeasured and processed for
histology. All animal care and procedures were approved by the
Institutional Animal Care andUse Committee at NewYorkUni-
versity School of Medicine.

Assessment of primary and metastatic disease burden

Complete necropsies were performed on all animals in the study.
Gross pathology and histopathology of internal organs were ana-
lyzed formacroscopic andmicroscopic disease as described previ-
ously (Wang et al. 2015).

Statistical analysis

Unless indicated otherwise, the significance of data was deter-
mined by the two-tailed Student’s t-test. A value of P< 0.05 was
considered statistically significant. Fisher’s exact t-test was per-
formed to compare disease burden in KCY versus KCYA−/−

mice. Statistical analyses were performed using GraphPad Prism
7.0 software.
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