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Abbreviations used in this paper: ADM, acinar-to-ductal metaplasia;
CK19, cytokeratin 19; IB, immunoblot; IHC, immunohistochemistry; KC,
Ptf1aCre/D KrasG12D/D; KPC, Ptf1aCre/D KrasG12D/D P53R172H/D; PanIN,
pancreatic intraepithelial neoplasia; PDAC, pancreatic ductal adenocar-
cinoma; TCGA, The Cancer Genome Atlas.

Most current article

© 2022 by the AGA Institute. Published by Elsevier Inc. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.

org/licenses/by-nc-nd/4.0/).
0016-5085

https://doi.org/10.1053/j.gastro.2021.09.029

BA
SI
C
AN

D
TR

AN
SL
AT

IO
NA

L
PA

NC
RE

AS
See editorial on page 48.

BACKGROUND & AIMS: Pancreatic ductal adenocarcinoma
(PDAC) is a highly aggressive tumor that is almost uniformly
lethal in humans. Activating mutations of KRAS are found in
>90% of human PDACs and are sufficient to promote acinar-to-
ductal metaplasia (ADM) during tumor initiation. The roles of
miRNAs in oncogenic Kras-induced ADM are incompletely un-
derstood. METHODS: The Ptf1aCre/þ LSL-KrasG12D/þ and
Ptf1aCre/þ LSL-KrasG12D/þ LSL-p53R172H/þ and caerulein-
induced acute pancreatitis mice models were used. mir-802
was conditionally ablated in acinar cells to study the function of
miR-802 in ADM. RESULTS: We show that miR-802 is a highly
abundant and acinar-enriched pancreatic miRNA that is
silenced during early stages of injury or oncogenic KrasG12D-
induced transformation. Genetic ablation of mir-802 cooperates
with KrasG12D by promoting ADM formation. miR-802 defi-
ciency results in de-repression of the miR-802 targets Arhgef12,
RhoA, and Sdc4, activation of RhoA, and induction of the
downstream RhoA effectors ROCK1, LIMK1, COFILIN1, and
EZRIN, thereby increasing F-actin rearrangement. mir-802
ablation also activates SOX9, resulting in augmented levels
of ductal and attenuated expression of acinar identity
genes. Consistently with these findings, we show that this
miR-802–RhoA–F-actin network is activated in biopsies of
pancreatic cancer patients and correlates with poor survival.
CONCLUSIONS: We show miR-802 suppresses pancreatic can-
cer initiation by repressing oncogenic Kras-induced ADM. The
role of miR-802 in ADM fills the gap in our understanding of
oncogenic Kras-induced F-actin reorganization, acinar reprog-
ramming, and PDAC initiation. Modulation of the miR-802–
RhoA–F-actin network may be a new strategy to interfere with
pancreatic carcinogenesis.

Keywords: Pancreatic Cancer; Pancreatitis; Micro-RNA.

wing to the absence of measures that would facili-
Otate the timely diagnosis at an early stage of
pancreatic ductal adenocarcinoma (PDAC), patients with
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WHAT YOU NEED TO KNOW

BACKGROUND AND CONTEXT

Oncogenic Kras-induced acinar-to-ductal metaplasia
(ADM) is the initiation step of pancreatic cancer. The
role of miRNAs in the ADM process is poorly understood.

NEW FINDINGS

miR-802, a highly abundant and acinar-enriched
pancreatic miRNA, is silenced in pancreatic injury or
KrasG12D-induced acinar reprogramming. Genetic
ablation of mir-802 results in de-repression of a miR-
802 target network, leading to the activation of RhoA–F-
actin rearrangement and SOX9, thus facilitating
KrasG12D-mediated ADM formation.

LIMITATIONS

Future studies should aim to clarify the role of phos-SOX9
(S181) in pancreatic cancer initiation.

IMPACT

miR-802 is a context-dependent and negative regulator of
ADM by attenuating oncogenic Kras-mediated F-actin
reorganization and acinar identity.
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this disease are usually diagnosed at an advanced stage.
Therefore, efforts to define the molecular mechanism that
underlie the initiation of PDAC are highly relevant for early
detection and options that enable early intervention.1,2

Mutations in the gene encoding KRAS have been re-
ported to be present in more than 90% of human PDAC and
found in more than 95% of the pre-cancerous pancreatic
intraepithelial neoplasia (PanIN).3 Consequently, the Ptf1a-
Cre/þ LSL-KrasG12D/þ mouse strain has been modeled to
closely recapitulate pancreatic cancer initiation and pro-
gression in humans.4

Acinar cells are the dominant cell types of the pancreas.
They exhibit high plasticity and can undergo a trans-
differentiation process to a progenitor-like cell type with
ductal characteristics, termed acinar-to-ductal metaplasia
(ADM). ADM is critical for pancreas regeneration after injury
and reversible once the injury is resolved. ADM also exhibits
a tumorigenic potential, as ADM becomes irreversible in the
presence of oncogenic Kras mutations in mice.5 However,
the molecular mechanisms and downstream targets of
oncogenic Kras that regulate ADM are incompletely
understood.

MicroRNAs (miRNAs) are small noncoding RNAs that
function as posttranscriptional repressors of gene expres-
sion.6 Inactivation of dicer, mir-216a/b, and mir-217 in the
pancreas leads to increased acinar cell plasticity and pro-
motes KrasG12D-induced ADM, but not PanIN, in KC mice,7–9

indicating the presence of miRNA networks in the regulation
of acinar identity and oncogenic Kras-mediated ADM. RNA-
seq analysis of human PDAC revealed a striking down-
regulation of miR-802.10 Furthermore, we have previously
demonstrated a role of miR-802 in differentiation and pro-
liferation of the small intestine.11 Therefore, in the present
study, we investigated the expression and function of miR-
802 in mice with KrasG12D and KrasG12D/Trp53R172H-driven
PDAC, examined tumor initiation and progression, and
identified an miR-802–regulated network that affects ADM
through the regulation of the RhoA-Rock1 and Sox9 path-
ways. Finally, we relate our findings to miR-802 target gene
engagement, gene expression, and patient survival in human
PDAC.
Materials and Methods
In Vivo Animal Studies

All animal experiments were in accordance with institu-
tional guidelines and approved by the Kantonale Veterinäramt
Zürich. Mice were housed in a pathogen-free animal facility at
the Institute of Molecular Systems Biology at the Swiss Federal
Institute of Technology in Zurich. The animals were maintained
in a temperature-controlled room (22�C), with humidity at 55%
and on a 12 -hour light-dark cycle (lights on from 6 AM to 6
PM). Mice were fed a standard laboratory chow diet and water
ad libitum, and the ages of the mice are indicated in the Figures.
Both male and female mice were used in this study.

LSL-KrasG12D, Ptf1aCre, Ptf1aCreER, and LSL-P53R172H lines
have been described before.12–15 The mir-802fl/fl mice were
generated by our laboratory.11 All mice were maintained on a
mixed background. The genotyping primers and representative
genotyping results are described in the Supplementary
Material. The Ptf1aCre/þ KrasG12D/þ (KC) and Ptf1aCre/þ

KrasG12D/þ P53R172H/þ (KPC) mice were monitored twice per
week and tissues were collected when the mice lost more than
10% body weight within 1 week or exhibited symptoms like
shaggy fur and hunched attitude.

For acute pancreatitis, 10–12-week-old WT and mir-802KO

mice were induced by 8 intraperitoneal injections of caerulein,
administered in 1-hour intervals on 2 consecutive days at a
dose of 50 mg/kg body weight. Control mice received
phosphate-buffered saline solution injection. The final day of
caerulein injection was defined as day 0. Mice were killed at the
indicated time points after the last injection.
Cell Cultures
AsPC-1, BxPC-3, SW1990, CFPAC-1, and Panc-10.05 were

maintained in RPMI-1640 medium supplemented with 10% (v/
v) fetal bovine serum (FBS) and 1% penicillin-streptomycin (P/
S). Panc-1, 266-6, and HPAC were grown in DMEMwith the same
supplement. H6C7 was maintained in Keratinocyte-SFM (1�)
following the manufacturer’s instructions. 3D primary acinar
explants were maintained in type I collagen and 3D culture
medium (RPMI-1640 supplemented with 1% FBS, 1% P/S, 0.1
mg/mL trypsin inhibitors, 1 mg/mL dexamethasone). All cells
were grown at 37�C in a humidified incubator with 5% CO2.
Statistical Analysis
Data were analyzed with the use of GraphPad Prism 7.00.

The mice survival data were analyzed by means of log-rank
Mantel-Cox test. Tumor incidence frequency and metastasis
potential were analyzed by Fisher’s exact test. Data represent
mean values ± SD from at least 3 independent experiments.
Unpaired Student t test was used to compare between 2
groups. P < 0.05 was considered to be statistically significant.
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Results
miR-802 is Enriched in Acinar Cells and
Decreased During Cell Transformation

Because cellular abundance of miRNAs is critical for
their function, we analyzed miR-802 levels in a panel of
C57BL/6 mouse tissues. miR-802 levels were highest in the
pancreas (Ct 25.4 ± 1.2), with much lower expression in the
jejunum, liver, and kidney (Figure 1A). miR-802 was
enriched in acinar cells and barely detectable in ductal, islet,
and stellate cells (Figure 1B). A quantitative analysis of miR-
802 and other known acinar-enriched miRNAs16 revealed
miR-802 as one of the acinar-enriched miRNAs, with a copy
number of w85,000 per cell (Supplementary Figure S1A).
miR-802 levels were very low in the human pancreatic duct
epithelial cell line H6C7 (Ct 39.4) and human PDAC cells
(Figure 1C). Finally, miR-802 levels decreased in the mouse
acinar cell line 266-6 on expression of KrasG12D (Figure 1D
and Supplementary Figure S1B).

To study the function of miR-802 in the exocrine
pancreas, we generated mice harboring floxed homozygous
mir-802 alleles (mir-802fl/fl) and an acinar-specific Cre
transgene (Ptf1a-Cre), or mice with global deletion of mir-
802 (named mir-802KO) (Figure 1E and Supplementary
Figure S1C to E). miR-802 levels were undetectable in the
pancreas of Ptf1a-Cre mir-802fl/fl and mir-802KO mice
(Figure 1F), thereby confirming miR-802’s restricted
expression in acinar cells. Surprisingly, Ptf1a-Cre miR-802fl/fl

and mir-802KO mice exhibited normal pancreas mass,
morphology, extracellular matrix, cell identity (CK19), and
proliferation (KI-67) (Supplementary Figure S1F to I).

A key initiating step in both malignant transformation
and injury of acinar cells is the transient formation of ADM
and concomitant acinar cell proliferation.17 We investigated
whether miR-802 is dysregulated in the acute pancreatitis
model and if this affects ADM formation. Treatment of 266-6
cells with caerulein, a cholecystokinin receptor agonist
inducing acinar cell stress, reduced miR-802 expression
(Figure 1G). Induction of acute pancreatitis by administra-
tion of caerulein in wild-type and mir-802KO mice
(Figure 1H),4 resulted in a rapid decrease of miR-802 and
increased ADM formation (Figure 1I and J). This inverse
relationship was not observed for the pancreas-enriched
=
Figure 1.miR-802 is enriched in pancreatic acinar cells and silen
tissues of C57BL/6 mice (n ¼ 4–18). Mean ± SD. n.d., not de
primary acinar, ductal, islet, and stellate cells (n ¼ 6 in pancreas;
in pancreatic stellate cells [PSCs]). (C) Ct values of miR-802 in
and total pancreas of C57BL/6 mice (n ¼ 3–4). The green dashe
266-6 cells transfected with 1 mg KrasG12D plasmid and related c
to delete mir-802 in the exocrine pancreas. (F) miR-802 measure
(n ¼ 5), and mir-802KO (n ¼ 5) mice. KO, knockout. (G) miR-8
buffered saline solution (PBS) for 2 hours (n ¼ 6). **P < .01.
mice. Mice were killed at the indicated time points after the last
time points, after PBS injections for 7 days, or at indicated time
.01. (J) Hematoxylin and eosin (H&E) staining of pancreas sectio
acinar-to-ductal metaplasia (ADM) area of the mice described in
KI67 immunohistochemistry in pancreas sections described in (J
shown in (L) (n ¼ 4). **P < .01. (N) Immunofluorescent staining
described in (J). Scale bar ¼ 50 mm.
miR-152 (Supplementary Figure S1J). Importantly, mir-
802KO mice showed increased ADM formation soon after the
last caerulein injection (1 hour and 1 day) compared with
control littermates (Figure 1J and 1K). The early increase in
ADM formation in mir-802KO mice was accompanied with
increased KI67 staining, consistent with the transient in-
crease in proliferation of metaplastic acinar cells18

(Figure 1L and 1M). Acinar marker Amy1a was reduced,
while the ductal marker CK19 increased in mir-802KO mice
during the early phase of pancreatitis (Figure 1N and
Supplementary Figure S1K and L). After 7 days, both mutant
and wild-type pancreata showed normal morphology and
normalization of differentiation markers (Figure 1J and N;
Supplementary Figure S1K and L). These data demonstrate
that miR-802 is highly expressed in differentiated acinar
cells and that expression is readily down-regulated on
acinar injury, thereby promoting ADM and acinar cell
proliferation.
Ablation of mir-802 in Acinar Cells Synergizes
With KrasG12D to Accelerate Pancreatic Cancer
Initiation

To determine whether miR-802 is involved in oncogenic
Kras-induced PDAC initiation, we crossed the mir-802fl/
flmice with KC mice (named mir-802KC), which develop
pancreatic tumors with long latency and display the spec-
trum of preneoplastic lesions observed in human PDAC19

(Figure 2A and Supplementary Figure S2A). mir-802 abla-
tion was confirmed by qPCR (Supplementary Figure S2B).
We studied KC and mir-802KC mice longitudinally and killed
them when body weight loss was �10% or they showed
disease symptoms. We found that 70% of mir-802KC mice
developed PDAC, compared with 44.4% of KC mice
(Figure 2B). Ablation of mir-802 profoundly shortened the
median survival of KC mice from 481 to 271 days
(Figure 2C) and increased pancreas mass of 1-, 3-, and 6-
month-old animals (Figure 2D), which was composed
mostly of tumor at the last time point (Supplementary
Figure S2C). Pancreatic miR-802 levels were dramatically
decreased in 3- and 6-month-old KC mice compared with
control littermates (Figure 2E), suggesting that miR-802 is
important for Kras-induced transformation.
ced on transformation. (A) Relative miR-802 levels in indicated
tectable. (B) Relative miR-802 levels in mouse pancreas and
n ¼ 4 in acinar cells; n ¼ 3 in ductal cells; n ¼ 4 in islets; n ¼ 3
H6C7, indicated pancreatic ductal adenocarcinoma cell lines
d line indicates the detection threshold. (D) miR-802 levels in
ontrols for 48 hours (n ¼ 3). *P < .05. (E) Genetic strategy used
ments in pancreas of mir-802fl/fl (n ¼ 8), mir-802fl/fl Ptf1aCre/þ

02 levels in 266-6 cells treated with caerulein or phosphate-
(H) Induction of acute pancreatitis in mir-802KO and control
injection. (I) miR-802 levels in wild-type (WT) mice at indicated
points after the last caerulein injection (n ¼ 5). *P < .05; **P <
ns described in (H). Scale bar ¼ 200 mm. (K) Quantification of
(J) (n ¼ 4–5 WT mice; n ¼ 3–4 mir-802KO mice). **P < .01. (L)
). Scale bar ¼ 50 mm. (M) Quantification of KI67-positive cells
of amylase, CK19, and Hoechst 33342 in pancreas sections



Figure 2. Ablation of mir-802 in pancreatic acinar cells synergizes with KrasG12D to accelerate cancer initiation. (A) Genetic
strategy for acinar-specific ablation of mir-802 and activation of Kras.G12D (B) Tumor incidence rates in KC and mir-802KC
mice. KC: n ¼ 9;mir-802KC: n ¼ 10. (C) Kaplan-Meier survival analysis of KC and mir-802KC mice. KC: n ¼ 4; mir-802KC: n ¼
7. **P < .01, log-rank test. (D) Pancreas/body weight ratio of 1-, 3-, and 6-month-old mice with indicated genotypes. Control:
n ¼ 4–11; KC: n ¼ 3–7; mir-802KC: n ¼ 4–6. Mean ± SD. *P < .05; **P < .01. (E) Pancreatic miR-802 levels from 1-, 3-, and 6-
month-old mice with indicated genotypes. KrasG12D: n ¼ 6–8; KC: n ¼ 5–6. **P < .01; n.s., P > 0.05. (F) Hematoxylin and eosin,
(G) Alcian blue and eosin, (H) Sirius red, (I) CK19 immunohistochemistry (IHC), (J) amylase IHC, and (K) KI67 IHC staining of
pancreata from 1-, 3,- and 6-month-old animals with indicated genotypes. Scale bars: F: top row 2 mm, second row 200 mm,
third row 50 mm); G, H: 200 mm; I–K: 50 mm.
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Histologic analysis of pancreatic sections from 1-, 3-, and
6-month-old mice show that the percentages of low-grade
PanIN lesion in the KC mice were 0.4%, 1.3%, and 8.4%,
respectively, compared with 3.0%, 8.2%, and 23.7% in mir-
802KC pancreata (Figure 2F and G and Supplementary
Figure S2D to F). Consistently, mir-802 deletion in KC mice
resulted in more collagen deposition (Figure 2H and
Supplementary Figure S2D to F) and enhanced CK19-
positive ductal lesions (Figure 2I), while the acinar area
was decreased (Figure 2J and Supplementary Figure S2D to
F). We also noted hyperplasia of ductal epithelial cells in 6-
month-old mir-802KC mice (Figure 2F). Importantly, mir-
802KC mice already show signs of cancer initiation at 1
month of age, as they have more ADM lesions (Figure 2F and
Supplementary Figure S2D) and Ki67-positive cells
(Figure 2K and Supplementary Figure S2D) compared with
control mice. Furthermore, the PDAC-related STAT3, AKT,
and ERK signaling pathways were up-regulated in mir-
802KC mice (Supplementary Figure S2G). No differences in
liver micro-metastasis were found between mir-802KC and
KC mice (Supplementary Figure S2H).

Since human pancreatic cancer is caused by somatic
Kras mutations in acinar cells during adulthood,20 we
crossed mir-802fl/fl mice with the Ptf1aCre-ERTM line,
allowing the tissue and time-specific ablation of mir-802 in
adult mice (Supplementary Figure S2I to L). Histologic
analysis 4 weeks after mir-802 deletion identified more
ADM and Alcian blue–positive low-stage PanIN lesions in
mir-802KC compared with KC mice (Supplementary
Figure S2M to P). These results suggest that loss of mir-
802 in acinar cells cooperates with KrasG12D to accelerate
PDAC progression.
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miR-802 Suppresses Pancreatic Carcinogenesis
by Attenuating Kras-Mediated ADM

We next investigated if miR-802 regulates oncogenic
Kras-mediated ADM. In support of the hematoxylin and
eosin staining, we noticed increased CK19 and decreased
amylase immunoreactivity in ADM lesions of mir-802KC
mice (Figures 2F and 3A; Supplementary Figure S3A). To
determine if miR-802 regulates ADM through a cell-
autonomous effect, we used 3D-primary acinar cell cul-
tures21 and found w46% tubular-ductal cells derived from
KC mice, whereas this fraction increased to 75.3% in mir-
802KC animals on day 5. This phenotype was already
apparent on day 2 (Figure 3B to D). Interestingly, mir-802
ablation not only enhanced the formation but also led to an
=
Figure 3.mir-802 inactivation promotes oncogenic Kras-medi
plasia (ADM). (A) Immunofluorescent staining of acinar cell mark
in pancreata of 1-month-old mice with indicated genotypes. Sc
Brightfield images of primary acinar cell clusters after 2 and 5 d
cells. Scale bar ¼ 200 mm. (D–E) Quantification of tubular ductal
shown in (C) (n ¼ 3). Mean ± SD. *P < .05; **P < .01. (F) miR-
indicated time (n ¼ 5). **P < .01. (G) Brightfield images of acin
adenovirus (Ad) expressing miR-802/green fluorescent protein
Scale bar ¼ 200 mm. (H, I) Quantification of tubular ductal structu
(G) (n ¼ 3). *P < .05; **P < .01. (J) Immunoblot analysis of whole
increase in the size of the “ductal structures” (Figure 3E).
Similarly to observations in vivo, we found miR-802 levels
decreased when “ductal structure” formation increased in
3D cultures from KC mice (Figure 3F). This phenotype could
be reversed by infecting cells with an adenovirus expressing
miR-802 (Supplementary Figure S3B). Re-expression of
miR-802 reduced ADM numbers by 58% and ADM size by
40% (Figure 3G to I). Re-expression of miR-802 also
reversed the identity of ADM cells and attenuated ERK,
STAT3, and AKT signaling pathways (Figure 3J). These re-
sults indicated that miR-802 represses early neoplastic le-
sions by attenuating Kras-mediated ADM.
Arhgef12, RhoA, and Sdc4 Are Direct Targets of
miR-802 and Are Up-Regulated in KrasG12D-
Induced ADM

To explore the mechanism by which miR-802 regulates
ADM, we performed an integrated transcriptomic analysis of
KC and mir-802KC pancreata with in silico miRNA target
prediction algorithms. From RNA-seq, we found 5783 genes
increased (adjusted log2 fold-change >0.4) in pancreata of
mir-802KC compared with KC mice. An overlap of up-
regulated transcripts in RNA-seq, and predicted miR-802
targets from TargetScan and miRDB revealed 24 tran-
scripts with at least 1 evolutionarily conserved miR-802
binding site in the 30UTR (Figure 4A and B). Metascape
pathway analysis of these transcripts predicted that “cell
junction assembly” and “PID_RhoA pathways” are enriched
in mir-802KC pancreata (Figure 4C).22 Consistently, analysis
of 2786 genes that were significantly regulated (adjusted
log2 fold-change >0.4; P < 0.05) in mir-802KC vs KC pan-
creata with the use of the Core Ingenuity Pathway Analysis
showed enrichment for the RhoA-regulated canonic path-
ways (Figure 4D). These findings were supported by the de-
repression of the miR-802 target RhoA in mir-802KC pan-
creata (Figure 4B and H; Supplementary Figure S4A).
Consistent with increased RhoA expression, we identified
higher levels of Cdh11, Cdc42, Cfl2, and Rock1 transcripts
(Figure 4E to G). These results established that loss of miR-
802 in KC pancreata enhances RhoA expression and an
associated network that is consistent with a more aggres-
sive tumor phenotype.

RhoA is a critical member of Rho-GTPases, which regu-
late cytoskeleton dynamics by coordinating cell polarity, cell
cycle progression, and migration.23 Interestingly, we found
that mir-802KC mice have increased mRNA levels of RhoA,
RhoA upstream regulators Cdh11 and Sdc4,24,25 and RhoA
ated pancreatic cancer by regulating acinar-to-ductal meta-
er amylase (Alexa 488), CK19 (Alexa 568), and Hoechst 33342
ale bar ¼ 50 mm. (B) Scheme showing experiment design. (C)
ays of collagen-based 3D cell culture. Arrows indicate ADM
structures and normalized size of primary acinar cell explants
802 levels in KC and control acinar explants after culture for
ar cell explants bearing the KrasG12D mutation infected with
(GFP) or control virus for 5 days. Arrows indicate ADM cells.
res and normalized size from the acinar cell explants shown in
-cell lysates from primary acinar cell explants described in (G).



276 Ge et al Gastroenterology Vol. 162, No. 1

BASIC
AND

TRANSLATIONAL
PANCREAS



January 2022 miR-802 Inhibits Acinar-to-Ductal Metaplasia 277

BA
SI
C
AN

D
TR

AN
SL
AT

IO
NA

L
PA

NC
RE

AS
downstream effector Pkn226 (Figure 4B). The strong acti-
vation of RhoA and Sdc4 was confirmed by means of
immunoblot analysis. Well known ADM regulators such as
Zeb1, TCF4, and b-catenin remained unchanged (Figure 4H
and Supplementary Figure S4A).27,28

To explore if other RhoA-related genes are regulated
by miR-802, we searched the gene sets predicted by both
TargetScan and miRDB (61 genes) (Figure 4A) and iden-
tified the RhoA guanine nucleotide exchange factor (GEF)
Arhgef12, filament-actin binding protein Asap1, and
filament-actin polymerization regulator Nrk.29 Activation
of Rho-GTPase is mainly controlled by GEFs, which acti-
vate Rho-GTPase by catalyzing the exchange of GDP for
GTP.23 Even though Arhgef12 transcript levels were un-
changed, we found increased ArhGEF12 protein levels in
mir-802KC pancreata, indicating that miR-802 regulates
Arhgef12 translation rather than mRNA stability. No
changes in NRK and ASAP1 protein levels were observed
(Figure 4H and Supplementary Figure S4A). The de-
repression of miR-802 targets RhoA, Sdc4, and Arh-
GEF12 was also discerned in the absence of oncogenic
Kras in mir-802fl/fl Ptf1aCre/þ mice (Supplementary
Figure S4B and C), indicating that their de-repression in
mir-802KO pancreata is not dependent on oncogenic
stress. Finally, cross-species comparisons of the miRNA-
binding sites in Sdc4, RhoA, and Arhgef12 showed high
evolutionary conservation (Supplementary Figure S4D to
F) and pmiRGLO–dual luciferase reporter assays
harboring wild-type or mutated 30UTRs confirmed that
they are direct miR-802 targets (Figure 4I to K;
Supplementary Figure S4G to I).

To investigate the link of miR-802 targets and onco-
genic Kras-induced ADM, we analyzed protein levels of
ArhGEF12, RhoA, and Sdc4, together with the RhoA ef-
fectors Rock130 and Ezrin (EZR),31 and found them to be
up-regulated in KC compared with control mice
(Figure 4L and Supplementary Figure S4J). Similarly,
expression of ArhGEF12, RhoA, and Sdc4 was enriched
specifically in ADM and PanIN lesions (Supplementary
Figure S4K to M). Analysis of sections from 3-month-old
KC pancreata revealed that ArhGEF12 and RhoA are
located concisely in a subset of cells in ADM lesions,
whereas Sdc4 was expressed in most ADM epithelial cells
and a subset of stroma cells (Figure 4M to O). These re-
sults indicate that Arhgef12, RhoA, and Sdc4 are direct
targets of miR-802 and that their levels are increased in
oncogenic Kras-induced ADM lesions.
=
Figure 4. Arhgef12, RhoA, and Sdc4 are direct targets of miR-8
metaplasia. (A) Venn diagram of up-regulated genes in 1-month-
change >0.4). (B) Heatmap showing the log2-transformed an
Metascape pathway analysis of 24 up-regulated potential miR
Pathway Analysis (IPA) of up-regulated genes in pancreata of 1-
group; log2 fold-change >0.4; P < 0.05). (E–G) Gene expressio
analysis shown in (D) (n ¼ 4, normalized to KC). (H) Immunoblo
802KC mice. (I–K) PmiRGLO dual-luciferase assay harboring w
30UTR of indicated transcripts in Panc-1 cells (n ¼ 5–6). **P < .0
1-month-old KrasG12D/þ and KrasG12D/þ Ptf1aCre/þmice. (M–O
CK19, and Sdc4/CK19 in pancreas sections of 3-month-old KC
miR-802 Attenuates KrasG12D-Induced ADM by
Inhibiting F-Actin Reorganization and Sox9
Activity

Rho-GTPase–dependent F-actin organization in
acinar cells is required for cytoskeleton organization
and acinar cell transformation, as inhibition of actin
polymerization by cytochalasin D and latrunculin re-
duces the ADM formation.32,33 Because RhoA is critical
for F-actin organization and ADM formation,34 we
speculated that miR-802 controls Kras-induced ADM by
influencing F-actin organization. Staining of pancreas
sections from KC mice for F-actin with the use of
phalloidin showed a strong intensity and redistribution
in ADM, while it was restricted to the apical area in
wild-type mice and in 3D cultures (Figure 5A and B),
suggesting that the stability and distribution of F-actin
are dysregulated in ADM lesions. Our RNA-seq analysis
showed enriched gene sets in “increased organization of
actin filaments” and “increased polymerization of actin
filaments” (Supplementary Figure S5A and B). These
results indicate that miR-802 regulates F-actin organi-
zation in the presence of oncogenic Kras.

To gain mechanistic insights in this process, we
monitored the levels of RhoA-GTP with the use of the
Rhotekin RBD-GST pull-down assay in KC and mir-802KC
animals (Supplementary Figure S5C). RhoA-GTP levels
increased w1.2-fold in mir-802KC-derived acinar cells,
which also exhibited increased ArhGEF12, RhoA, and Sdc4
protein levels (Figure 5C). Furthermore, critical compo-
nents of the “PID_RhoA pathway,” including Cyr61, Cdc42,
RhoA, Ezr, and Rock1, were increased in mir-802KC pan-
creata (Supplementary Figure S5D), thereby further
strengthening the notion that mir-802 deletion promotes
RhoA activity in KC mice. Because RhoA controls F-actin
polymerization mainly through the Rock1-Limk1-Cofilin
pathway,30 we explored whether this pathway is acti-
vated in mir-802KC pancreata and measured increased
Rock1, Phos-Limk1, and Phos-Cofilin levels compared
with KC mice (Figure 5D and Supplementary Figure S5E).
Isolation of free globular- (G-actin) and F-actin from mir-
802KC and KC pancreata by means of ultracentrifugation
allowed us to measure a w22% increase in the F-actin
ratio (Figure 5E and Supplementary Figure S5F).
Conversely, miR-802 overexpression repressed ArhGEF12,
RhoA, Sdc4 levels and the Rock1-Limk1-Cofilin pathway
(Figure 5F and Supplementary Figure S5G) and reduced
02 and are up-regulated in KrasG12D-induced acinar-to-ductal
old mir-802KC pancreata compared to KC animals (log2 fold-
d scaled-normalized read counts of 24 genes from (A). (C)
-802 target genes. (D) Top canonic pathways from Ingenuity
month-old mir-802KC compared with KC mice (n ¼ 4 in each
n analysis of indicated canonical pathways derived from IPA
t analysis of pancreas lysates from 1-month-old KC and mir-
ild-type (WT) and mutant (mut) miR-802 seed regions in the
1. (L) Immunoblot analysis of pancreas whole-cell lysates from
) Immunofluorescent staining of ArhGEF12/amylase, RhoA/
mice. Scale bar ¼ 50 mm.
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the F-actin ratio (Figure 5G and Supplementary
Figure S5H) in 3D cultures, demonstrating that miR-802
controls F-actin stability in KrasG12D-transformed acinar
cells. In contrast, Rock1 downstream effectors Diapha1
and Profilin1, which are important for F-actin nucleation,
were not deregulated (Figure 5D and Supplementary
Figure S5E),35 indicating that miR-802 affects F-actin
polymerization rather than nucleation in KC animals.
Finally, the expression of Phos-Ezrin and Sdc4, linking F-
actin to the cell membrane directly or through a-acti-
nin,36,37 was also regulated by miR-802 (Figure 5D and F;
Supplementary Figure S5E and G). These data show that
miR-802 also influences the distribution of F-actin in KC
mice through its action on Ezrin and Sdc4.

Rock1 directly phosphorylates Sox9 at Ser(181),38 which
is a critical transcriptional factor in ductal and centroacinar
cells and responsible for ADM.4 We explored if Sox9 and
Phos-Sox9 are regulated by miR-802 in KC mice and pri-
mary acinar explants and found similar Sox9 levels; how-
ever, expression of Phos-Sox9 was negatively regulated by
miR-802 (Figure 5D and 5F; Supplementary Figure S5E
and G). Immunofluorescence staining showed that Phos-
Sox9 was located strictly within ADM lesions and not in
ductal cells (Figure 5H), supporting an active role in onco-
genic Kras-induced ADM. This finding is supported by
increased levels of SOX9 targets Pkd2 and Spp1, both
engaged in the maintenance of ductal cell identity,39 and
reduced expression of the acinar cell identity markers
Bhlha15 and Rbpjl in mir-802KC mice (Figure 5I and
Supplementary Figure S5I).

Finally, we explored if mir-802 ablation promotes ADM
through regulation of the RhoA–Rock1–F-actin pathway
by treating primary acinar explants derived from mir-
802KC mice with specific inhibitors24,30,32,40 (Figure 5J).
The ADM-promoting effect of mir-802 ablation was
significantly repressed by all inhibitors, with strongest
outcomes after cytochalasin D treatment (Figure 5K and
Supplementary Figure S5J and K). The inhibition of the
Rock1-Limk1-Cofilin1 pathway and Phos-Sox9 levels un-
der these conditions was confirmed by immunoblot
analysis (Figure 5L and M). Together, these results
establish that miR-802 ablation activates the RhoA–
Rock1–F-actin network, enhances Sox9 activity through
=
Figure 5.miR-802 attenuates KrasG12D-induced acinar-to-duc
reorganization and Sox9 activity. (A, B) Phalloidin-TRITC and Ho
old wild-type (WT) and KC mice and in (B) 3D acinar explants be
RBD-GST pull-down and whole-cell lysate (WCL) analysis of fre
mice. Bar graph represents the relative quantification of RhoA-G
pancreas WCL from 1-month-old KC and mir-802KC mice. (E)
month-old KC and mir-802KC mice. Bar graph indicates the q
of WCL from 3D primary acinar explants infected with adenoviru
actin levels in 3D acinar explants described in (F). Bar graph ind
.01. (H) Immunofluorescent staining of Phos-Sox9 (S181)/amyla
indicate ductal cells. Scale bar ¼ 50 mm. (I) Gene expression of p
to KC mice). (J) Scheme showing targets of the indicated che
explants isolated from mir-802KC mice, treated with DMSO, Y16
D (2 mmol/L) for 5 days. Scale bar ¼ 200 mm. (L) IB of WCL from 3
shown in (L) (n ¼ 2). (N) Model illustrating how miR-802 controls
and Phos-Sox9 levels in the presence of KrasG12D.
phosphorylation, and thereby contributes to the repres-
sion of an acinar gene signature, thus promoting onco-
genic Kras-induced ADM (Figure 5N).

Ablation ofmir-802 Accelerates the Development
of PDAC in LSL-KrasG12D LSL-Trp53R172H/þ

Ptf1aCre/þ (KPC) Mice
See Supplementary Text and Supplementary Figures S6

and S7.

Increased Expression of miR-802 Targets
Correlates With Poor Survival in PDAC Patients

To investigate the effect of miR-802 re-expression we
monitored the expression in a panel of human PDAC cell
lines and found increased protein levels of ArhGEF12, RhoA,
Sdc4, other regulators of F-actin dynamics, and Sox9
compared with H6C7 cells (Figure 6A). Transfection of
CFPAC-1 and Panc-1 cells with miR-802 mimics decreased
active RhoA levels (Figure 6B and Supplementary
Figure S8A), repressed miR-802 targets and downstream
effectors (Figure 6C and D; Supplementary Figure S8B and
C), reduced the F-actin/G-actin ratio, and affected the dis-
tribution of F-actin compared with scramble controls
(Figure 6E and F; Supplementary Figure S8D and E). We also
asked if miR-802 overexpression could be beneficial for the
treatment of PDAC; however, human PDAC cells retained
their viability, ductal identity, and oncofetal pathways
(Supplementary Figure S8F to I). Patient-derived PDAC
organoids also showed little effect on viability and
morphology (Supplementary Figure S8J to L). These results
reveal that miR-802 re-expression is insufficient to reverse
the phenotype of established PDAC cells.

Finally, we investigated the relevance of miR-802 targets
in human PDAC with the use of 2 cohorts of 178 PDAC and
167 normal pancreatic tissue datasets from The Cancer
Genome Atlas (TCGA) and the Genotype-Tissue Expression
(GTEx) project, respectively.41 We discovered a significant
enrichment of de-repressed miR-802 targets Arhgef12,
RhoA, Sdc4, Zeb1, and Tcf4 in biopsies of PDAC compared
with normal pancreatic tissue (Figure 6G and
Supplementary Figure S8M). Moreover, critical regulators
affecting F-actin organization (ie, Cfl1, Rock1, Limk1, and
tal metaplasia (ADM) by inhibiting RhoA-dependent F-actin
echst 33342 staining in pancreatic sections from (A) 3-month-
aring the KrasG12D mutation. Scale bar ¼ 50 mm. (C) Rhotekin
shly isolated acinar cells of 1-month-old KC and mir-802KC
TP levels (n ¼ 3). Mean ± SD. **P < .01. (D) Immunoblot (IB) of
F-actin/G-actin levels in freshly isolated acinar WCL from 1-
uantification of F-actin/G-actin ratio (n ¼ 3). *P < .05. (F) IB
s (Ad) expressing miR-802 or control for 5 days. (G) F-actin/G-
icates the quantification of F-actin/G-actin ratio (n ¼ 3). **P <
se in the pancreas sections of 3-month-old KC mice. Arrows
otential Sox9-regulated genes in pancreas (n ¼ 4, normalized
mical inhibitors. (K) Brightfield image analysis of acinar cell
(50 mmol/L), Go6976 (1 mmol/L), Y27632 (10 mmol/L), and Cyt
D acinar explants described in (K). (M) Quantification of the IB
ADM by repressing RhoA-dependent F-actin rearrangement
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Ezr) and other known RhoA effectors (Msn, Cdc42, Vcl) of
the “PID_RhoA pathway” were overrepresented in patients’
samples (Figure 6H).42 These findings were further sup-
ported in a gene set enrichment analysis of TGCA patient
sequencing data showing that the “Actin filament organi-
zation pathway” is strongly augmented in PDAC patients
(Figure 6I). Specifically, the miR-802–regulated RhoA, Ezr,
and the other known F-actin regulators involved in onco-
genic Kras-induced ADM (ie, Arpc2, Rac1) were de-regulated
in patients32,43 (Supplementary Figure S8N). Sox9 activity
may also be activated in PDAC patients, as revealed by the
expression of pancreatic epithelial cell markers and re-
ported Sox9-regulated genes (Figure 6J and K).39 Consis-
tently with our mouse data, we found that ArhGEF12, RhoA,
and Sdc4 were also de-repressed in human biopsies of ADM,
PanIN, and advanced PDAC lesions (Supplementary
Figure S8O to Q). Importantly, a Cox proportional hazards
survival analysis revealed that increased expression of
ARHGEF12, SDC4, and downstream RhoA effectors (Cfl1,
Ezr) correlated with poor survival of patients (Figure 6L).
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Discussion
Activating Kras mutations represent the signature event

in PDAC that drives PDAC initiation and progression.
Although several downstream genes of oncogenic Kras have
been found to mediate these processes, the role of miRNAs
has not been thoroughly studied. Several studies indicate an
important role of miRNAs in the regulation of ADM. Inacti-
vation of dicer in the mouse pancreas results in increased
ADM formation but animals do not develop more PanIN
lesions compared with KC mice.8 Inactivation of some highly
expressed pancreatic miRNAs has been shown to enhance or
repress PDAC development: Whereas miR-216a/b and miR-
217–restricted deletion in acinar cells promotes ADM but
has no influence on PDAC progression,9 ablation of the mir-
181ab1 cluster in KC animals inhibits tumor initiation and
progression.44 These phenotypes highlight a highly complex
miRNA network consisting of positive and negative miRNA
regulators that influence PDAC initiation and progression.
Our study shows that mir-802 ablation in KC mice exhibit
not only more ADM but also enhance PDAC progression,
thereby underscoring an important role of miR-802 in
pancreatic cancer development.

A fundamental question pertains to the physiological
role of a conserved and highly expressed miR-802 that is
dispensable for organ development and acinar cell
=
Figure 6. Elevated expression of miR-802 targets correlates wi
patients. (A) IB of WCL from indicated cell lines. (B) Rhotekin RBD
cells transfected with scrambled control or miR-802 mimics. Ba
3). Mean ± SD. **P < .01. (C, D) IB of WCL from CFPAC-1 and P
described in (B). Bar graphs indicate the quantification (n ¼ 3).
CFPAC-1 cells transfected with scrambled control or miR-802 m
25 predicted miR-802 targets, “PID_RhoA pathway,” ductal an
pancreas” from the The Cancer Genome Atlas (TCGA) human da
Filament Organization” pathway in the same dataset, describe
proportional hazards model based on the expression of selecte
from TCGA. Other abbreviations as in Figure 5.
differentiation. Our data suggest that miR-802 regulates
the early stages of pancreas regeneration. During acute
pancreatitis, ADM of acinar cells provides critical means
for animals to maintain pancreas mass after injury.5 Our
data suggest that miR-802 is a negative regulator of ADM
and acinar cell proliferation. Upon injury, miR-802 levels
decrease, leading to a transient enhancement of a meta-
plastic process and resulting in ADM formation and acinar
cell proliferation, thereby promoting the restoration of
tissue homeostasis.

The most striking effect of mir-802 ablation was
observed in 2 pancreatic cancer models (KC and KPC), in
which mir-802 inactivation shortened the overall survival of
both models. Genetic ablation of mir-802 had an impressive
tumor-promoting effect in KC mice, with an increase in ADM
lesions already in 1-month-old mice, suggesting an inhibi-
tory role of miR-802 during initial metaplasia. Moreover, the
repressive effect of miR-802 on ADM could also readily be
observed in primary acinar explants, supporting the notion
that miR-802 suppresses pancreatic carcinogenesis.
Conversely, miR-802 ectopic expression in human PDAC
cells did not affect proliferation, viability, and cell identity,
indicating that miR-802 has limited impact on advanced
PDAC.

To elucidate the mechanism by which miR-802 protects
against early stages of pancreatic cancer development we
identified 3 direct and conserved miR-802 targets: 1) RhoA,
one of the most important members of Rho-GTPase, 2) its
GEF, Arhgef12, and 3) RhoA upstream regulator Sdc4. All of
these targets affect RhoA activity. De-repression of Arh-
GEF12, RhoA, and Sdc4 in the pancreata of KC mice lacking
mir-802 leads to RhoA activation. Furthermore, these pro-
teins are located in ADM and PanIN lesions of both mice and
patients. These results place miR-802 downstream of
oncogenic Kras and upstream of RhoA, ArhGEF12, and Sdc4.

Whereas high RhoA activity has been reported in a
subset of pancreatic tumor cells in vivo,45 Rho-GTPases are
rarely mutated in human tumors, and analysis of the data
set from TCGA did not identify oncogenic or amplification
mutations in these genes.46 However, expression analysis of
this data set revealed that the mRNA levels of RhoA, Arh-
gef12, and Sdc4 are increased and correlated with reduced
survival in human PDAC. Our findings therefore offer a
mechanistic explanation by which increased RhoA activity in
PDAC is in part mediated by post-transcriptional regulation
through silencing of miR-802 and de-repression of Arhgef12,
RhoA, and Sdc4.
th poor survival in pancreatic ductal adenocarcinoma (PDAC)
-GST pulldown and WCL analysis from CFPAC-1 and Panc-1
r graph represents the quantification of RhoA-GTP levels (n ¼
anc-1 cells described in (B). (E) F-Actin/G-actin ratios of cells
*P < .05. (F) Phalloidin-TRITC and Hoechst 33342 staining in
imics. Scale bar ¼ 50 mm. (G, H, J, K) Expression analysis of

d acinar markers and the reported “SOX9-regulated genes in
ta set. (I) Gene set enrichment analysis highlighting the “Actin
d in (G, H, J, and K). (L) Hazard ratios estimated by the Cox
d genes and overall survival of PDAC patients in the data set
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RhoA is a critical regulator of Rock1 and F-actin orga-
nization, and increased levels of Rock1/2 have been shown
to correlate with reduced survival in PDAC patients.47

However, upstream regulators of the RhoA–Rock1–F-actin
pathway in oncogenic Kras-mediated ADM are not well
studied. We demonstrated that miR-802 regulates the
principle downstream RhoA-related F-actin pathway
(Rock1, Limk1, Cofilin1, EZR), as well as F-actin rearrange-
ment in acinar cells bearing the KrasG12D mutation, in well
developed human PDAC cells and in biopsies from pancre-
atic cancer patients. Furthermore, their increased expres-
sion levels correlate with poor survival. These findings
indicate a supportive role of F-actin organization in
pancreatic cancer development and are consistent with the
notion that increased F-actin provides protective effects for
tumor cells to cope with the compressive stress within solid
tumors.48,49

In addition to this genetic/biochemical evidence for the
role of miR-802 to regulate RhoA activity and the down-
stream Rock1-Limk1-Cofilin1 pathway as well as F-actin
reorganization, we perturbed the pathway pharmacologi-
cally with the use of inhibitors targeting the protein kinase
Ca–dependent Sdc4, the principal downstream kinase of
activated RhoA (Rock1), and F-actin polymerization directly
in primary acinar cells of mir-802KC mice. All inhibitors
reduced the number and size of tubular ductal structures,
thereby supporting the relevance of this pathway for ADM
in oncogenic stress.

Sox9 is expressed in ductal and centroacinar cells in
the normal adult pancreas. Under inflammatory condi-
tions or in the presence of oncogenic Kras, Sox9 expres-
sion increases and regulates pancreatic epithelial cell
identity, affecting epidermal growth factor receptor
(EGFR) signaling and thus promoting ADM.4,50 Rock1 as a
principle RhoA effector can directly phosphorylate Sox9
at Ser181 site, which promote Sox9 transcriptional ac-
tivity in chondrocytes.38 Whether this active Phos-Sox9
(S181) is also regulated in pancreatic cancer remained
elusive. The present study demonstrates that the Phos-
Sox9 (S181) is restricted within ADM lesions and that
its levels are controlled by miR-802 in KC animals and
primary acinar explants but not in established PDAC cells.
In line with these findings, we show that EGFR signaling
is increased and that genes required for the maintenance
of ductal (Spp1, Pkd2) and acinar (Bhlha15, Rbpjl) identity
are activated and repressed, respectively, in mir-802–ab-
lated KC animals. These findings indicate a potential
ADM-promoting effect of Phos-SOX9 in pancreatic cancer
initiation.

This study identifies miR-802 as a novel negative regu-
lator of an interconnecting genomic circuit controlling
RhoA–F-actin rearrangement and Phos-Sox9 (S181) levels
both in vivo and in primary acinar 3D explants. This circuit
controls the dynamics of F-actin polymerization and the
levels of Sox9 activity in acinar cells, thereby highlighting an
intrinsic regulatory network that controls ADM formation in
the presence of oncogenic Kras. Thus, the role of miR-802
regulating F-actin reorganization and acinar identity fills
the gap between oncogenic Kras signaling and acinar-to-
ductal reprogramming underlying pancreatic cancer
initiation.
Supplementary Material
Note: To access the supplementary material accompanying
this article, visit the online version of Gastroenterology at
www.gastrojournal.org, and at https://doi.org/10.1053/j.
gastro.2021.09.029.
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