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BASIC—LIVER, PANCREAS, AND BILIARY

TRACT
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Background & Aims: Invasive pancreatic ductal ade-
nocarcinoma is thought to originate from duct-like
lesions called pancreatic intraepithelial neoplasia (PanIN).
PanINs progress from low grade (PanIN-1) to high
grade (PanIN-3) as the cells attain molecular alter-
ations to key regulatory genes, including activating
mutations in the KRAS protooncogene. Despite a
well-documented progression model, our knowledge
of the initiator cells of PanINs and the transcrip-
tional networks and signaling pathways that impact
PanIN formation remains incomplete. Methods: In
this study, we examined the importance of the acinar-
restricted transcription factor Mistl to KrasG!?P-in-
duced mouse PanIN (mPanIN) formation in 3 differ-
ent mouse models of pancreatic cancer. Results: In
the absence of Mistl (Mist1X0), KrasG!?P-expressing
mice exhibited severe exocrine pancreatic defects that
were rescued by ectopic expression of Mistl in acinar
cells. mPanIN development was greatly accelerated in
Mist1%0/Kras®1?P/+ pancreata, and in vitro assays re-
vealed that Mist1¥0 acinar cells were predisposed to
convert to a ductal phenotype and activate epidermal
growth factor receptor (EGFR) and Notch-signaling
pathways. Conclusions: We propose that conver-
gence of EGFR, Notch, and Kras pathways in acinar
cells lacking Mist1 leads to enhanced mPanIN forma-
tion.

ith a 5-year survival rate of less than 5%, pancreatic

ductal adenocarcinoma (PDA) is among the most
lethal of all human malignancies.!?> The factors respon-
sible for this frightening statistic include the resistance of
pancreatic cancers to conventional chemotherapy and
radiotherapy and the absence of early warning signs
and symptoms. Despite a number of advances in basic
and clinical pancreas biology, our understanding of the
pathogenesis and the molecular mechanisms underlying
PDA remain incomplete.

Three different ductal precursor lesions have been
identified that give rise to invasive PDA: pancreatic intra-
epithelial neoplasia (PanIN), intraductal papillary muci-
nous neoplasia, and mucinous cystic neoplasia.3-> Of
these, PanINs are the best characterized, being classified
from low grade (PanIN-1) to high grade (PanIN-3) based
on a number of histologic criteria including the degree of
architectural and nuclear atypia. Activating mutations in
the KRAS2 protooncogene are thought to be the initiat-
ing mutations responsible for PanIN-1 lesions.* Addi-
tional genetic modifications include telomere shortening,
inactivation of the p16™&%* Jocus (PanIN-2), and inacti-
vation of the TP53, SMAD4/DPC4 genes (PanIN-3).6-°
Alterations in these oncogenes and tumor suppressor
genes cause pleiotropic effects that lead to the deregula-
tion of signaling pathways controlling cell proliferation,
survival, adhesion, and migration.>'0

In an effort to model PDA, a number of mutant mouse
strains have been developed that overexpress an activated
Kras oncogene within specific pancreatic cellular com-
partments''-1* or that conditionally activate a mutant
Kras allele from its own endogenous locus.!5-18 In many
instances, Kras@?P-expressing mice develop PanINs (re-
ferred to as mPanINs in mice) that on rare occasions
progress to PDA after a long latency period (>1 year).
Whereas PanINs can be modeled in mice, the identity of
the initial target cell remains controversial. Although the
histologic features of PanINs suggest a duct cell origin,
several studies have proposed that acinar cells also may
participate in PanIN development.10.1417,19-21

The successful establishment of mouse models that
mimic human disease has been a significant break-
through in pancreatic oncology, although the role of

Abbreviations used in this paper: EGFR, epidermal growth factor
receptor; PanIN, pancreatic intraepithelial neoplasia; mPanIN, mouse
PaniN.
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individual transcription networks in PanIN development
has not been fully studied. As a first step, we examined
the importance of Mistl, a basic helix-loop-helix transcrip-
tion factor that is expressed in pancreatic acinar cells but
not in duct, islet, or centroacinar cells.2%2223 To investigate
the importance of Mistl and acinar cells to mPanIN
initiation, we focused on the early events of mPanIN
development in 3 different mutant KrasS'?P model sys-
tems: Mist1¥*/* mice in which a KrasS!?P coding region
was targeted to the MistI locus,'3 LSL-KrasS2P/* /ptf1a©/+
mice in which an endogenous Kras®!?P allele was ex-
pressed upon “pan” pancreas Cre expression,'®?* and
LSL-KrasG12/ /Mist]1“ER/* mice in which the endogenous
Kras®12P allele was expressed in adult acinar cells upon
tamoxifen addition. Our studies revealed that, in the
absence of Mistl, MistIkr/LacZ mice exhibited gross
pancreatic defects that could be rescued by ectopic ex-
pression of Mistl in acinar cells. Similarly, mPanIN for-
mation in LSL-KrasC1?P/* /ptfla®e* and LSL-Kras®1?P/*/
Mist1€ER/* mice was greatly accelerated in the absence of
Mistl, suggesting that MistI null acinar cells either locally
influenced duct cells or directly converted to mPanINs.
Indeed, lineage tracing studies confirmed that mPanINs
from LSL-KrasC1?P/* /Mist]1CreER/CreER mice were derived
from adult acinar cells. Interestingly, in vitro assays dem-
onstrated that Mist1t%/LeZ cells were predisposed to con-
vert to a ductal phenotype and activate key epidermal
growth factor receptor (EGFR) and Notch-signaling
pathways that cooperated with KrasS!?P. We conclude
that loss of Mistl leads to enhanced Kras®'?P-induced
mPanIN formation in these mouse models.

Materials and Methods
Mouse Strains

Misg1KrasGI2D/+ (Mist]Kra/+) mice!3 were crossed to
Mist1tac?/tacZ mjce?® to generate Mist1X9/1aZ mice. The
elastase,,-Mist1™* (El,-Mist]"™") construct driving acinar-
specific expression of a myc-tagged Mistl protein was
used to produce El,,-Mist1"™"* transgenic mice as described
previously.26 Mist1“ER/* mice were generated by standard
embyonic stem cell targeting in which the complete Mist1
coding region was replaced with the Cre-ER™ coding
region.?” LSL-Kras®1?P/* and ptfla®%* strains were
crossed to Mist1t?/LaZ mice to generate Mist1t*?/LaZ /[ S] -
Kras®12D/* /ptfla®* mice. Similarly, LSL-Kras¢??P/*/
Mist]creER/CreER mijce were generated by standard crosses.
Induction of Cre-ER™? activity was accomplished by pro-
viding adult mice (>6 weeks) tamoxifen (4 mg/mouse/
day) for 3 consecutive days. All studies were conducted in
compliance with National Institutes of Health and the
Purdue University JACUC guidelines.

Histology and Immunobistochemistry

Mouse pancreas tissues were processed as previ-
ously described.?® Primary antibodies included rabbit
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amylase (Calbiochem, San Diego, CA), mouse [-gal,
mouse myc (9E10), and rat K19 (TROMA-3) (Develop-
mental Studies Hybridoma Bank, Iowa City, IA); rabbit
Hes1 (gift of Tetsuo Sudo); mouse Ki67 (Novocastra,
Newcastle upon Tyne, UK); mouse phospho-Stat3 (Up-
state, Lake Placid, NY); rabbit insulin (Linco Research, St.
Louis, MO); and rabbit Mist1.2225

Protein Immunoblot Assays

Twenty micrograms of whole-cell protein extracts
were separated on 12% acrylamide gels, transferred to
polyvinylidene difluoride membranes, and incubated with
primary antibodies (1:1000) against rabbit Mist1,2223
mouse myc (9E10; Developmental Hybridoma Bank),
rabbit ErbB1, rabbit phospho-MEK1/2 (Ser217/221), rab-
bit phospho-ERK (Thr202/204), rabbit phospho-Akt
(Ser473) (Cell Signaling, Danvers, MA), and mouse phos-
pho-Stat3 (Upstate). Detection of Hsp90 with rabbit Hsp
90a/b (1:2000, Santa Cruz Biotechnology, Santa Cruz,
CA) was used as a loading control. Immunoblots were
developed using an ECL kit (Pierce, Rockford, IL) as per
manufacturer’s instructions.

RNA Expression Analysis

Pancreas RNA was isolated using the RNeasy iso-
lation system (QIAGEN, Valencia, CA) and reverse
transcribed using the iScript complementary DNA
(cDNA) synthesis kit (Bio-Rad, Hercules, CA). Polymerase
chain reaction (PCR) conditions are described in Supple-
mentary materials.

Acinar Cell Cultures

Primary acinar cells were isolated from wild-type
or Mist]leZ/LaZ mice as described by Means et al.28 After
plating in 1.35 mg/mL collagen (BD Biosciences, San
Jose, CA), the cells were supported with RPMI medium
(Invitrogen, Carlsbad, CA) supplemented with 1% fetal
bovine serum, 0.1 mg/mL soybean trypsin inhibitor, 1
pg/mL dexamethasone, 100 U/mL penicillin, and 100
pg/mL streptomycin. Transforming growth factor (TGF)-a
(10 ng/mL or 50 ng/mL) (R&D systems, Minneapolis,
MN) was added to the medium, and the efficiency of
acinar-to-ductal conversion was measured after 5 days.

Results

Mist1 Is Essential for Survival of Mist1¥ras/+

Mice

Previous studies showed that pancreata from
Mist1¥5/+ mice had significantly lower levels of the aci-
nar-restricted transcription factor Mistl.!®> To establish
whether loss of Mistl protein was critical to the
Mist1¥5/+ phenotype, we generated Mist1X/1sZ animals
that expressed KrasG!?P and B-gal from the Mist] locus
but lacked Mistl protein. Although Mist1X/IeZ mice
appeared normal at birth, they rapidly lost body weight,
became dehydrated, and died within 3 days (Figure 1A).
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Figure 1. Mist1K@s'tacZ pancreas structure is grossly distorted at postnatal day 1. (A) Mist1:aZ+ and Mist1<@stacZ jittermates in the first 3 days
following birth. (B) Gross anatomy of the Mist1tacZ/+  Mist1Kas’+ and Mist1KaslacZ mouse pancreata at PN1. (C) (a—c) H&E sections from PN1
Mist1tacZ/+ Mist1Kr@s/+ and Mist 1Kras/LacZ pancreata (original magnification, 200X). Arrows in a indicate islets. (0-f) Transmission electron microscopy
of PN1 pancreas samples. The tubular networks that form in the Mist1K@stacZ sgmples exhibit greatly reduced zymogen granules (arrows) and
crowding of nuclei (original magnification, 1100X). (g—/) Immunohistochemistry labeling with Ki67 reveals a higher proliferation index in the
Mist1Kras/tacZ mice at PN1 (original magnification, 400X). Note that most Ki67-positive cells in g are interstitial cells that lie between acini (inset).

Newborn animals had a significantly enlarged pancreas
that was ~10-fold larger than Mist1%*#/* mice and ~2.5-
fold larger than Mist1X/* mice (Figure 1B). As expected,
control newborn Mist1'?* animals exhibited normal
acini and islet organization (Figure 1C, a). Mist1¥=/*
pancreata also retained relatively normal exocrine orga-
nization with the exception that the lumina of the acini
were often dilated, revealing early signs of acinar meta-
plasia (Figure 1C, b).'3 In older animals (2-3 months), the
presence of acinar/duct biphenotypic cells was readily
observed as acinar cells transitioned to duct-like cells
(Supplementary Figure S1).1320 In contrast to Mist1Xr/*
mice, Mist1X#/taZ pancreata were grossly distorted at
birth, consisting of extensive epithelial tubular networks
in which the normal apical-basal polarity of secretory
granules, nuclei, and endoplasmic reticulum was lost,
and individual cell boundaries were difficult to distin-
guish (Figure 1C, ¢ and f). The zymogen-containing tu-
bular cells also coexpressed keratin 19 (K19) (Supplemen-
tary Figure S1), suggesting a greatly accelerated acinar-

ductal conversion for Mist1¥#/LaZ acinar cells. Despite the
dramatic exocrine pancreas phenotype, insulin-positive
islets appeared normal in Mist1%/1sZ animals (Supple-
mentary Figure S2).

The highly disrupted organization of Mist1Xr#/1sZ pan-
creata prompted us to investigate whether alterations in
cellular proliferation were associated with constitutive
Kras signaling in the absence of Mistl. Analysis of new-
born Mist1*/* or MistI1'?/* pancreata revealed a substan-
tial number of Ki67-positive cells, but the vast majority
was either duct cells or stellate cells that were located
within the interstitial spaces surrounding acinar struc-
tures (Figure 1C, g). Very few (6%) proliferating acinar
cells were detected at this age. In contrast, 35% of
Mist1¥r/+ acinar cells were Ki67 positive (Figure 1C, b).
Interestingly, Mist1¥#/IaZ pancreata exhibited an even
greater increase in cell proliferation where >80% of the
cells expressed Ki67 (Figure 1C, /). TUNEL assays failed to
reveal any significant apoptotic activity (data not shown),
suggesting that the extensive proliferation of Mist1Xrs/Lacz
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Figure 2. Ectopic expression of Mist17 rescues the Mist1<a'LacZ phenotype. (A) El,-Mist1™¢ transgene. b, basic domain; HLH, helix-loop-helix
domain; myc, epitope tag. (B) Immunohistochemistry using anti-myc on Mist1-eZtacZ and Mist1-a¢2LacZ/E}, -Mist1™° pancreas sections showing
acinar-specific expression of the El,-Mist1™¢ transgene (original magnification, 400x). (C) (@) Immunoblot analysis of extracts from Mist1+/*,
Mist1KrasitacZ and Mist1KastacZ/E], -Mist 1mv¢ pancreata. B-gal protein is expressed from the Mist7 locus in the Mist1/aLaeZ and Mist 1Kas/tacZ/E],, -
Mist1™° pancreata. The Mist1™¢ protein is detected only in the Mist1KasLacZ/E] -Mist1™° samples. Red dots, nonspecific bands from the Mist1
antibody. (b and c¢) Elp-Mist1mve expression rescues the severe Mist 1Ka5tacZ phenotype (original magnification, 400).

cells likely accounts for the dramatic expansion of the
duct-like lesions in this model.

Finally, to determine whether ectopic Mist1 expression
from a different acinar-specific promoter could rescue
Mist15r#/La<Z mice, we crossed Mist1¥/™ mice to Mist]l#?/LacZ
mice containing an elastase promoter-Mist1™¢ transgene
(ElL,-Mist1™") (Figure 2A). As predicted, Mist1™* protein
was detected only in acinar cells in Mist1*#/%/E], -
Mist1™* samples (Figure 2B, a and b). Islet and duct cells
remained Mist1™< negative. Similarly, Mist1%/taZ pan-
creata were Mistl negative, whereas the El,-Mist]"™* trans-
gene was expressed in Mist15/La%/E], -Mist]"™* acinar cells
(Figure 2C, a). Unlike the severe phenotype of Mist1r/Laz
pancreata, Mist1X/ta%/E] -Mist]1™* pancreata displayed a
phenotype that was virtually identical to MistIX/* mice
(Figure 2C, b and c). Mist1¥/te%/E] -Mist]™* mice sur-
vived for months, and acinar organization was largely
restored, although areas of acinar metaplasia were simi-
larly observed as in Mist1¥/* animals. As predicted, the
number of Ki67-positive cells also was significantly re-
duced (~40%) in Mist1X/te?/E], -Mist]™* mice. These
results confirm that the absence of Mistl promotes

KrasS12P-induced cell proliferation and dramatically en-
hances pancreas transformation.

Loss of Mistl Accelerates mPanIN Initiation
in LSL-Kras®120/* /ptf1a®</* Mice

Mist1¥%/+ mice undergo acinar-ductal metaplasia
and develop invasive and metastatic pancreatic cancer,'3
but, in the absence of Mist1 protein, the mice die shortly
after birth, preventing a detailed analysis of early precur-
sor lesions. To examine the importance of Mistl to
mPanlIN initiation events, we turned to the Cre-activated
LoxP-STOP-LoxP(LSL)-KrasS12P/* model, which produces
mPanINs when pancreas-restricted Cre expression is pro-
vided by pdx1,,-Cre or ptfla®”* mouse lines.!620 Mist1'#/Laz/
LSL-KrasG12P/* /ptfla®/+ mice were generated by crossing
LSL-KrasS12P/* /ptf1a®* mice to Mist1l*#/teZ mice. At 6
weeks of age, control LSL-KrasS12P/* [ptfla™/* mice (lack-
ing Cre) exhibited average-sized pancreata with normal
histologic features (Figure 3A). As previously reported,'¢
Mist1*/*/LSL-Kras®1?P/~ /ptf1a“%* mice developed slightly
enlarged pancreata that otherwise had normal gross struc-
ture. In contrast, Mist114?/taZ /L SI-Kras®12P/* /ptf1a“%* pan-
creata were significantly larger than pancreata from con-
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Figure 3. MistilacZlacZ/| G| -
KrasC'2D/+ /ptf1aCe+ pancreata
display accelerated histologic
progression of mPanIN lesions
at early stages. (A) Gross anat-
omy of the MistitacZlacZ/| gj -
KrasG'2D/+/ptf1aCre’+ vs Mist1+/+/

LSL-Kras®120/*/ptf1a%®+ pancre-

) ata at 6 weeks. (B) Quantitative
ﬁ [ ey analysis of mPanIN lesions in
1A 1B 2 3 1A 1B 2 3 6-weekMist1+/+/L.SL-Kras@120/+/
Mist1"‘+ Mist.‘Lacz,'Lacz ptf7aC’9/+ and Mist1tacZlacz/
Kras®120/Cre  Kras®20/Cre LSL-KrasC®"20/*/ptf1aC®+ sam-

ples (n = 4). Note that high-

grade mPanIN-1B, mPanIN-2,
and mPanIN-3 are never ob-
served in the Mist1+/*/LSL-
KrasG'2D/*/ptf1aCe’+ mice at this
age. (C) High-grade mPanlIN lesions
rapidly develop in Mist7tacZlacz/
LSL-Kras®2D/+/ptf1aCe+  pan-
creata. (a) Six-week Mist1+/*/
LSL-Kras®2D/+/ptf1a0¢+  pan-
creas showing a rare focus of
mPanIN-1A (@rrows) (original mag-
nification, 100X). (b—/) Represen-
tative images from Mist1tacZLacz/
LSL-KrasG12D/+/ptf1ace+ samples
(6 week). mPanIN-1A lesions are
broadly distributed (b; original
magnification, 100X) with early
appearance of higher grade
mPanIN-1B (c; original magnifi-

cation, 200X), mPanIN-2 (d; orig-
inal magnification, 200X), and
mPanIN-3 (e; original magnification,
200X) lesions. (f) Alcian blue stain-
ing reveals abundant mucin content
in the mPanIN lesions. K19 (g),
Hes1 (h), and Ki67 () are highly ex-
pressed in the Mist1tacztacZ/| S -
KrasG12D/+/ptf1aCe+ mPanIN
lesions. () B-gal immunohisto-

chemistry on Mist1tacZ/tacZ/| S -
Kras€'2D/+ control samples re-

vealing nuclear B-gal only in
acinar cells. (k and /) B-gal-Posi-
tive nuclei are found within large
PaniINs from Mist1tacZtacZ/| S -
Kras@2D/+/ptf1ac®+ samples (ar-
rows). Boxed area in k is shown at
higher magnificationin/. Asteriskink
denotes normal acinar tissue.

(Note - rotated 90°)

trol littermates, paralleling the increased size phenotype
of Mist1¥r#/LacZ mice (Figure 3A).

We next compared mPanIN initiation and progression
between LSL-Kras®1?P/* /ptfla“%* mice maintained on a
Mist1™/* or Mist]t*#/tZ genetic background. Animals of
both genotypes showed rare mPanIN-1A lesions sur-
rounded by normal acinar structures at 3 weeks of age
(data not shown). However, mPanIN lesions developed
much more rapidly in Mist1%#/%Z/] SI-KrasS2P/~ /ptflaCr/*
mice where mPanIN-1A lesions were commonly seen at 4

weeks, and, by 6 weeks, mPanIN-1A distribution was
extensive throughout the entire pancreas (Figure 3B
and C, b). Contrary to these results, mPanIN formation in
6-week  Mist1™/*/LSL-Kras®1?D/~ /ptfla“%* animals re-
mained rare and focally localized (Figure 3C, a). Signifi-
cantly, high-grade mPanIN-2 and mPanIN-3 lesions were
also much more abundant in Mist1%%/%4Z /[ S -KyrasG12P/* /
pifla®?* mice (Figure 3B and C, c¢—e). As predicted,
Mist1te?/tacZ /1 SL-KrasG12P/* /ptf1a“* mPanINs displayed
features common to human PanINs, including elevated
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levels of mucin, expression of the duct-restricted marker
K19, and activation of Notch downstream signaling targets
such as Hesl (Figure 3C, f~h). Cells within Mist]le?/taZ/
LSL-KrasG12P/* /pif1a®+ mPanINs were also highly prolif-
erative (Figure 3C, ). Interestingly, real-time reverse-
transcription (RT)-PCR revealed a dramatic change from
acinar gene products (amylase) to duct gene products
(K19) in 6-week Mist1ta?/tacZ/[ S -KrasC12P/* /ptf1a®* pan-
creata (Supplementary Figure S3) suggesting a switch
from predominantly acinar to predominantly ductal cell
types in young mice expressing Kras®?P but lacking
Mistl. Whether this reflects a conversion of acinar cells to
ductal cells is not known, but acinar cells clearly contrib-
ute to mPanIN formation in this model since B-gal-
positive cells (expressed from the MistI locus) were readily
observed in mPanINs of Mist1l4?/LacZ/] SI-KrasG12P/+/
ptfla“?* pancreata (Figure 3C, j-1).2°

LSL-KrasG12D/+ /Mist]Cre-ER/Cre-ER pfjce
Reveal That Mist1 Null Acinar Cells Readily
Generate Advanced mPanINs Upon
Kras©12D Expression

The presence of B-gal+ cells in mPanINs from
Mist1?/* /LSL-KrasS'P/* /ptf1a®/* and Mist]%e?/1e /[ S
KrasG12P/% /pif1a®/+ mice suggested that Kras®?P express-
ing acinar cells are the major cellular source of mPanINs
in this model. To examine this in greater detail, we
generated Mist1““ER* mice in which the complete Mist1
coding region was replaced with a Cre-ER™ coding re-
gion. Using the R26R reporter line, tamoxifen-induced
Cre activity was observed primarily in Mist1“F®/* acinar
cells, although a small percentage (<3%) of islet cells also
exhibited B-gal activity (Figure 44, 4 and b). Importantly,
all cells from small and large ducts remained $-gal neg-
ative, confirming that the MistI locus is not expressed in
this pancreas compartment. Administering tamoxifen to
6-week LSL-KrasS'?P/* /Mist1©*FR/+ mice led to mPanIN-1A
formation that mimicked the pattern observed with LSL-
KrasG120/% /pif1a®/+ mice (Figure 4B, a—c). Similarly, ta-
moxifen induction in adult LSL-KrasG12P/* /Mis¢] CreER/Cre-ER
mice (lacking Mistl) also readily generated mPanINs,
but, in this instance, the number and grade of mPanINs
were greatly accelerated, paralleling the results obtained
with Mist1e?/1aZ /I ST-Kras®12D/* /ptf1a®%* mice. mPanIN-2
and mPanIN-3 lesions with atypical nuclei and large pap-
illary extensions were often observed fusing to normal
ductal epithelial (Figure 4B, d—f; 4C). As predicted, the
mPanINs from LSL-KrasG1?P/+ /Mist]1CreER/CreER mjce exhib-
ited duct cell characteristics, including expression of K19
(Figure 4B, g). R26R lineage tracing of LSL-KrasS2l/*/
Mist]CeER/CreER mijce confirmed the acinar cell origin of
the advanced mPanINs in which virtually all expressed
B-gal, whereas duct cells remained -gal negative (Figure
4B, b). Based on these results, we conclude that the
absence of Mistl promotes Kras91?P-expressing acinar
cells to form ductal mPanINs.
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EGFR Signaling Is Hyperactive in KrasS12D

Expressing Cells Lacking Mist1

Several studies have shown that EGFR signaling
can induce acinar cells to transition to duct-like cells in a
number of pancreatic cancer mouse models.20-21:29-30 The
increased propensity by which loss of Mistl and Kras
signaling generates mPanIN lesions also suggests that
Mist]teZ/LacZ cells are primed to influence mPanIN forma-
tion, possibly through activation of EGFR downstream
signaling pathways. To evaluate whether EGFR-signaling
components are differentially active in MistI™Z/1¢Z and
LSL-KrasS12P/+ /ptf1a®¥+ animals, 6-week pancreata from
different mouse genotypes were isolated and processed
for real-time RT-PCR, immunoblot, and immunohisto-
chemistry analyses. As shown in Figure 5A, transcript
levels for the EGFR family members ErbB1 and ErbB2,
as well as the target ligands TGF-a and HB-EGF, were not
significantly different between control MistI*/* /LSL-KrasS12D/*
(WT) and Mist1*/* /LSL-KrasG2P/* /ptfla®+ (WT + Kras)
animals. In contrast, moderate (2- to 3-fold) increases in
ErbBI and TGF-a transcript levels were always observed
in Mist1te?/LaZ /L ST -Krasi2D/+ (KO) animals (Figure SA).
However, when the Mist]l*?/14Z genotype was combined
with active Kras61?P (KO + Kras), large (30- to 500-fold)
increases in ErbB1, ErbB2, TGF-a, and HB-EGF transcripts
were produced (Figure SA).

Immunoblot analyses on additional animals con-
firmed that the levels of ErbB1 were increased in the
Mist1tec?/1acZ /1 ST -KrasG12D/+ /ptfla®?* pancreata (Figure SB).
As predicted, components of the MAPK pathway were
also activated, including elevated levels of phospho-
MEK1/2 and phospho-Erk1/2 (Figure 5B). Interestingly,
these pathways were similarly active in control Mistit?/az/
LSL-Kras2P/+ samples lacking Mistl and Kras©!?P pro-
tein (KO). Stat3, another downstream effector of the
ErbB pathway,?! was also activated in the Mistile?/tacZ
samples. Indeed, immunohistochemistry confirmed that
the increase in pStat3 levels was exclusively due to ex-
pression in acinar cells (Figure 5C). These results reveal
that loss of Mist1 triggers MAPK and Stat3 signaling in
acinar cells and suggest that the extreme phenotype as-
sociated with Mist1te?/tacZ/] SI-KrasG12P/* /ptf1a“*+ and
LSL-KrasS12D/* /Mist]CreER/CreER animals is due to a conver-
gence of signaling components involving Kras%!?P expres-
sion and hyperactivity of the EGFR pathway in the ab-
sence of Mistl.

Mist1laZ/La<Z Acipar Cells Rapidly Convert
to Duct-Like Cells in 3D Cultures

The large increase in mPanINs in very young
Mist 14/ / ST -Kras12D/+ /ptf1a/+ and LSL-Kraso!2D/+/
Mist]CeER/CreER apnimals suggested that Mist1XO pancreata
are highly sensitive to Kras%1?P signaling events and that
the response to KrasS?P expression may induce acinar
cells to develop duct-like properties, including expression
of K19, formation of tubular complexes, and participa-
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Figure 4. [SL-KrasG'20/+/
Mist1Cre-ER/+ mice reveal that
acinar cells generate mPanIN
lesions. (A) Mist1CeER+/R26R
adult mice were given a single
dose of corn ail (@) or tamoxifen
(TM) (b) for 3 consecutive days,
and then pancreata were har-
vested and processed for B-gal
detection 2 weeks later. Acinar
cells and rare islet cells are
B-gal+, whereas all duct cells
(arrows) remain B-gal negative
(original magnification, 400X).
(B) Adult 6-week LSL-KrasG'2D/+/
Mist1CeER/+/R26R (a-c) and
LSl -Kra SG 12D/+ /Mist1 Cre-ER/Cre-ER, Y/
R26R (d-f) mice were adminis-
tered corn ail (@ and d; original
magnification, 200X) or tamox-
ifen (b and c; original magnifica-
tion, 100X; e, original magnifica-
tion, 200X), and pancreata were
analyzed at 3 months of age. LSL-
KrasG12D/+ /\jist 1Cre-ERCre-ER/ROE R
pancreata develop advanced
mPanINs, which express high
levels of K19 (g; original mag-
nification, 200X). (h) B-gal+
mPanINs (arrows) confirm the
acinar cell origin of these lesions
(original magnification, 200X).
Arrows in f indicate mPanIN ex-
tensions (red) and fusion with
normal ductal epithelial (black).

i_l_l_l_L (C) Quantitative analysis of

mPanlIN lesions in 6-week LSL-

tion in mPanIN formation. Indeed, Mist1%#/1%Z pancre-
ata exhibit hyperactive EGFR signaling, suggesting that
this pathway may accelerate conversion of acinar cells to
mPanINs. To determine whether Mist1t¢?/LaZ acinar cells
were “primed” to attain duct cell properties, we turned to
a 3-dimensional (3D) in vitro culture system to evaluate
how acinar cells from Mist1*/* and Mist1*%/Z animals
responded to EGFR-signaling pathways. As previously
reported,?® acinar cells from control Mist]™/* mice placed
in 3D collagen gels remained as acinar cells over a 5-day
period (Figure 64, a—d; 6B and C). However, when the
cultures were supplemented with 10 ng/mL TGF-a, a

et s AR eS8 KrasG120Mist19% 60+ and LSL-
Mist1CreERH+ Mist1CreER/CreER KrasG12D/+/\jist1Ce-ERCre-ER  mice
Kras©12D KrasG120 treated with tamoxifen (n = 4). Note

the large increase in all mPanIN
grades in the LSL-Kras@20/+/
Miist 1 Cre-ER/Cre-ER (MiSﬂ KO) mice.

small percentage (~20%) of cells acquired duct-like prop-
erties, forming ductal cysts and expressing the duct cell
product K19 (Figure 6A, e-b; 6B). Increasing TGF-a to 50
ng/mL led to a maximum 45% cell conversion. In con-
trast, Mist114?/14Z cells were much more efficient in ductal
conversion. The majority (>90%) of MistI*<#/tZ acinar
cells readily formed ductal cysts when placed in collagen
gels containing as low as 10 ng/mL TGF-a (Figure 6B and
C). Indeed, even in the absence of TGF-a, small (~5%)
but reproducible numbers of Mist1le#/taZ acinar cells
spontaneously converted to ductal cysts (Figure 6B). Thus,
the absence of Mistl primes cells for ductal conversion,
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Figure 5. Mist1tacZtacZ gnd Mist1tacZtacZ/| S| -KrasCG12D/+/ptf1aC®/+ pancreata exhibit elevated levels of EGFR-signaling components and activa-
tion of downstream signaling pathways. (A) Quantitative RT-PCR to detect ErbB1, ErbB2, TGF-a, and HB-EGF transcript levels from the indicated
pancreata samples. All values were normalized to Mist7*/+ (WT) samples, which were set to 1.0. (B) Immunoblots for a number of EGFR-signaling
components. In all cases, Mist1tacZtacZ (KO) and Mist1tacZtacZ/| S| -Kras@120/+/ptf1aCre+ (KO + Kras) samples exhibited activation of the down-
stream pathways, with the exception of pAKT, which did not significantly change with different genotypes. Hsp90 was used as a loading control.
(C) Immunohistochemistry with anti-pStat3 reveals that acinar cells in the Mist 15° background are pStat3 positive (arrows). Duct (d) and islet () cells
remain pStat3 negative, as do acinar cells in a Mist7¥T background (original magnification, 800).

mimicking the accelerated mPanIN formation in Mist1t%/taZ/
LSL-KrasS2P/+ [pefla®/+ and LSL-KrasG12D/+ [Mist] CreER/CreER
mice.

Discussion

Identifying the earliest events that initiate PanIN
formation is critical to understanding fully the origins of
pancreatic cancer. Defining PanIN development has been
difficult from a clinical perspective because patients often
present with advanced disease. Thus, despite some progress
in disease management, there remains uncertainty about
which cell types contribute to PanIN development and
which intracellular pathways are critical to PanIN pro-
gression.

To examine whether alterations to the acinar cell
transcriptional network could affect KrasS!?P-induced
early events, we evaluated the importance of Mistl, an
acinar-restricted bHLH transcription factor, to mPanIN
formation. Our studies demonstrated that mice lacking
Mistl were highly sensitive to Kras¢!?P expression, exhib-
ited early acinar-ductal metaplasia (MistI¥*/* model),
and showed greatly accelerated mPanIN initiation and
progression (LSL-KrasS2P/+ model). Because Mist1 is not
expressed in duct cells, these results reveal that altering
the acinar Mist1 transcriptional network has a profound
effect on the development of mPanIN lesions.

At this time, it is unclear why loss of Mistl generates
KrasGlZD
ations in acinar cell organization where cells acquire
defects in apical-basal polarity,?® intercellular communi-
cation,® and regulated exocytosis.3® Mist]1l*#/LaZ mice
also are susceptible to cerulein-induced pancreatitis,3*
suggesting that dysplasia of Mist1t#/LZ gcinar cells may
provide a sufficient epigenetic environment in which
KrasG12D expression efficiently initiates mPanIN develop-
ment. Indeed, patients with chronic pancreatitis are
more susceptible to developing PDA 3% and studies from
Guerra et al'” have confirmed that PanIN formation is
greatly enhanced in mice with chronic pancreatitis.
Nonetheless, loss of Mistl is an intrinsic event restricted
to acinar cells—centroacinar cells and duct cells do not
express Mist1.2° Thus, either dysplastic acinar cells influ-
ence the local environment to allow duct cells to develop
into proliferative mPanINs or acinar cells directly partic-
ipate in mPanIN formation. Although both scenarios are
possible, we favor the latter for a number of reasons.
First, Mist1¥/* mice express KrasG!?P exclusively from
the Mistl locus and yet develop rare mPanIN lesions and
several different pancreatic tumor types with ductal fea-
tures.'3 Second, LSL-Kras®12P/* /ptf1a“*/+ mice develop aci-
nar metaplastic units that contain biphenotypic cells,
suggesting that acinar cells contribute to mPanINs in

sensitivity. Mist11*#/taZ pancreata exhibit alter-
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Figure 6. Mist7tacZtacZ geinar
cells rapidly convert to ductal
cysts in 3D collagen cultures. (A)
Acinar cells were isolated from
Mist1+/* pancreata and cultured
in collagen gels in the presence
or absence of TGF-a. Cells in
control medium without TGF-«
(@—d; original magnification, 800)
maintain a normal amylase-positive
acinar cell phenotype, whereas
cells supplied TGF-a (e-h; original
magnification, 800X) convert to
K19-positive ductal cysts (arrow) (b
and . Dapi fluorescence; ¢ and g:
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this model.?° Indeed, Mistl (or B-gal)-positive cells are
readily identified in early mPanIN lesions in LSL-Kras®12P/+/
ptfla®?* samples. Finally, lineage tracing of LSL-Kras®12P/+/
Mist1¢ER/* mice revealed that KrasS!1?P expressing acinar
cells directly give rise to mPanIN lesions.

The transcriptional network through which Mistl op-
erates has yet to be defined, although several Mist1 target
genes have been identified, including the gap junction
gene connexin323? and the cyclin-dependent kinase inhib-
itor gene p21C¢IPI/WAFL 36 1 oss of both proteins is known to
lead to cellular hyperplasia, and it is possible that, upon
KrasG12D expression, the absence of these key regulators in
Mist]t*?/taZ mice accelerates acinar cells to acquire a
duct-like phenotype toward mPanIN formation. The pos-
sibility also exists that loss of Mistl during Kras activa-
tion is not simply a consequence of acinar metaplasia but
rather is a defined molecular pathway that is intimately
associated with Kras¢?P-induced pancreas transforma-
tion. Indeed, preliminary data support a model in which
the human Mist] locus is silenced as acinar cells undergo
acinar-ductal metaplasia and PanIN formation in dis-
eased tissues (Supplementary Figure S4).2°

Despite a deficiency in understanding the transcrip-
tional networks involved in tumor promotion, the sig-
naling pathways through which activated Kras induces
PDA have been well characterized, with many studies
showing that the Notch and EGFR pathways are instru-
mental in complementing Kras signaling.?13” The EGFR
pathway also has been implicated in acinar-ductal meta-

H&E sections; d and h: K19 and
amylase coimmunofluorescence).
(B) Mist1tacztacZ geinar cells exhibit
a propensity to convert to ductal
cysts, even in the absence of
TGF-a. (C) Nearly all Mist1Lacz/acZ
acinar cells convert to ductal cysts
after 5 days in 10 ng/mL TGF-a,
whereas Mist1+/+ cells remain as
acinar cell clusters (original magnifi-
cation, 200X).

plasia,'®28-30 suggesting that events controlling conver-
sion of acinar cells to duct-like mPanINs share overlap-
ping regulatory pathways with tumor promotion. In this
current study, we showed that Mist]l*#/taZ acinar cells
precociously activate the EGFR-signaling pathway and
are primed to convert to ductal cysts in vitro. Preliminary
studies also have revealed that the Notch-signaling path-
way is active in Mist]*?/1%Z pancreata where Hesl ex-
pressing acinar cells are readily identified (Supplementary
Figure SS5). This is a significant finding because induction
of Notch signaling is thought to be an early event in
PanIN initiation and pancreatic tumorigenesis.21-3® De-
spite precocious activation of the EGFR (pMEK1/2,
pErk1/2, pStat3)- and Notch (Hes1)-signaling pathways
in Mist1t*#/taZ gcinar cells, activation of these pathways
alone is not sufficient to generate PanIN lesions. KrasS!2P
activity is still required. Nonetheless, acinar cells deficient
in Mistl are highly susceptible to KrasS!?P-induced
events and show a greatly increased, accelerated rate of
mPanIN formation. These results suggest that the EGFR
and Notch pathways likely cooperate with a distinct
KrasG1?P downstream pathway (eg, PI3 kinase, RalGDS,
p120-GAP) to increase the efficiency by which individual
acinar cells generate PanIN lesions. Whether identical
pathways converge in the human disease will have to
await a more thorough analysis of PanIN progression in
patients. Continued studies of the molecular pathways
and transcriptional networks that operate in both nor-
mal and neoplastic pancreatic cells will be critical to
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delineating the individual components that lead to the
generation of this deadly disease.

Supplementary Data

Note: To access the supplementary material

accompanying this article, visit the online version of
Gastroenterology at www.gastrojournal.org, and at doi:
10.1053/j.gastro.2008.12.066.
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