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We have generated a mouse model for pancreatic cancer through the somatic delivery of oncogene-bearing
avian retroviruses to mice that express TVA, the receptor for avian leukosis sarcoma virus subgroup A
(ALSV-A), under the control of the elastase promoter. Delivery of ALSV-A-based RCAS vectors encoding
either mouse polyoma virus middle T antigen (PyMT) or c-Myc to elastase-tv-a transgenic, Ink4a/Arf null
mice induced the formation of pancreatic tumors. RCAS-PyMT induced pancreatic tumors with the histologic
features of acinar or ductal carcinomas. The induced pancreatic lesions express Pdx1, a marker for pancreas
progenitor cells, and many tumors express markers for both exocrine and endocrine cell lineages, suggesting
that the tumors may be derived from progenitor cells. In contrast, RCAS-c-myc induced endocrine tumors
exclusively, as determined by histology and detection of differentiation markers. Thus, specific oncogenes can
induce the formation of different pancreatic tumor types in a single transgenic line, most likely from one or
more types of multipotential progenitor cells. Our model appears to be useful for elucidating the genetic
alterations, target cells, and signaling pathways that are important in the genesis of different types of

pancreatic cancer.
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The pancreas is composed of two major compartments,
the exocrine pancreas, which consists of the digestive
enzyme-producing acinar cells and the ducts that con-
duct these enzymes to the intestines, and the endocrine
pancreas, composed of the hormone-producing cells in
the islets of Langerhans. All of these cells arise develop-
mentally from a common endodermally derived pan-
creas progenitor cell marked by the expression of the
transcription factor Pdx1 at embryonic day 9.5 (Jonsson
et al. 1994; Offield et al. 1996; Edlund 2001, 2002). Pdx1-
positive cells give rise to neurogenin (Ngn) 3-positive
cells, the precursors of islet cells, and PTF1-p48 positive
cells, from which acinar cells, ductal cells, and some
islet a- and B-cells are derived (Fig. 1; Schwitzgebel et al.
2000; Gu et al. 2002; Kawaguchi et al. 2002).
Pancreatic carcinoma is the fifth leading cause of can-
cer-related deaths in the United States, with an esti-
mated 30,000 deaths each year (Jemal et al. 2002). Tu-
mors arise in the pancreas with the features of the three
maijor cell types of the pancreas - the acinar cells, endo-
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crine cells, and the pancreatic duct cells. Speculation
about the cellular origins of pancreatic tumors is based
largely on the histological appearance of the tumors, the
existence of putative precursor lesions in a specific cel-
lular compartment, and the presence of proteins that
identify the corresponding normal cellular counterpart.

Molecular genetic analysis of human pancreatic can-
cers has revealed that the different histologic types har-
bor different genetic alterations. Ductal adenocarci-
noma, which accounts for 80%-85% of cases, has acti-
vating mutations in the K-RAS2 oncogene in >90% of
cases, as well as loss of the INK4A locus encoding the
pl6 tumor suppressor protein (Bardeesy and DePinho
2002; Jaffee et al. 2002). In addition, the TP53 and
MADH4 tumor-suppressor genes are functionally inacti-
vated in over half of the cases (Bardeesy and DePinho
2002; Jaffee et al. 2002). In contrast, acinar carcinomas
frequently contain alterations in the APC or CTNNBI1
genes, which lead to deregulated Wnt signaling, but do
not harbor mutations in the genes encoding K-Ras, p16,
Smad4, or p53 (Abraham et al. 2002; Bardeesy and De-
Pinho 2002).

Several tumors composed of mixed acinar and endo-
crine cell populations have been described (Klimstra et
al. 1994). Whereas the tumors appear homogenous his-
tologically, the individual cell types are readily identi-
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Figure 1. Model for the development of the cell lineages of the
pancreas. The pancreatic bud forms concomitant with the in-
duction of Pdx1 expression. All pancreatic cell lineages are de-
rived from a Pdxl1-positive progenitor. The acinar, islet, and
ductal lineages diverge between E9.5 and E12.5 with the onset
of PTF1-p48 expression. The majority of a- and B-cells are de-
rived from a PTF1-p48-positive precursor (solid lines), whereas a
smaller percentage are generated from another precursor that
does not express PTF1-p48 (Kawaguchi et al. 2002).

fied by staining for lineage-specific markers, supporting
the idea that these tumors could be derived from a pro-
genitor-like cell able to give rise to multiple cell types
(Klimstra et al. 1994). These findings have contributed to
an ongoing debate over whether different pancreatic tu-
mor types arise from the transformation of distinct tar-
get cells or whether they arise from a common precur-
sor(s) with the tumor type determined by the genetic
alterations present within the tumor. Therefore, a model
system that can be used to address these issues would be
a very valuable tool in the study of pancreatic cancer.

Mouse tumor models offer genetically tractable sys-
tems in which to analyze the effects of specific genetic
alterations on the tumor type. Over a decade ago, Brin-
ster, Palmiter, and colleagues generated a series of trans-
genic lines that expressed various oncogenes under the
control of the pancreas-specific elastase promoter (Or-
nitz et al. 1987; Quaife et al. 1987; Sandgren et al. 1990,
1991). These transgenic mice developed primarily acinar
cell carcinomas or mixed acinar and ductal carcinomas.
More recently, Schmid and colleagues characterized
elastase-TGF-a transgenic mice in greater detail. They
demonstrated that these mice developed pancreatic duc-
tal lesions that progressed to carcinoma with a long la-
tency (Wagner et al. 1998). The absence of p53 led to
dramatic acceleration of tumorigenesis, and some tu-
mors displayed loss of the Ink4a and Madh4 loci, con-
firming the importance of these loci in pancreatic adeno-
carcinoma development (Wagner et al. 2001).

We have now developed a novel mouse model for pan-
creatic cancer using the RCAS-TVA gene delivery sys-
tem, which permits the introduction of genes into so-
matic cells in a tissue-specific manner, and the evalua-
tion of the effects of different genes in a single transgenic
mouse line (Fisher et al. 1999; Orsulic 2002). We gener-
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ated a transgenic line in which TVA expression is tar-
geted to the pancreas by the elastase promoter (Ornitz et
al. 1985; Kruse et al. 1993). Infection of elastase-tv-a
transgenic mice, either wild type or null for the Ink4a/
Arf locus, with viruses encoding mouse polyoma virus
middle T antigen, induced highly penetrant acinar and
ductal tumors. The tumors expressed markers for both
exocrine and endocrine lineages, as well as the progeni-
tor cell marker Pdx1. In contrast, infection of elastase-
tv-a, Ink4a/Arf null mice with viruses encoding the c-
Myc oncoprotein led to the formation of pancreatic en-
docrine tumors exclusively. These data demonstrate that
specific oncogenes introduced somatically into the same
set of infectable cells can induce very different tumors.

Results
Generation of elastase-tv-a mice

We sought to produce a new somatic mouse model for
tumors of the exocrine pancreas utilizing the RCAS-
TVA system. To generate mice that are susceptible to
infection by ALSV-A-based RCAS vectors specifically
within the pancreas, we generated transgenic mice ex-
pressing tv-a under the control of the elastase promoter
(Fig, 2A). This promoter has been used previously in
transgenic mice with the intent of expressing genes spe-
cifically in the acinar cells of the pancreas (Ornitz et al.
1985, 1987; Kruse et al. 1993).

To detect TVA on the surface of pancreatic cells in
elastase-tv-a transgenic mice, we performed immuno-
fluorescent staining with affinity-purified anti-TVA rab-
bit serum on pancreas sections from transgenic mice. In
samples from adult animals, TVA was observed, as ex-
pected, only on cells within acini, and was absent from
the ducts (*) and islets (I) (Fig. 2B). No TVA staining was
seen in pancreases from nontransgenic littermates (Fig.
2B). TVA was not detected in the liver, lung, spleen, or
kidney of elastase-tv-a transgenic mice by RT-PCR (data
not shown).

Because RCAS viruses, like other oncoretroviruses, re-
quire cell division for the integration of the newly syn-
thesized viral DNA into the host genome (Miller et al.
1990; Roe et al. 1993; Lewis and Emerman 1994), we
assessed the number of replicating cells in the adult pan-
creas with antibodies against the S-phase marker Ki67.
Ki67 staining of pancreases from adult animals demon-
strated low levels of proliferation within the pancreas
(Fig. 2C, left). In contrast, abundant proliferating cells
were present within the pancreas of animals at postnatal
day 2 (Fig. 2C, right).

We therefore tested pancreases from newborn mice for
the expression of TVA. Immunofluorescent staining
with TVA antiserum readily detected the viral receptor
in a large proportion of pancreatic cells (Fig. 2D). Again,
no staining was seen in pancreases from nontransgenic
littermates. In contrast to the acinar-specific staining
seen in the adult pancreas, TVA appeared to be more
widely distributed throughout the pancreas. To confirm
the presence of TVA outside the acinar compartment, we
performed double immunofluorescence experiments
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Figure 2. Characterization of elastase-tv-a transgenic mice. (A) Schematic of the elastase-tv-a transgene. The 800-bp tv-a cDNA fused
to SV40 intron and poly(A) sequences (gift of G. Fisher) was placed downstream of the 500-bp elastase promoter element as described
in the Materials and Methods.(B) Immunofluorescent membrane staining for TVA (green) in the acinar cells of the pancreas from a
4-month-old adult elastase-tv-a mouse. Note absence of TVA staining in the islet (I) and duct (*). Nuclei are stained with DAPI (blue).
Original magnification 200x. (C) Identification of dividing cells in pancreases derived from 6-week-old adult (Ieft) and 2-day-old (right)
elastase-TVA mice by immunohistochemical staining for the proliferation marker Ki67. Original magnification 200x. (D) Immuno-
fluorescent membrane staining for TVA (green) in pancreas of 2-day-old elastase tv-a transgenic (left) and nontransgenic (right) animals.
Nuclei are stained with DAPI (blue). Original magnification 200x. (E) Coexpression of TVA (red) and Pdx1 (green) in the pancreas of
a 2-day-old transgenic animal. TVA is present in cells within the islets identified by Pdx1 staining (arrow). Strong Pdx1 staining is also

seen in some cells within the acinar compartment (arrowhead).

with anti-TVA and goat anti-Pdx1 antisera, as Pdx]1 is
found in pancreatic precursors and islet cells. We found
that TVA was present on cells within islets, identified by
the high levels of Pdx1 within the nuclei of islet cells
(arrow, Fig. 2E), albeit at a lower level than was found in
acini. However, TVA was not detected in cells within
the ducts (data not shown). Further, we identified cells
within acini (arrowhead, Fig. 2E) and ducts (data not
shown) that were strongly positive for the presence of
Pdx1. Thus, at this age, TVA is present in multiple cell
types within the pancreas, reflecting either expression
from the elastase promoter in several cell types or re-
sidual protein following expression in precursor cells
during pancreatic development.

Tumor induction by PyMT

We initially sought to induce pancreatic tumors using
RCAS vectors encoding mouse polyoma virus middle T

antigen (PyMT). PyMT is a potent oncoprotein that in-
teracts with c-Src and increases its protein kinase activ-
ity (Gottlieb and Villarreal 2001). PyMT also stimulates
Ras-dependent and PI3 kinase-dependent signaling path-
ways that are activated in pancreatic carcinomas (Bar-
deesy and DePinho 2002). Production of PyMT in trans-
genic mice or through retroviral delivery leads to highly
penetrant tumor formation in many tissues (Gottlieb
and Villarreal 2001).

To maximize the fraction of proliferating and TVA-
positive cells within the pancreas susceptible to infec-
tion, we delivered RCAS virus producer cells intraperi-
toneally (IP) into 2-day-old elastase-tv-a transgenic mice.
This approach, however, did not produce any grossly vis-
ible tumors in 15 animals through 13 mo of age. How-
ever, upon serial sectioning of harvested pancreases, 4 of
the 15 animals were found to harbor small tumors (Table
1). These lesions displayed ductal morphology and most
closely resembled pancreatic intraepithelial neoplasia
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Table 1. Tumor induction in elastase-tv-a mice

RCAS Virus TSG WT Ink4a/Arf null
PyMT 4/15* 8/11
c-myc 0/15 4/14
GFP 0/13 0/12

Elastase-tv-a transgenic mice were injected on postnatal day 2
with DF1 cells producing the indicated viruses. Tumor suppres-
sor gene (TSG) wild-type mice were sacrificed at 13 months of
age. Ink4a/Arf null mice were sacrificed after development of
lymphomas or sarcomas or at 7 months of age.

2Microscopic tumors identified upon serial sectioning of pan-
creases from injected mice. (TSG) Tumor suppressor gene.

(PanIN), a presumptive precursor to pancreatic ductal ad-
enocarcinoma (Fig. 3C,D).

In hopes of increasing tumor incidence and shortening
tumor latency, the elastase-tv-a mice were crossed to
Ink4a/Arf null mice. Inactivation of this locus occurs in
the majority of human pancreatic ductal adenocarcino-
mas; however, Ink4a/Arf null mice do not spontane-
ously develop pancreatic carcinomas, although lympho-

50x

Figure 3. Histology of pancreatic lesions
identified in elastase-tv-a mice infected
with RCAS-PyMT. Areas highlighted by yel-
low boxes are shown at higher magnifica-
tion at right. (A,B) Normal adult pancreas.
(C,D) PanIN lesion induced in a TSG wild-
type mouse. Note shift from a flat cuboidal
epithelium (B) to a columnar epithelium
with mucinous change (D). (E,F) Acinar car-
cinoma induced in an elastase-tv-a, Ink4a/
Arf null mouse. Arrow indicates a non-neo-
plastic duct trapped within the tumor. (G,H)
Cystadenocarcinoma induced in an Ink4a/
Arf null mouse. Note papillary growth pat-
tern of tumor cells into lumen of cyst and
the prominent reactive stroma.
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mas and sarcomas arise in 70% of these mice by 36-
weeks-of-age (Serrano et al. 1996). Delivery of RCAS-
PyMT producer cells into 2-day old Ink4a/Arf null mice
carrying the elastase-tv-a transgene led to the formation
of grossly visible tumors, detected after the sacrifice of
lymphoma- or sarcoma-bearing animals between 4 and 6
months of age, in eight of 11 mice (Table 1).
Examination of histological sections obtained from
the tumors demonstrated the presence of pancreatic le-
sions with various morphological features. Neoplasms
with the cytologic features of acinar cells were visible in
all eight tumor-bearing mice, and often were the largest
lesions present within a pancreas (Fig. 3E,F). The acinar
lesions ranged from microscopic clusters (atypical nod-
ules) to grossly visible tumors. The lesions showed dif-
fering degrees of differentiation — some tumors had cells
with granular, eosinophilic cytoplasm arranged in small
nests and acinar formations, whereas other tumors were
invasive carcinomas composed of poorly organized cells
with cytoplasm devoid of zymogen granules. Ductal
metaplasia, as determined by cellular morphology and
staining for the transcription factor HNF1B (Table 2),

200x

Normal

Acinar
carcinoma

% Cystadeno-
4l carcinoma



was absent in the majority of acinar tumors, and found
only in association with reactive stroma. Trapped non-
neoplastic ducts could occasionally be identified in in-
vasive carcinomas (Fig. 3F). In addition to acinar tumors,
ductal lesions — including cystic tumors with complex
papillae and numerous glandular lumina (cystadenocar-
cinomas), and intraductal lesions with mucinous cyto-
plasm (PanIN lesions) similar to those seen in elastase-
tv-a mice — were also evident in seven of eight mice (Fig.
3G,H). In fact, multiple lesions of different histologic
types were often present within a single pancreas. Abun-
dant inflamed and cellular stroma, a characteristic of hu-
man pancreatic ductal neoplasms, was found associated
with many of the ductal lesions (Fig. 3G,H; Hruban et al.
2002).

In contrast to the results with animals infected with
RCAS-PyMT, no tumors were identified in 12 elastase-
tv-a, Ink4a/Arf null mice injected with DF1 cells pro-
ducing RCAS-GFP, and sacrificed at 7 months of age,
confirming that the tumors were not simply due to
Ink4a/Arf deficiency and not likely due to insertional
mutagenesis (Table 1).

To confirm that PyMT was expressed in the tumor
cells, we performed in situ hybridizations with radiola-
beled antisense PyMT RNA. PyMT RNA was readily
detected in tumor cells, but not in infiltrating stromal or
immune cells within the tumor (Fig. 4A, second and
third panels). PyMT RNA was absent in the histologi-
cally normal sections of tumor-bearing pancreases and in
pancreases from either uninfected mice or mice infected
with RCAS-GFP (Fig. 4A, first panel; data not shown).

The presence of duct-like tubular structures contain-
ing acinar cells has been described previously in trans-
genic mouse models for pancreatic cancer (Jhappan et al.
1990; Sandgren et al. 1990; Wagner et al. 1998). We there-
fore sought to confirm the ductal nature of the lesions
induced by PyMT. We stained pancreases from unin-
fected mice and tumor-bearing mice for the expression of

Oncogene-specific pancreatic tumors

keratin 19, which is normally restricted to the ductal
epithelium within the pancreas (Fig. 4B, first panel). As
expected, PyMT-induced tumors with ductal appearance
expressed keratin 19, confirming their ductal nature,
whereas tumors with acinar features were negative for
keratin 19 (Fig. 4B, second and third panels). The ductal
tumors were also positive for the transcription factor
HNFI1B, whose expression is predominantly restricted to
ductal cells in the adult mouse pancreas (Table 2; Wilson
et al. 2003).

PyMT-induced tumors display features of
progenitor cells

The induction of ductal lesions by PyMT raised the pos-
sibility that either acinar-to-ductal transdifferentiation
had occurred, as has been demonstrated previously in
culture (De Lisle and Logsdon 1990) and proposed for
transgenic models (Schmid 2002), or that an uncommit-
ted or exocrine pancreas progenitor cell had been trans-
formed by PyMT. To assess these possibilities, we
stained the tumor lesions for the presence of the tran-
scription factor Pdx1. Pdx1 is induced at embryonic day
9.5 in the mouse, coincident with the formation of the
pancreatic bud, and therefore marks the earliest pancre-
atic progenitors (Edlund 2001). In the adult pancreas,
Pdx1 is restricted to the B cells of the islets of Langer-
hans (Fig. 5A; Edlund 2001). As expected, Pdxl was
found only in the islets in the pancreases from unin-
fected animals, whereas Pdx1 was readily detected in the
PyMT-induced pancreatic lesions irrespective of histo-
logic type (Fig. 5B,C). Interestingly, Pdx1 was also de-
tected in atypical acinar cell nodules, presumptive pre-
cursors to the acinar tumors, found in RCAS-PyMT-in-
fected Ink4a/Arf null transgenic animals (Fig. 5D).

The high levels of Pdx1 found in the PyMT-induced
lesions suggested that either induction of Pdxl is an
early event in PyMT-induced transformation, or that the

Table 2. Expression of differentiation markers in RCAS-PyMT- and RCAS-c-myc-induced tumors

Differentiation PyMT-induced PyMT-induced ¢c-Myc-induced
marker Cell lineage acinar tumor ductal tumor tumor
Chymotrypsin Acinar + - _
Mistl Acinar - - -
p48-PTF1 Acinar + _ _
Keratin 19 Ductal - + _
HNFI1B Ductal -+ + -
Pdx1 Pancreas progenitor/endocrine + + +
Synaptophysin Endocrine + + +
Pax6 Endocrine - - +
Isll Endocrine - - +
Nkx 2.2 Endocrine - - +
Insulin B-cell - - ¥
Glucagon a-cell - _ _
Somatostatin d-cell - - _

Expression determined by immunohistochemistry.
(-) Absent in all tumors.

(+) Present in all tumors.

(-/+) Present in some tumors.
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Figure 4. (A) Detection of PyMT RNA in induced pancreatic tumors by in situ hybridization. A 3*P-labeled PyMT antisense RNA
probe was hybridized to pancreases from a RCAS-GFP-infected animal (left), a RCAS-PyMT-induced acinar tumor (middle), and a
RCAS-PyMT-induced cystadenocarcinoma (right). Note absence of PyMT expression in reactive stroma in the ductal lesion (right).
Original magnification 100x. (B) Detection of keratin 19 specifically in RCAS-PyMT-induced tumors with ductal morphology. Im-
munohistochemistry against keratin 19 demonstrates expression restricted to ductal epithelium in a normal pancreas (arrow, left). In
PyMT-induced tumors, keratin 19 is detected in tumors with ductal morphology (right), but not tumors with acinar morphology
(middle). Original magnification 200x.

target cell for transformation contained high levels of creatic lesions for the expression of chymotrypsin and
Pdx1, a marker for pancreatic progenitor cells. To further synaptophysin, which identify cells of the acinar and en-
explore this second possibility, we next stained the pan- docrine compartments, respectively. Both acinar tumors

Normal Cystadenocarcinoma
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Figure 5. Detection of Pdx1 expression in
RCAS-PyMT-induced tumors. In the normal
adult pancreas, Pdx1 expression is restricted
to the B-cells of the islets of Langerhans (A).
RCAS-PyMT-induced ductal (B) and acinar
(C) tumors express Pdx1. Early atypical nod-
ules induced by PyMT also express Pdx1 (ar-
rows, D). Original magnification 200x.

3132 GENES & DEVELOPMENT



and atypical nodules were uniformly positive for both
markers (Fig. 6B,C, first and second panels), whereas the
ductal lesions were negative for chymotrypsin and had
scattered synaptophysin positive cells (Fig. 6B,C, third
panels). Together, these data demonstrate that RCAS-
PyMT-induced tumors are composed of cells that express
progenitor markers, as well as markers for multiple dif-
ferentiated lineages.

To determine whether the PyMT-induced tumors ex-
pressed other endocrine markers, we stained tumor sec-
tions for several transcription factors specific to either
acinar or endocrine cells. The endocrine-specific tran-
scription factors Isll, Pax6, and Nkx2.2 were not de-
tected (Table 2; Edlund 1998). Furthermore, acinar tu-
mors, but not ductal tumors, were positive for PTF1-p48,
a transcription factor found in acinar, but not ductal,
cells in the normal adult pancreas (Table 2; Edlund 1998).

c-Myc induces insulinomas in elastase-tv-a mice

To ascertain whether the induced tumor type in elastase-
tv-a transgenic mice is dependent on the nature of the
initiating oncogene, we infected mice with DF1 cells
producing RCAS-c-myc, again, by IP injection 2 d after
birth. Mice, wild type at tumor suppressor gene loci, did
not develop tumors through 13 months of age (Table 1).

Acinar Tumor

Atypical nodule

Oncogene-specific pancreatic tumors

However, tumors were detected in 4 of 14 elastase-tv-a
transgenic, Ink4a/Arf null mice injected with RCAS-c-
myc and sacrificed at 7 months of age (Table 1). Histo-
logically, RCAS-c-myc-induced tumors closely re-
sembled well-differentiated human pancreatic endocrine
tumors (Fig. 7A). The tumors have a low proliferation
rate, as determined by Ki67 staining (data not shown),
similar to the low proliferation rate seen in human pan-
creatic endocrine tumors (Mazzaferri and O’Dorisio
1987; Pelosi et al. 1996). To confirm that these tumors
were induced by RCAS-c-myc, we performed in situ hy-
bridizations to detect human c-myc RNA within the tu-
mors. All tumors were positive for human c-myc RNA,
whereas pancreases from mice infected with RCAS-GFP
were negative (Fig. 7B). Additionally, we identified
RCAS DNA by PCR amplification of ALSV sequences
from genomic DNA isolated from tumor sections (data
not shown).

To confirm that the c-Myc-induced tumors were com-
posed of cells with properties of pancreatic endocrine
cells, we stained sections for the presence of lineage-
specific markers. All tumors were positive for synapto-
physin, an endocrine marker (Fig. 8A), and negative for
chymotrypsin, an exocrine marker (Fig. 8B). The tumors
are composed of B-cells as determined by the presence of
insulin, and the absence of the hormones glucagon and

Cystadenocarcinoma

H&E

Synaptophysin

Chymotrypsin

Figure 6. RCAS-PyMT-induced tumors express synaptophysin. (A) Hematoxylin and eosin stain of RCAS-PyMT-induced acinar
carcinoma (left), atypical acinar nodule (arrow, middle), and cystadenocarcinoma (right). Inmunohistochemical detection of synap-
tophysin (B), and chymotrypsin (C). Arrowheads indicate islets and asterisks indicate normal pancreatic ducts. Original magnification

100x.
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Figure 7. RCAS-c-myc induces insulino-
mas. (A) Histology of RCAS-c-myc-in-
duced tumors at 25x magnification (left) B
and 400x magnification (right). Note
prominent nucleoli, and absence of mi-
totic figures. Arrow at left indicates a nor-
mal islet. (B) Detection of human c-myc
RNA by in-situ hybridization with a 33P-
labeled antisense RNA probe in an RCAS-
c¢-myc induced tumor (right), but not in
surrounding acinar tissue or in the pan-
creas from an animal infected with RCAS-
GFEP (left). Original magnification 100x.

somatostatin, which are produced by the a- and 3-cells of
the islets respectively (Table 2). Further, Pdx1 and the
endocrine-specific transcription factors Isll, Nkx2.2, and
Pax6 were detected in the c-Myc-induced tumors, con-
sistent with their endocrine status (Fig. 8C,D; Table 2).
The acinar-specific transcription factors PTF1-p48 and
Mist] were not detected in the tumors (Fig. 8E; Table 2;
Edlund 1998; Pin et al. 2000). Together, these data dem-
onstrate that infection of elastase-tv-a, Ink4a/Arf null
mice with RCAS-c-myc induces the formation of pan-
creatic endocrine tumors.

Discussion

We have generated a new mouse model for pancreatic
cancer through the somatic introduction of oncogenes
using the RCAS-TVA gene delivery system. This system
uses avian leukosis sarcoma virus-based vectors to de-
liver genes to cells made susceptible to infection by
transgenic expression of the ALSV-A receptor TVA un-
der the regulation of the pancreas-specific elastase pro-
moter. This model offers the advantage of somatic onco-
gene delivery at a defined time, and eliminates the pos-
sibility of embryonic expression of transforming
oncogenes. In addition, only a subset of cells within an
organ are infected and there is no viral spread. Therefore,
tumors arise from cells that are surrounded by unin-
fected, and normal neighbors. Further, this technology
allows the analysis of the effects of different oncogenes
with a single transgenic line by performing infections
with vectors encoding different oncogene products.
Delivery of RCAS viruses encoding the PyMT and c-
Myc oncoproteins led to strikingly different results.
PyMT induced tumors with the histologic features of
either acinar or ductal cells. These tumors express the
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pancreatic progenitor cell marker Pdx1, as well as mark-
ers for multiple cell lineages. In contrast, c-Myc exclu-
sively induced tumors with the features of pancreatic
endocrine neoplasms. These tumors express pancreatic
B-cell-specific markers and resemble human insulino-
mas in several ways, including a low proliferation rate
(Mazzaferri and O’Dorisio 1987; Pelosi et al. 1996).

The induction of different tumor types by PyMT and
c-Myc raises interesting questions about the cell of ori-
gin of pancreatic cancers. Given the presence of detect-
able TVA on the surface of multiple cell types and the
large number of dividing cells within the pancreases of
newborn mice, it is likely that cells at different develop-
mental stages are infected by the RCAS viruses. Thus, it
is unclear whether PyMT and c-Myc transform the same
target cell and guide it toward different fates, or whether
they transform different progenitor cells already com-
mitted to specific cell fates. The definitive identification
of the target cell(s) in our model will require the devel-
opment of improved markers for pancreatic progenitor
cells. Whereas we believe that the tumors observed in
our model are derived from the transformation of imma-
ture pancreatic cells, it is possible that the tumor types
observed in our model could result from the dedifferen-
tiation or transdifferentiation of more mature cells.

Our experimental approach, by its nature, requires
that tumors be derived from actively dividing cells,
which may create a bias toward the transformation of
cells that retain progenitor capacity. It will be interesting
to determine whether somatic introduction of oncogenes
into nondividing cells in the adult pancreas will cause
the induction of tumors, and what the histologic nature
of tumors induced by PyMT and ¢c-Myc will be if they do
arise from nondividing cells. We have recently described
a mechanism for performing such experiments using
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HIV-based vectors pseudotyped with the ALSV-A enve-
lope protein that have the ability to infect nondividing
cells (Lewis et al. 2001).

In a provocative series of experiments, Yoshida and
Hanahan demonstrated that islets isolated from juvenile
mice and infected with retroviruses encoding PyMT gave
rise exclusively to ductal adenocarcinomas after trans-
plantation into syngeneic hosts (Yoshida and Hanahan
1994). Interestingly, they were unable to obtain tumors if
the islets were isolated from adult mice. These experi-
ments suggested that progenitor cells, present in the is-
lets of juvenile mice but not adults, were capable of be-
ing transformed into ductal cell tumors by PyMT.

The appearance of acinar cell carcinomas after RCAS-
PyMT infection of elastase-tv-a, Ink4a/Arf null mice is
consistent with findings in previously described trans-
genic models, in which the elastase promoter was uti-
lized to drive the expression of various oncogenes (Or-
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Synaptophysin

Chymotrypsin

Figure 8. Detection of endocrine-specific
markers in RCAS-c-myc-induced tumors.
RCAS-c-myc induced tumors (right) ex-
press the markers synaptophysin (A), Pdx1
(C), and Nkx2.2 (D) found in normal islets
(arrows, Ieft). The acinar-specific markers
chymotrypsin (B), and Mistl (E), are not
expressed in the tumors. (T) Tumor. Ar-
rows indicate islets, asterisks indicate
ducts. Original magnification 100x (A,B),
200x (C-E).

nitz et al. 1987; Quaife et al. 1987; Sandgren et al. 1991).
However, almost all tumor-bearing mice (7/8) also had
tumors with ductal morphologies, and which expressed
duct-specific markers. Interestingly, delivery of RCAS-
PyMT to elastase-tv-a mice wild type at the Ink4a/Arf
locus led exclusively to the formation of ductal lesions.
This finding suggests the possibility that PyMT expres-
sion, and the consequent activation of Ras-signaling
pathways downstream, preferentially transforms cells
along the ductal lineage, as occurs in human pancreatic
tumors with K-RAS mutations (Bardeesy and DePinho
2002). The absence of the Ink4a/Arf locus in elastase-
tv-a transgene-bearing mice presumably provides a per-
missive environment for transformation along the acinar
cell lineage as well.

The induction of ductal lesions has also been described
in elastase-c-myc, elastase-K-ras, and elastase-TGF-a
transgenic models, although, in these transgenic models,
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the expression of the transgene in the ductal lesions was
not demonstrated (Sandgren et al. 1990, 1991; Wagner et
al. 1998, 2001; Grippo et al. 2003). Here, we demonstrate
that PyMT is expressed in the ductal lesions and presum-
ably plays a direct role in the development of these le-
sions.

In the previous transgenic models, it was proposed
that acinar cells transdifferentiated into ductal cells, on
the basis of the presence of tubular structures in which
individual cells within the structure expressed either
acinar or ductal markers (Sandgren et al. 1990, 1991;
Wagner et al. 1998, 2001). We did not find evidence for
the existence of similar tubular structures within the
pancreases of mice bearing PyMT-induced tumors, and
thus, the ductal lesions within these pancreases appear
to arise de novo. Mucinous changes in the epithelial cells
in the ductal lesions closely resemble those of PanIN, a
lesion recognized as a ductal adenocarcinoma precursor.
The presence of de novo ductal lesions, and the wide-
spread presence of TVA in the pancreases of newborn
mice, suggests that the tumors might be derived from
pancreatic progenitors, rather than mature acinar cells,
consistent with our other findings.

Our findings with c-Myc contrast with findings re-
ported earlier in elastase-c-myc transgenic mice, in
which no endocrine lesions were identified (Sandgren et
al. 1991). However, this discrepancy can be at least partly
reconciled in light of the recent findings of Pelengaris
and colleagues (Pelengaris et al. 2002). In their work,
induction of c-Myc expression in pancreatic B-cells led
to the rapid induction of B-cell apoptosis and the invo-
lution of all islets. However, if apoptosis is suppressed,
c-Myc rapidly induces B-cell tumors. In our model, tu-
mors are induced in the absence of the Ink4a/Azf locus,
which has been shown to be required for c-Myc induced
apoptosis (Eischen et al. 1999; Schmitt et al. 1999; G.
Evan, pers. comm.). Thus, the absence of endocrine tu-
mors in the elastase-c-myc transgenic model reported by
Sandgren and colleagues probably resulted either from
the apoptotic death of any cells entering the B-cell lin-
eage following deregulated expression of c-myc, or from
the absence of sustained c-myc gene expression in cells
in the B-cell lineage. In our model, oncogene expression
is driven by the viral LTR and is not dependent on cell
type or differentiation status. The absence of exocrine
tumors in RCAS-c-myc-infected animals suggests that
c-Myc preferentially transforms cells along the B-cell lin-
eage, although with adequate levels of expression it ap-
pears to induce exocrine pancreatic tumors as well.

Despite the congruence of our findings with those of
Pelengaris and colleagues (Pelengaris et al. 2002), it
should be noted that the tumors induced by c-Myc in the
two models differ in their proliferation rates and inva-
siveness. These differences may reflect the acute and
widespread induction of high levels of c-Myc protein in
islet cells achieved by Pelengaris et al. (2002).

In summary, the approach to pancreatic carcinogen-
esis that we have described here should also be useful in
the dissection of the mechanisms that underlie the de-
velopment of specific pancreatic cancer types in human
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patients. For example, mutated KRAS and B-catenin are
associated specifically with ductal and acinar carcino-
mas, respectively, and the effects of such genes intro-
duced somatically to TVA transgenic mice with RCAS
vectors should help to determine the basis for these as-
sociations.

Materials and methods

Transgenic mice and animal care

The elastase-tv-a transgene was constructed in pbluescript
SK(+) by placing a 500-bp HindIIl/BamHI rat elastase promoter
fragment encompassing nucleotides -500 to +8 (gift of Ray Mac-
Donald) proximal to a 1.2-kb BamHI fragment containing the
800-bp tv-a cDNA fused to SV40 intron and polyadenylation
sequences (gift of G. Fisher, NIH; Bates et al. 1993; Kruse et al.
1993). The 1.7-kb transgene was isolated from vector sequences
by digestion with Xhol and Xbal, gel purified, and resuspended
in TE for injection into pronuclei from FVB mice. Animals were
kept in specific pathogen-free housing with abundant food and
water under guidelines approved by the MSKCC Institutional
Animal Care and Use Committee and Research Animal Re-
source Center.

Virus delivery

The RCAS-GFP, RCAS-PyMT, and RCAS-c-myc vectors have
been described previously (Holland et al. 2000; Fults et al. 2002;
Orsulic et al. 2002). DF1 chicken fibroblasts (Himly et al. 1998;
Schaefer-Klein et al. 1998) transfected with RCAS vectors were
maintained in DMEM supplemented with 10% FBS in humidi-
fied 37°C incubators under 5% CO,. Cells to be injected were
harvested, washed once with PBS, and resuspended in PBS at a
final concentration of 107 cells/mL. A total of 100 pL of the cell
suspension was delivered IP to 2-day-old animals using syringes
attached with 27-gauge needles.

Tumor harvest and histology

Animals were sacrificed with a lethal dose of CO, as per insti-
tutional guidelines. Pancreases were removed and either fixed
in 10% buffered formalin overnight at room temperature or
snap frozen in liquid nitrogen. Fixed tissues were paraffin em-
bedded and 5-pm sections placed on sialynated slides at Histo-
serv Inc.

Immunohistochemistry

Paraffin sections were deparaffinized and rehydrated by passage
through Clear-Rite 3 and a graded alcohol series. Endogenous
peroxidase activity was inactivated by treatment with 3% hy-
drogen peroxide, after which antigen retrieval was performed
utilizing heated citric buffer. Slides were blocked for 1 h, and
then incubated with primary antibody at room temperature for
1 h. After washing with PBS, slides were incubated with sec-
ondary antibody according to the manufacturer’s instructions
(Vector Labs). Substrate incubation and color development were
performed according to the manufacturer’s instructions (Vector
Labs). Primary antibodies used were rabbit anti-Ki67 (Novocas-
tra) 1:1000; mouse anti-human keratin 19 (Abcam) 1:50; rabbit
anti-mouse Pdx1 (gift of Chris Wright) 1:5000; mouse anti-rat
PTF1-p48 (gift of Ray MacDonald) 1:100; mouse anti-Isl1 (De-
velopmental Studies Hybridoma Bank, University of Iowa) 1:



100; mouse anti-Nkx2.2 (Developmental Studies Hybridoma
Bank, University of Iowa) 1:200; rabbit anti-mouse Mist1 (gift of
Steve Konieczny) 1:500; rabbit anti-Pax6 (Covance) 1:200; rabbit
anti-bovine insulin (Immunostar) 1:100; rabbit anti-human so-
matostatin (DAKO) 1:200; rabbit anti-human glucagon (DAKO)
1:100; and rabbit anti-human synaptophysin 1:1000 (DAKO).
For chymotrypsin staining, instead of citric buffer incubation,
slides were pretreated with 0.05 pg/mL protease 24 (Sigma) for
10 min at 37°C. Sheep antihuman chymotrypsin antibody (Bio-
design International) was incubated at 4°C overnight at a dilu-
tion of 1:20,000.

Immunofluorescence

Paraffin-embedded sections were rehydrated, and antigen re-
trieval performed as described above. After blocking, slides were
incubated with primary antibodies overnight at 4°C. After three
washes with PBS, slides were incubated with secondary anti-
bodies overnight at 4°C. Slides were then washed with PBS and
counterstained with DAPI to identify nuclei. Primary antibod-
ies used were rabbit anti-TVA (gift of Andrew Leavitt) 1:200;
mouse anti-Ki67 (Novocastra) 1:100; and goat anti-mouse Pdx1
(gift of Chris Wright) 1:2000. Secondary antibodies, used at a
1:200 dilution, were obtained from Jackson Immunoresearch
Laboratories.

In situ hybridization

Freshly generated paraffin sections were rehydrated as described
above. After blocking for 3 h in prehybridization solution
(Lehnert and Akhurst 1988), slides were hybridized to 4 x 10°
cpm of 33P-labeled antisense RNA probes specific for either
PyMT or human c-myc. Washes were performed as described
previously (Wilkinson et al. 1987). Slides were then dipped in
warm photographic emulsion and exposed for 2 wk before de-
velopment.
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