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Smad4 is dispensable for normal pancreas
development yet critical in progression
and tumor biology ot pancreas cancer
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SMAD4 is inactivated in the majority of pancreatic ductal adenocarcinomas (PDAC) with concurrent
mutational inactivation of the INK4A/ARF tumor suppressor locus and activation of the KRAS oncogene.
Here, using genetically engineered mice, we determined the impact of SMAD4 deficiency on the development
of the pancreas and on the initiation and/or progression of PDAC—alone or in combination with
PDAC-relevant mutations. Selective SMAD4 deletion in the pancreatic epithelium had no discernable impact
on pancreatic development or physiology. However, when combined with the activated KRAS®*?P allele,
SMADA4 deficiency enabled rapid progression of KRAS“*?P-initiated neoplasms. While KRAS“*?P alone
elicited premalignant pancreatic intraepithelial neoplasia (PanIN) that progressed slowly to carcinoma, the
combination of KRAS®"?P and SMAD4 deficiency resulted in the rapid development of tumors resembling
intraductal papillary mucinous neoplasia (IPMN), a precursor to PDAC in humans. SMAD4 deficiency also
accelerated PDAC development of KRAS“*?” INK4A/ARF heterozygous mice and altered the tumor
phenotype; while tumors with intact SMAD4 frequently exhibited epithelial-to-mesenchymal transition
(EMT), PDAC null for SMAD4 retained a differentiated histopathology with increased expression of epithelial
markers. SMAD4 status in PDAC cell lines was associated with differential responses to transforming growth
factor-g (TGF-B) in vitro with a subset of SMAD4 wild-type lines showing prominent TGF-B-induced
proliferation and migration. These results provide genetic confirmation that SMAD4 is a PDAC tumor
suppressor, functioning to block the progression of KRAS%*?P-initiated neoplasms, whereas in a subset of
advanced tumors, intact SMAD4 facilitates EMT and TGF-B-dependent growth.
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PDAC (pancreatic ductal adenocarcinoma) ranks as the
fourth leading cause of cancer mortality in the United
States and carries a median survival of <6 mo (Li et al.
2004). Hallmarks of this disease include the infiltration
of the tumor with a proliferative stroma (desmoplasia),
early invasion and metastasis, and pronounced genomic
instability (Solcia et al. 1995). PDAC is characterized by
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a highly recurrent pattern of genetic lesions consisting of
activating mutations of KRAS and inactivation of
INK4A (via mutation, deletion, or promoter methyl-
ation) in virtually all cases, inactivation of the p53—-ARF
pathway in ~87% of cases (including tumors with dele-
tions of the INK4A/ARF locus), and SMAD4 inactivation
in ~53% (Hansel et al. 2003). Hence, SMAD4 status can
be considered as a distinguishing molecular feature of
two major classes of PDAC. Significant ongoing efforts
are being directed toward the elucidation of how specific
signature mutations contribute to the genesis and pro-
gression of PDAC and influence its tumor biological fea-
tures.
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Morphological and genetic analyses have implicated
three distinct ductal neoplasms as potential precursor
lesions of human PDAC, designated pancreatic intraepi-
thelial neoplasms (PanIN), intraductal papillary muci-
nous neoplasms (IPMN), and mucinous cystic neo-
plasms (MCN) (Maitra et al. 2005). The best character-
ized of these neoplasms, PanIN, appears to evolve in a
stepwise manner through stages that display increasing
cellular atypia and accumulating clonal mutations—in
KRAS, p16™K3A  p14ARE p53, and SMAD4—in the
course of progressing to PDAC (Hansel et al. 2003).
IPMN and MCN—distinguished by their cystic charac-
ter—show a comparable mutational profile to PanIN, al-
beit with different frequencies of the various mutations.
The interrelationship of these various premalignant neo-
plasms and the basis for these tumor phenotypes are not
clear.

Genetically engineered mouse models have provided a
system to define genotype-phenotype relationships in
PDAC pathobiology. In the mouse pancreas, expression
of an activated Kras (Kras®?") knock-in allele induces
PanIN lesions that can gradually progress to PDAC (av-
erage latency >1 yr) (Aguirre et al. 2003; Hingorani et al.
2003). Inactivation of the Ink4a/Arf tumor suppressor
locus (encoding both pl16™%44 and p194%F), or of p53,
does not induce pancreatic neoplasia; however, concur-
rent Kras©'?P expression and inactivation of Ink4a/Arf
or p53 drives the development of advanced PDAC with
short latency (Aguirre et al. 2003; Hingorani et al. 2005;
Bardeesy et al. 2006). The role of Smad4 has not yet been
investigated in the context of these models. Mice with
germline homozygous Smad4 inactivation die during
early embryogenesis, while Smad4*/~ mice develop gas-
tric and duodenal polyps but have not been reported to
have pancreatic pathology (Sirard et al. 1998; Yang et al.
1998; Takaku et al. 1999).

Inactivating mutations in SMAD4 are far more com-
mon in PDAC than in other cancer types (Hahn et al.
1996). This tumor suppressor gene encodes a transcrip-
tion factor that is a central effector of the transforming
growth factor-B (TGF-B), bone morphogenetic protein
(BMP), and Activin signaling pathways (Bierie and Moses
2006). TGF-B, BMP, or Activin family ligands signal
through cognate receptor serine/threonine kinases that
phosphorylate receptor SMADs—SMADI, SMAD2,
SMAD3, SMADS5, and SMADS. The activated receptor
SMADs bind to SMAD4 and translocate to the nucleus,
where higher-order transcriptional complexes regulate
expression of broad sets of genes. These pathways can
also signal independently of SMAD4 as reflected by the
capacity of TGF-B to regulate JNK and Par6 in some cell
types and to induce Smad2/3-TIF1y transcriptional com-
plexes (He et al. 2006; for review, see Bierie and Moses
2006).

TGE-B is a potent inhibitor of epithelial cell growth
and survival through modulation of expression of cell
cycle regulators and activation of apoptosis, although
these effects are highly dependent on cellular context
(Bierie and Moses 2006). The tumor suppressor role of
TGF-B signaling is underscored by presence of inactivat-
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ing TGF-B receptor mutations in several cancers. On the
other hand, TGF- can enhance the malignant growth of
some established epithelial tumors, promoting tumor
cell proliferation, migration, and the epithelial-to-mes-
enchymal transition (EMT)—a process by which ad-
vanced carcinomas acquire a highly invasive, undifferen-
tiated and metastatic phenotype (Zavadil and Bottinger
2005). Therefore, TGF-B signaling can have biphasic
stage-specific effects—inhibiting carcinoma initiation
while promoting the high-grade advancement and dis-
semination of established tumors. BMP signaling also
has a clear role in tumorigenesis as demonstrated by the
association of juvenile polyposis syndrome with germ-
line loss-of-function mutations in either BMPR-1A or in
SMAD4 (Howe et al. 1998, 2001); the impact of these
germline mutations on PDAC risk or clinical presenta-
tion is not defined.

The biological role of SMAD4 mutations in human
PDAC progression is an area of active investigation, of-
ten with contrasting observations. PDAC cell lines show
variable sensitivity to TGF-B-induced cytotoxicity in a
manner that appears independent of SMAD4 status (Dai
et al. 1999; Giehl et al. 2000; Jonson et al. 2003; Nicolas
and Hill 2003; Subramanian et al. 2004). Some evidence
suggests that a prominent role for SMAD4 resides in
modulating the tumor microenvironment. Specifically,
while SMAD4 restoration in some PDAC cell lines has
minimal effects on cell growth in vitro, there is strong
inhibition of PDAC xenografts perhaps through repres-
sion of angiogenesis and extracellular matrix remodeling
(Schwarte-Waldhoff et al. 2000; Duda et al. 2003). On the
other hand, separate studies have shown that SMAD4
restoration results in attenuated growth in soft agar of
some PDAC cell lines, suggesting a cell-autonomous
function (Peng et al. 2002).

Complicating interpretation of the role of SMAD4 loss
in PDAC is the observation that TGF-B signaling may
enhance tumorigenicity in established tumors. TGF-$
ligands and receptors are frequently expressed at el-
evated levels in PDAC relative to normal pancreas, and
this overexpression appears to correlate with decreased
survival (Friess et al. 1993b; Wagner et al. 1999). TGF-8
is thought to promote PDAC desmoplasia as well as con-
tribute to proliferation of the tumor cells in an autocrine
manner (Friess et al. 1993a; Wagner et al. 1999; Lohr et
al. 2001); notably, blockade of TGF-$ signaling by ex-
pression of soluble type II TGF-B receptor attenuates tu-
morigenicity of xenografts (Rowland-Goldsmith et al.
2001), and, reciprocally, exogenous addition of TGF-8
enhances tumor invasion (Ellenrieder et al. 2001).

It is notable that opposing conclusions have been
reached, in separate clinicopathological studies, regard-
ing the impact of SMAD4 status on the prognosis of
PDAC. One study determined that patients expressing
SMAD4 had significantly worse outcomes and did not
benefit from surgery (Tascilar et al. 2001), while another
study indicated that SMAD4 expression predicted in-
creased survival and improved response to surgery (Bi-
ankin et al. 2002). Overall, the complex response profiles
to TGF-B suggest that TGF-B/SMAD4 signaling may
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have pleiotropic and context-dependent roles in PDAC.
This significant genetic and biological complexity pro-
vides formidable challenges in designing therapeutic
strategies directed against this pathway. In this study,
we sought to understand the role of Smad4 in normal
pancreas development and physiology as well as in the
genesis and progression of PDAC, alone or together with
other common PDAC genetic lesions.

Results

Normal development and function
of the SMAD4-deficient pancreas

To study the role of Smad4 in pancreatic development,
physiology, and malignant transformation, we generated
a conditional knockout allele of Smad4 (Smad4'°*) har-
boring loxP sites flanking exons 8 and 9 in the mouse
germline (Fig. 1A). We crossed Smad4'°* homozygous
mice to either the Pdx1-Cre or Ptfla-Cre transgenic mice

(Gu et al. 2002; Kawaguchi et al. 2002) (hereafter, for
brevity, Cre will be used for references to both strains
together); these transgenes direct Cre recombinase ex-
pression to the epithelial lineages of the embryonic pan-
creas (PdxI-Cre is also expressed in the duodenum and
pylorus). The use of Pdx1-Cre allowed direct comparison
with our existing extensively characterized Pdx1-Cre-
driven models of PDAC, while the more organ-specific
Ptfla-Cre transgene obviated certain extra-pancreatic
phenotypes (see below). Cre-mediated rearrangement of
the Smad4'* locus in pancreas tissue from Cre
Smad4'°*"°* mice was documented by allele-specific
PCR genotyping (data not shown) and by elimination of
Smad4 protein on Western blot analysis (Fig. 1B), con-
firming generation of a null allele in the pancreas.
Mice with homozygous deletion of Smad4 in the pan-
creas were born at the expected frequency (data not
shown), showed no evidence of any gross anatomic or
physiological abnormalities, and exhibited normal pan-
creatic cytoarchitecture and differentiation throughout
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Figure 1. Conditional deletion of Smad4 in the pancreas. (A, top) Genomic structure of the targeted Smad4 allele. Exons (black
rectangles), the Pgk-Neo cassette, loxP sites, Frt sites, and the probe for embryonic stem (ES) cell screening (black bar) are depicted.
(Bottom) Southern blot of targeted Smad4 locus in two ES cell clones (arrowheads). (B) Western blot analysis of Smad4 expression in
pancreatic lysates from 8-wk-old Pdx1-Cre Smad4*/* and Pdx1-Cre Smad4™*/°* mice. (C) Histological sections from 8-wk-old Pdx1-
Cre Smad4*"* (panels i-v) and Pdx1-Cre Smad4'®*/°* (panels vi-x) mice stained with H&E (panels 7,vi); with antibodies to insulin
(panels ii,vii), glucagon (panels iii,viii), and amylase (panels iv,ix); and with DBA-lectin (panels v,x). Magnifications: Panels 7,vi, 50x;
panels ii,v,vii,x, 100x; panels iii,iv,viii,ix, and insets, panels v,x, 200x; insets, panels 7,vi, 400x.
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postnatal life (n = 10 mice, ages 46-70 wk) (Fig. 1C). In
addition, the normal glucose tolerance tests and normal
serum lipase and amylase levels at 10 wk of age were
consistent with the generally healthy appearance and
weight gain of these mice. Amylase, insulin, and gluca-
gon showed normal expression by immunohistochemi-
cal analysis, and staining with the Dolichos biflorus
(DBA) lectin confirmed the presence of a normal propor-
tion of pancreatic ducts (Fig. 1C). Finally, it is notable
that none of the Cre Smad4’°*/'** animals developed
pancreatic neoplasms (up to 70 wk of age/observation),
although all Pdx1-Cre Smad4'°*/"°* mice were found to
harbor duodenal polyps comparable to those previously
reported in germline Smad4*/~ mice (Takaku et al. 1999;
Supplementary Fig. 1A). These data indicate that Smad4
inactivation alone does not prominently affect pancreas
development or physiology or play a role in the initiation
of pancreatic cancer (see Discussion).

Kras©1?P-directed pancreatic tumorigenesis
is enhanced in mice with Smad4 deletion

To investigate the role of Smad4 in regulating PDAC
progression, we first studied the activation state of
TGEF-B family signaling throughout the course of tumori-
genesis in the Pdx1-Cre LSL-Kras©'?” model. We found
that expression of TGF-1 and BMP4 were induced in
the PanINs and metaplastic ducts of PdxI-Cre LSL-
Kras“*?P pancreata as demonstrated by immunohisto-
chemical analysis (Fig. 2A,B). Moreover, we detected
nuclear localization of Smad2/3 in PanIN lesions by im-
munofluorescence (Fig. 2C), and Smad2 phosphorylation
was revealed by immunoblot analysis (Fig. 2D). RT-PCR
analysis confirmed the induction and sustained expres-
sion of TGF-B, and BMP4 in PanIN and established
PDAC (Fig. 2E); moreover, expression profiling analysis
of PDAC samples demonstrated broad induction of
TGF-B pathway components (Supplementary Fig. 2).
These data indicate that TGF-8 signaling is activated in
PanINs and advanced cancers, consistent with observa-
tions in human specimens (Friess et al. 1993b; Wagner et
al. 1999; Ito et al. 2004), suggesting that this signaling
pathway may serve to support neoplastic growth in the
pancreas or, alternatively, provide a checkpoint mecha-
nism designed to constrain tumor progression.
Molecular studies have identified distinct subsets of
human PDAC that have common mutations in KRAS
and INK4A and are distinguished by intact or loss-of-
function alleles of SMAD4. These mutational profiles,
coupled with the activated TGF-B signaling in Kras©12P-
induced PanINs, prompted evaluation of mice harboring
various combinations of Cre, LSL-Kras<'?", Smad4'%,
and/or Ink4a/Arf'° alleles. As reported previously, Cre-
mediated activation of the LSL-Kras“'?P allele in the
pancreas resulted in the development of slowly progres-
sive PanINs with uniformly good health through age 40
wk and thereafter a subset of these mice developed
PDAC (Aguirre et al. 2003; Hingorani et al. 2003; Bar-
deesy et al. 2006). In contrast, the combination of acti-
vated Kras“'?P and Smad4 deficiency resulted in a dra-
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matic reduction in survival; all Ptfl1a-Cre LSL-Kras©*?P

Smad4’**°x  (n=7) and Pdxi1-Cre LSL-Kras©?P
Smad4°x/1°x (n = 8) mice presented with a palpable ab-
dominal mass between ages 7 and 12 wk, and reached
terminal morbidity between ages 8 and 24 wk of age
(p <0.001 for both colonies compared with Pdx1-Cre
LSL-Kras©'2P cohort) (Fig. 3A; Table 1).

Gross inspection of the Ptfla-Cre LSL-Kras
Smad4'**/"°X mice at necropsy revealed cystic pancreata
in 12 of 12 cases (Fig. 3B). Comparable pancreatic tumors
were observed in five out of eight Pdx1-Cre LSL-
Kras©?P Smad4*</°* mice with five out of eight of
these mice also possessing gastric tumors, consistent
with foregut expression of Pdx1 (Supplementary Fig. 1B).
Histological analysis revealed large lesions reminiscent
of increasing grades of human IPMN in 17 out of 20 mice
(Fig. 3C-E), while PDAC with papillary and moderately
differentiated ductal elements was observed in two out
of 20 mice (Fig. 3F; see Table 1). Pancreatic ductal neo-
plasms in humans show characteristic profiles of mucin
expression (Moniaux et al. 2004); assessment of the mu-
rine IPMNss revealed positive staining for Mucl, Muc4,
and Muc5AC and absence of reactivity for Muc2 and
Cdx2, indicating that the mouse lesions resemble the
“gastric-type” IPMN in humans (Fig. 3G-I; Adsay et al.
2004). The stomach cancers in the Pdx1-Cre mice
showed either squamous or adenosquamous histology
(Supplementary Fig. 1B). Together, our findings provide
clear genetic evidence of a role of Smad4 in blocking the
progression of KrasS'*P-initiated PanINs to lethal pan-
creatic and gastric cancer.

We have reported previously on the absence of pancre-
atic neoplasia in Pdx1-Cre Ink4a/Arf mutant mice (Agu-
irre et al. 2003). Extending those results, we observed
only a modest cancer predisposition in the PdxI-Cre
Smad4*x/1°x Inkda/Arf°x"°% or Pdx1-Cre Smad4’o¥/1ox
Ink4a/Arf°<’* mice. Examination of 23 mice, ages 30 and
64 wk, revealed a single case of an IPMN-like tumor and
another with metastatic gastric cancer (Table 1). Thus,
these observations underscore the roles of these tumor
suppressors in progression rather than initiation of pan-
creatic cancer, as well as the requirement of coincident
activated Kras signaling in order to effect malignant
transformation.

G12D

Smad4 deficiency enhances development
of Kras©'?P-initiated pancreatic ductal lesions

The more rapid tumor progression in mice with com-
bined Kras®'?P activation and Smad4 deficiency
prompted more detailed cellular and molecular analyses
to clarify the impact of Smad4 deletion on evolving pan-
creatic neoplasms in the Kras“'?” model. In previous
studies, the Pdx1-Cre LSL-Kras'?" mice developed fo-
cal PanINs by 3 wk that showed a gradual increase in
size and number but no malignant progression over the
next 20 wk (Aguirre et al. 2003; Hingorani et al. 2003).
On the basis of these kinetics, we performed serial au-
topsies at 2, 4, 5, and 8 wk (n = 3-8 mice per time point).
While no histological differences were evident at 2 wk
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Figure 2. TGF-B family signaling in Kras©!?P-initiated PanIN/PDAC. Immunohistochemical staining for TGF-B (A) and BMP-4 (B) in
pancreata from wild-type mice (panel i), Pdx1-Cre LSL-Kras©'?P mice (panel ii), and Pdx1-Cre LSL-Kras<'?P Ink4a/Arf*<"** mice-
(panel iii) with PDAC. Note positive staining for both TGF-g and BMP4 in normal islets (panel i), in PanINs and metaplastic ducts
(panel ii), and in PDAC (panel iii). (C) Immunofluorescence staining for Smad2/3 (red) and Muc5ac (green) in a PanIN arising in a
Pdx1-Cre LSL-Kras“'?P mouse (region above dashed line; the PanIN lumen is marked with an asterisk). The ductal epithelial cells of
the PanIN show cytoplasmic and membranous Muc5ac staining and nuclear localization of Smad2/3. (Inset) The stromal cells
surrounding the PanIN epithelium also show nuclear Smad2/3. Nuclei are stained with DAPI (blue). (D) Western blot showing
expression of phospho-Smad2/3 in a pancreas from a wild-type mouse (lane 1), from Pdx1-Cre LSL-Kras©'?P mice (lanes 2,3), and in
PDAC from a Pdx1-Cre LSL-Kras©'?P Ink4a/Arf°*/"°* mouse (lane 4). (E) RT-PCR analysis of TGF-B1, BMP4, and actin expression in
pancreata from wild-type mice (lanes 1,2), Pdx1-Cre LSL-Kras“'?P mice (lanes 3,4), and in PDAC from PdxI-Cre LSL-Kras®'?P
Ink4a/Arflx'°* mice (lanes 5,6). Magnifications: A (panels 7,iii), B (panels i,iii), 100x; A (panels 1i,iii [inset]), B (panels ii,iii [inset]), 200x;

C, 630x.

(data not shown), the 4-wk time point revealed a signifi-
cant impact of Smad4 deficiency. Although age-matched
Cre LSL-Kras©'?P and Cre LSL-Kras©'?P Smad4!ex/'ex
pancreata (n = 6 mice/genotype) both showed low-grade
PanINs and acinar-ductal metaplasia, Smad4 deficiency
correlated with a significant increase in both the number
and size of the lesions (p = 0.004 and p = 0.01, respec-
tively; Mann-Whitney), as demonstrated by morphomet-
ric analysis (Fig. 4A [panels i,v], B; see Materials and
Methods). These more pronounced pathological changes
were associated with rapid neoplastic progression in the
Ptfl1-Cre LSL-Kras©'?P Smad4'°*/'** animals, which
showed extensive IPMN and advanced PanIN lesions by
8 wk, whereas their age-matched Ptf1-Cre LSL-Kras©*?P
counterparts had only focal low-grade PanINs (Fig. 4C).
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We next sought to characterize potential Smad4-de-
pendent changes in the neoplastic epithelium and in the
tumor microenvironment. IHC analysis of lesions at 4
wk in both genotypes revealed comparably altered epi-
thelial differentiation and activation of early develop-
mental pathways implicated in PDAC development,
with positive staining for cytokeratin-19; Shhl; Hesl;
Pdx1; phospho-Stat3;mucins Mucl, Muc4, and
Muc5AC; and lack of acinar (amylase) and islet (insulin)
marker expression (Fig. 4A; Supplementary Table 1; Mo-
niaux et al. 2004; Hezel et al. 2006; data not shown).

On the other hand, the PanIN and metaplastic ductal
lesions in Cre LSL-Kras©'?P Smad4'*°* mice demon-
strated increased proliferation relative to lesions in Cre
LSL-Kras©'?P Smad4*'* mice and to controls, with
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Figure 3. Smad4 suppresses Kras“'?P-driven pancreatic tumorigenesis. (A) Survival curve (Kaplan-Meier) of the PdxI-Cre LSL-
Kras®'?P, Ptfla-Cre LSL-Kras®'?P Smad4'°*/'°%, and Pdx1-Cre LSL-Kras©'?"P Smad4’*/** cohorts. (B-I) Pancreatic tumorigenesis in
Ptfla-Cre LSL-Kras©'2P Smad4™*/°* mice. (B) Gross photo of cystic pancreatic tumor in a 14-wk-old mouse. C and D show H&E
images of the pancreas in B demonstrating regions of IPMN adenoma (C), borderline IPMN (D), and IPMN with carcinoma (E) in situ
(arrows). (F) H&E image from 17-wk-old mouse showing PDAC with moderately differentiated ductal histology. (G-I) IHC of normal
pancreas (left panels) and IPMN (right panels) staining for Mucl (G), Muc4 (H), and Muc5AC (I). Magnifications: C-I, 100x; C (inset),

200x; insets in E,F, 400x.

prominent BrdU staining in both epithelial and stromal
cells (Fig. 5A). Desmoplasia, a hallmark of PDAC in hu-
mans (Solcia et al. 1995), is a collagen-rich stromal pro-
liferation within a tumor containing proliferative fibro-
blasts including so-called pancreatic stellate cells that
have been implicated in promotion of tumorigenesis
(Apte et al. 2004). In the normal pancreas, collagen-1
expression marks the periacinar and periductal fibro-
blasts (Fig. 5B). Multilabel immunofluorescence and
BrdU staining was used to assess both the extent of stro-
mal deposition and the relative rates of proliferation in
the fibroblast and ductal epithelial compartments (de-

tected by collagen-1 and DBA lectin immunofluores-
cence, respectively). In 4-wk old mice, the ductal lesions
from both models expressed collagen 1 in their stroma,
with the staining being particularly prominent in the
larger lesions in the Smad4-deficient animals (Fig. 5C);
quantitation of the BrdU staining confirmed that Smad4
deficiency was associated with significantly increased
proliferation of both the neoplastic epithelium and the
associated stromal fibroblasts (p < 0.001, unpaired t-test)
(Fig. 5D).

Activated stellate cells in human PDAC are character-
ized by induction of expression of smooth muscle actin
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Table 1. Mouse tumor phenotypes

Genotype Tumor-free survival (wk) IPMN PDAC Gastric cancer
Pdx1-Cre Smad4 L/L >52 0/10 0/10 0/10
Pdx1-Cre Ink4a/Arf L/+ Smad4 L/L >52 1/10 0/10 0/10
Pdx1-Cre Ink4a/Arf L/L Smad4 L/L >52 0/12 0/12 1/12
(Pdx1-Cre or Ptfla-Cre) KrasG12D >52 0/9 2/9 0/9
Ptfla-Cre KrasG'?P Smad4 L/L 15.7 12/12 2/12 0/12
Pdx1-Cre Kras©!'?P Smad4 L/L 13.1 5/8 0/8 5/8
(Pdx1-Cre or Ptfla-Cre) KrasG12D Ink4a/Arf L/+ 38 0/10 6/10 0/10
Ptfla-Cre KrasG12D Inkda/Arf L/+ Smad4 L/L 14 5/13 12/13 0/13
Pdx1-Cre KrasG12D Ink4a/Arf L/+ Smad4 L/L 12.6 4/12 4/12 8/12
(Pdx1-Cre or Ptfla-Cre) KrasG12D Ink4a/Arf L/L 8.6 0/6 6/6 0/6
Ptfla-Cre KrasG12D Ink4a/Arf L/L Smad4 L/L 8.8 0/4 4/4 0/4
Pdx1-Cre KrasG12D Ink4a/Arf L/L Smad4 L/L 7.4 3/10 9/10 5/10

expression (SMA), vimentin, and PDGFRp (Apte et al.
2004). Further characterization of the fibroblast compart-
ment revealed comparable marker profiles in the PanINs
of either Smad4 genotype; strong staining was noted for
vimentin and PDGFR, while SMA was absent in the
earliest PanINs—except in the perivascular smooth
muscle cells—indicating the apparent absence of stellate
cell activation in these incipient lesions, whereas estab-
lished PanINs showed induction of SMA regardless of
Smad4 status (Fig. 5E; Supplementary Fig. 3A). Analysis
of inflammatory cells revealed increases in macrophages
in the Smad4 mutant lesions although these differences
did not reach statistical significance (Supplementary Fig.
3B). Overall, these results indicate that Smad4 defi-
ciency is associated with increased proliferation of both
the neoplastic epithelium as well as the stromal tissue.
This may suggest that Smad4 has both cell-autonomous
and non-cell-autonomous functions in the pancreas,
whereas alternatively, the stromal alterations may be
secondary to epithelial proliferation. Finally, E-cad-
herin—a strongly induced protein in human PanIN—was
also elevated in the murine lesions with notable in-
creased staining intensity in the Smad4-deficient PanIN
and metaplastic epithelium, suggesting Smad4-depedent
alterations in the epithelial program (Fig. 5E; see below).

Smad4-deficiency promotes well-differentiated PDAC
in the Kras©'?P Ink4a/Arf'* model

Since the mice with combined Kras®’?” expression and

Smad4 deletion showed rapid onset of IPMN and ad-
vanced PanIN lesions but exhibited only moderate ma-
lignant progression of pancreatic tumors, and since
SMAD4 loss occurs with concurrent INK4A loss and
KRAS activation in human PDAC, we assessed subse-
quently the combined impact of Smad4 and Ink4a/Arf
mutations in Cre LSL-Kras®'?P mouse PanIN/PDAC
models. Similar to our previous report (Bardeesy et al.
2006), Kras“'?P and Ink4a/Arf heterozygosity cooper-
ated to promote PDAC progression in Cre LSL-Kras©*?P

3136 GENES & DEVELOPMENT

Ink4a/Arfl°*’* mice. A pronounced cooperative effect of
Smad4 deletion was noted with Ptfla-Cre LSL-Kras<'?P
Smad4'o¥"°x Inkda/Arf*’* mice showing significantly
reduced survival relative to Cre LSL-Kras®'?" Ink4a/
Arfl%* controls (mean survival 14.0 wk vs. 38.0 wk;
p < 0.001) (Fig. 6A). This reduced survival was associated
with PDAC in 12/13 mice, IPMN in 1/13 mice, and con-
comitant IPMN and PDAC in four out of 13 animals (Fig.
6B; see Table 1). Pdx1-Cre LSL-Kras©'?P Smad4'ox/"ox
Ink4a/Arf°<* mice also showed a shortened survival
(mean 12.6 wk) associated with PDAC in four out of 12
mice, gastric cancer in eight out of 12 mice (including
one with PDAC and four with IPMN) (see Table 1). Six
out of 16 Smad4-deficient PDACs showed liver metas-
tasis or invasion (Supplementary Fig. 1C).

Western blot analysis of early passage PDAC cell lines
revealed absence of Smad4 expression in all tumors from
the Smad4°*/°* mice and retention of expression in all
PDACs from Smad4*/* animals (Fig. 6C). Absence of
ple™k4a and p192* expression was documented in each
of these tumor cell lines, regardless of germline Smad4
status, and was associated with loss of the wild-type
Ink4a/Arf allele (Fig. 6C; data not shown). p53 was intact
in all cases as determined by p21<™ induction following
exposure of the cell lines to ionizing radiation (data not
shown). These genetic studies and molecular profiles
show that Smad4 deficiency promotes the development
of IPMN in Kras®'?P mutant mice independently of
Ink4a/Arf mutation, while Ink4a/Arf mutations are re-
quired for full malignant progression to PDAC in the
context of Kras®'?P and Smad4 inactivation.

Smad4 deficiency also altered the tumor phenotypes
of mice with combined Kras©?? activation and homo-
zygous Ink4a/Arf deletion; Pdx1-Cre LSL-Kras©'?P
Smad4’*¥/"°x [nkda/Arf°*/"°* mice (n = 10) had a slightly
decreased survival (7.4 wk vs. 8.6 wk in Pdx1-Cre LSL-
Kras©'?P Ink4a/Arf'°* mice; p = 0.01) with nine out
of 10 mice displaying PDAC, five out of 10 mice harbor-
ing gastric cancers, and three out of 10 with IPMN co-
incident with the other tumors (Table 1). Ptf1-Cre LSL-
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Figure 4. Comparison of evolving pancreatic lesions in LSL-Kras mice with intact or deleted Smad4 alleles. (A) Pancreas
specimens from 4-wk-old Ptf1-Cre LSL-Kras©'2” (panels i-iv) and Ptf1-Cre LSL-Kras<'?P Smad4'*/'°* (panels v—vii) mice were stained
with H&E (panels 7,v) and with antibodies to cytokeratin-19 (panels i7,vi), Sonic Hedgehog (panels 1ii7,vii) and Hes! (panels iv,viii). The
arrows point to pancreatic ductal lesions. (B) Morphometric analysis of pancreata from 4- to 5-wk-old Ptf1-Cre LSL-Kras“'?P and
Ptf1-Cre LSL-Kras©'?P Smad4™*/°* mice (see Materials and Methods). (Left panel) Graph of number of ductal lesions per 100x field.
(Right panel) Graph of number of ductal lesions per 100x field measuring >400 pm at greatest diameter. Six mice per genotype were
analyzed with a minimum of eight fields counted per mouse. (C) H&E-stained pancreas from 8-wk-old Ptf1-Cre LSL-Kras“?P (panel
i) and Ptf1-Cre LSL-Kras©?P Smad4'°*/°% (panel ii) mice. Magnifications: A (panels i-iii,v—vii), C (panels i,ii), 50x; A (insets in panels

1,v), 200x; A (insets in panels iii,vii), 400x.

Kras©'?P Smad4'*'ox Ink4a/Arf'°*'°* mice (four of
four) developed PDAC with a mean latency of 8.8 wk,
indicating that Smad4 status did not accelerate PDAC in
context of homozygous Ink4a/Arf deletion.

Next, as human and mouse PDACs are known to pre-
sent with a range of distinct histopathological pheno-
types—from well-differentiated, wherein tumor cells
form discernable duct-like/glandular structures, to un-
differentiated carcinomas that may arise from EMT of
the glandular epithelium (Solcia et al. 1995; Hruban et al.
2006)—and Smad4/TGF-@ signaling has been implicated
in processes of epithelial differentiation (for review, see
Zavadil and Bottinger 2005), we sought to determine
whether Smad4 status influenced the morphological pre-
sentation of the Cre LSL-Kras©'?P Ink4a/Arf mutant
models. Upon placement on the Smad4-deficient back-
ground, there was a significant decrease in the propor-

tion of undifferentiated carcinomas in Cre Kras©'?P

Ink4a/Arf 1°¥1°% and Cre Kras©'?P Ink4a/Arf '°*/* mice:
from 26.7% and 43% to 7.7% and 12.5%, respectively
(Table 2). The Smad4-deficient PDACs typically showed
well-to-moderately-differentiated (ductal) histology and
strong cytokeratin-19 staining in contrast to the weak
signal detected in regions of undifferentiated histology
frequently noted in the Smad4*/* tumors (Fig. 6D, cf.
panels i,ii and v,vi; note transition between undifferen-
tiated and ductal histology in panel ii). These observa-
tions suggest that active TGF-B/Smad4 signaling may
contribute the loss of epithelial differentiation in PDAC,
as observed in skin and breast cancers (for review, see
Bierie and Moses 2006).

TGF-B-mediated induction of the Snail and Slug tran-
scriptional repressors and consequent repression of E-
cadherin expression contribute to EMT in several cell
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Figure 5. Smad4 deficiency cooperates with Kras“??P to promote epithelial and stromal expansion. (4) BrdU labeling of pancreata
from wild-type (panel i), Ptf1-Cre LSL-Kras©*?P (panel ii), and Ptf1-Cre LSL-Kras©'?P Smad4'*/"°* (panel iii) mice. (Panel iv) High-
power view of proliferating epithelial and stromal cells (circled) in evolving PanIN from Ptf1-Cre LSL-Kras©'?P Smad4'**/"°* mice. (B)
Immunofluorescence staining of wild-type mouse pancreas with antibodies against amylase (green) and collagen-1 (red) demonstrating
the periacinar location of pancreatic fibroblasts. (C) Staining of ductal lesions from Ptf1-Cre LSL-Kras<'?P (panel i) and Ptf1-Cre
LSL-Kras©'2P Smad4'®¥/'** (panel ii) mice with DBA lectin (blue) and with antibodies to collagen-1 (red) and BrdU (green) reveals
proliferation in both the PanIN epithelium and fibroblastic components. (Panel ii) Inset is a high-power view showing fibroblast
proliferation (arrows). (D) Graph of number of BrDU-positive epithelial and fibroblast cells per 200x field; three mice per genotype were
analyzed. (E) Immunofluorescence staining of pancreata from 4-wk-old Ptf1-Cre LSL-Kras“*?" (panel i) and Ptf1-Cre LSL-Kras©'?P
Smad4'*¥"°* (panel ii) mice with antibodies to E-cadherin (red), smooth muscle actin (blue), and vimentin (green). Magnifications: H
(panels 1,ii), 50x; A-C,F (panels i,ii), 100x; C, inset, 200x; D,E, 400x.

types (for review, see Zavadil and Bottinger 2005). Cor- onstrated by immunostaining of primary tumors (Fig.
respondingly, PDACs from Smad4*/* mice showed fre- 6D) and Western blot analyses of PDAC cell lines (Fig.
quent loss of E-cadherin and elevation of Slug expression 7A). The sustained high level of E-cadherin in the Smad4
compared with PDACs from Smad4'°*/'** mice as dem- mutant tumors was confirmed by qRT-PCR analysis
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Figure 6. Smad4 deletion promotes the glandular PDAC in cooperation with Kras©!?P activation and Ink4a/Arf deficiency. (A)
Kaplan-Meier analysis showing pancreas tumor-free survival of Ptfla-Cre LSL-Kras©'?P Ink4a/Arf** Smad4’*/"** mice and Ptfla-
Cre LSL-Kras©'?P Ink4da/Arf°*"* Smad4*/* mice. Twelve of 13 deaths in the Ptfla-Cre LSL-Kras©'?P Ink4a/Arf*"* Smad4’*/"** mice
were due to PDAC, and one out of 13 was due to IPMN. (B) PDAC arising in a Ptfla-Cre LSL-Kras®'?P Ink4a/Arf' o' Smad4'ox/1ox
mouse (indicated by dashed line); note the liver metastases (white arrowheads). This mouse also showed an IPMN (denoted by
asterisks). (C) Western blot analysis of lysates from early passage PDAC cell lines from the Ptfla-Cre LSL-Kras©'?P Ink4da/Arflo*/*
Smad4+/* (lanes 2-6) and Ptfla-Cre LSL-Kras©'?P Inkd4a/Arfo** Smad4'**/"°* (lanes 7-9) models for expression of Smadd, p192*,
pl6™k42 and tubulin. Lane 1 shows positive controls. (D) Undifferentiated PDAC from a Ptfl1a-Cre LSL-Kras©*?P Ink4a/Arf** mouse
(panels i-iv) and a moderately differentiated PDAC from a Ptfla-Cre LSL-KrasS'?P Ink4a/Arf*" Smad4’*/°* mouse (panels v-viii)
stained with H&E (panels 7,v), or with antibodies to cytokeratin-19 (panels ii,vi) and E-cadherin (panel iii,vii), and double-labeled with
antibodies to E-cadherin (red) and Slug (green) (panels iv,viii). Magnifications: All are 100x except D (panel iv, inset), which is 630x.

(Fig. 7B). The S100A4/FSP1 protein has been shown to
promote EMT in cancer cell lines while also marking a
subset of fibroblasts (Okada et al. 1997). The PDAC stro-
mal fibroblasts showed strong SI00A4 staining regard-
less of Smad4 status; on the other hand, while the tumor
cells in the Smad4*/* tumors frequently stained positive

by Western blot and IHC for collagen-1 expression
(Supplementary Fig. 4A,B). There also appeared to be a
trend toward an increased number of inflammatory cells

for SI00A4, staining was uncommon in the Smad4-defi-
cient tumor epithelium (Fig. 7C). Overall, these results
are consistent with a role of TGF-B-Smad4 signaling in
controlling the PDAC cellular differentiation phenotype,
possibly through regulation of Slug expression.

In addition, to the differences in tumor cell morphol-
ogy, the Smad4 mutant tumors exhibited differences in
stromal fibroblast content, as readily observed in histo-
logical sections. This increased fibrosis was confirmed

Table 2. Impact of Smad4 status on PDAC histology

Percent sarcomatoid

Genotype? histology

KrasG12D Ink4a/Arf L/L

8/30 (26.7%)
KrasG12D Ink4a/Arf L/L Smad L/L

1/13 (7.7%)

KrasG12D Ink4a/Arf L/+

6/14 (43%)
KrasG12D Ink4a/Arf L/+ Smad L/L

2/16 (12.5%)

2All mice have either the Pdx1-Cre or Ptfla-Cre alleles.
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Figure 7. Retention of epithelial differentiation in Smad4-deficient PDAC. (A) Western blot showing E-cadherin (top panel) and slug
expression (middle panel) in PDAC cell lines from Cre LSL-Kras©'?" Ink4a/Arflx/'* Smad4*/* mice (lanes 1-5) and Cre LSL-Kras©'?P
Ink4a/Arflox'°x Smad4ox/1°x (lanes 6-9) mice. (B) QRT-PCR for E-cadherin expression in primary PDAC from Cre LSL-Kras©'2P
Ink4a/Arf°<"* Smad4*/* mice and Cre LSL-Kras©'2P Ink4a/Arf<* Smad4™="°* mice. (C) IHC analysis of S1I00A4 expression in PDAC
from a Ptf1-Cre LSL-Kras©'2P Ink4a/Arf°*/* Smad4*'* mouse and a Ptf1-Cre LSL-Kras©'?P Ink4a/Arf'o* Smad4’*/"°% mouse; note the
staining of stromal fibroblasts in both genotypes (arrows) and staining of tumor glands in the Smad4*/* tumors but not those lacking

Smad4 (asterisks).

as assessed by staining for macrophages and neutrophils
(Supplementary Table 1; data not shown). Finally, analy-
sis of PDAC blood vessel density failed to reveal pro-
nounced differences between genotypes when areas of
similar histopathology were compared (Supplementary
Fig. 4C; data not shown).

Smad4 modulates TGF-B sensitivity in murine PDAC
cell lines

The genetically defined early passage PDAC cell lines
described above, null and wild type for Smad4, provided
an opportunity to understand better the cell biological
impact of TGF-B-Smad4 signaling in this system. PDAC
cell lines from Smad4'°*/'** mice (n = 4 cell lines) were
completely resistant to TGF-B-induced growth inhibi-
tion (see below), whereas those from the Smad4*/* mod-
els showed differential sensitivity; Smad4*/* cell lines
derived from well or moderately differentiated (ductal)
tumors exhibited growth inhibition and cell death (n = 4
cell lines), whereas those from undifferentiated tumors
showed increased proliferation (n = 3 cell lines) (Fig. 8A;
Table 3). Similar profiles were observed in scratch as-
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says; ductal Smad4*/* cell lines showed decreased migra-
tion upon TGF-B exposure, while enhanced migration
was seen in the undifferentiated Smad4*/* lines (Fig. 8B;
Table 3). The Smad4-deficient lines also showed a mod-
est increase in migration in response to TGF-f.

Next, we assessed whether restoration of Smad4 in
Smad4-deficient PDAC cell lines affected TGF-8 respon-
siveness. Retroviral-mediated expression of Smad4, but
not GFP, in the Smad4-deficient lines (n = 3 cell lines) re-
stored TGF-B-induced growth inhibition but had no effect
on basal proliferation in the absence of exogenous TGF-8
treatment (Fig. 9A,B; Table 3). In the presence of TGF-f
treatment, the Smad4-reconstituted and wild-type cell
lines (specifically those with a ductal phenotype) lost both
their epithelial morphology and E-cadherin staining at the
cell junctions before undergoing cell death, whereas no
cytological changes were observed in GFP-transduced
Smad4-deficient cultures (Fig. 9C,D). Overall, these re-
sults are consistent with the view that Smad4 inactiva-
tion facilitates PDAC progression by disabling TGF-B-
mediated cytotoxicity while indicating that TGF-B acts
to promote growth of a subset of PDAC with Smad4
intact and with an undifferentiated cellular phenotype.
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Figure 8. Smad4 status modulates TGF-B responses in PDAC. (A) H&E-stained sections showing PDAC histology (left panels), and
images of derivative cell lines either mock-treated (center) or exposed to 5 ng/mL TGF-B (right panels) from Smad4 wild-type
undifferentiated tumors (panel i), Smad4 wild-type ductal tumors (panel ii), and Smad4-null tumors (panel iii). Note that TGF-3
enhances growth in panel i and inhibits in panel ii while no effect is seen in panel iii. Magnifications, 100x. (B) Growth curves of
Smad4*/* PDAC cell lines in 0.5% serum in the presence or absence of 5 ng/mL TGE-B. (C) Graphs of scratch assay measuring cell
migration as relative wound closure after 16 h in the presence or absence of TGF-B1.

Discussion

In this study, we have shown that Smad4 is dispensable
for normal pancreas development and physiology and
functions to constrain progression of Kras“!*P-initiated
neoplasms with a corresponding impact on the biology of
tumor cells and their microenvironment. Smad4 defi-
ciency led to rapid progression of pancreatic tumors in
the context of activated Kras©?2”, alone or in combina-
tion with Ink4a/Arf mutation, and was able to shift
Kras©12?P-initiated neoplasms toward an alternative his-
tological pathway to advanced PDAC, one that is char-
acterized by an IPMN presentation observed in some hu-
man cases. Along similar lines, Smad4 deficiency also
influenced the differentiation state of Kras“'?” Ink4a/
Arf mutant PDACs, producing tumors that retained epi-
thelial differentiation in contrast to the frequent EMT

observed in pancreatic cancers with intact Smad4. This
system affords an opportunity to systematically under-
stand the role of the TGFB-SMAD axis in many complex
aspects of tumorigenesis including tumor cell prolifera-
tion, migration, survival, and differentiation as well as
the tumor microenvironment including angiogenesis. As
such, this genetic model provides a framework for un-
derstanding how to deploy agents targeting this pathway
in human PDAC.

Impact of SMAD4 on pancreas development
and physiology

The normal pancreatic development and function in the
Pdx1-Cre Smad4'*°* mice was not anticipated and
contrasts with diverse pancreatic phenotypes associated
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Table 3. TGF-TGF-B1 responsiveness of PDAC cell lines

Response to TGF-B1

Genotype Phenotype Name Proliferation Migration
Smad4+/* Ductal 65 Decreased Decreased
76 Decreased Decreased
580 Decreased —
587 Decreased Decreased
743 Decreased N.D.
Undifferentiated 44 Increased Increased
59 Increased Increased
362 Increased Increased
Smad4 /- Ductal 806 — —
806 + Smad4 Decreased N.D.
792 — —
792 + Smad4 Decreased N.D.
892 — —
892 + Smad4 Decreased N.D.
874 — —

(—) No significant effect; (N.D.) not done.

with other experimental perturbations of TGF-B family
signaling. For example, acinar-to-ductal metaplasia or
autoimmune pancreatitis is observed in different trans-
genic models expressing a dominant-negative TGF-BRII
mutant in the pancreatic acinar cells (Bottinger et al.
1997; Hahm et al. 2000). Null mutations in the Activin
signaling pathway are associated with gross pancreatic
defects (Kim et al. 2000; Harmon et al. 2004). Overex-
pression of the inhibitory Smad, Smad7, results in pan-
creatic malformations and B-islet cell defects (Smart et
al. 2006). Finally, expression of a dominant-negative
Smad4 mutant in the acinar cells results in an age-de-
pendent increase in islet size (Simeone et al. 2006).
These phenotypes, coupled with normal pancreas devel-
opment and function in the Pdx1-Cre Smad4'°*/*** mice,
suggest roles for Smad4-independent TGF-B signaling
pathways in these processes (Bierie and Moses 2006) and/
or point to nonphysiological gain-of-function activities
of ectopically overexpressed proteins. The dispensability
of Smad4 for pancreatic organogenesis mirrors what has
been observed in the liver and breast (Li et al. 2003; Wang
et al. 2005); in contrast, Smad4 is required during early
development to pattern derivatives of the anterior primi-
tive streak and for formation of extraembryonic lineages
(Chu et al. 2004). Overall, genetic studies have consis-
tently revealed a more prominent role for Smad4
mediating TGF-B-regulated developmental processes re-
lating to early specification and patterning rather than
cytodifferentiation during later stages of organogenesis.

Kras©'?P expression and Smad4 inactivation results

in pancreatic ductal tumorigenesis

Our study demonstrates strong genetic interaction be-
tween Kras“'?P and Smad4 in the development of IPMN
and PDAC. IPMN is being increasingly recognized as an
important clinical condition due to its propensity to
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progress to lethal PDAC (Maitra et al. 2005). Unlike
PanIN, IPMN has recognizable clinical signs and can be
detected noninvasively in the absence of malignant dis-
ease. Hence, improved understanding of the biology of
these lesions could inform the design of treatments that
prevent the onset of PDAC. While SMAD4 inactivation
is associated with progression to advanced histological
stages in human IPMN, our data indicate that SMAD4
can also act to restrain the initiation of these neoplasms.
While Ink4a/Arf loss has been implicated in other cystic
pancreatic tumors (Bardeesy et al. 2002a), it did not con-
tribute to these IPMNs. Homozygous Smad4 deletion
also cooperatively induced rapid PDAC progression, par-
ticularly in the context of Kras“*?” and Ink4a/Arf het-
erozygosity. Together, these results indicate that Smad4
and the Ink4a/Arf locus regulate distinct pathways that
contribute to PDAC tumor suppression, with Ink4a/Arf
playing a more critical role in restricting malignant pro-
gression.

A related study has investigated the impact of inacti-
vation of the Tgf-BRII on pancreatic tumorigenesis (H.
Tjichi and H.L. Moses, pers. comm.). This study showed
that Ptf1-Cre LSL-Kras©'?P Tgf-BRII*/°* mice develop
PDAC by 10 wk of age without exhibiting IPMN. The
more rapid PDAC progression in this model compared
with our Smad4-deficient model is likely to reflect a role
for Smad4-independent pathways downstream from Tgf-
BRII (Bierie and Moses 2006), although differences in ge-
netic background cannot be ruled out. Likewise, the ab-
sence of IPMN in the Tgf-BRII-deficient mice may relate
to the role of Smad4 in mediating signals from other
classes of TGF-B family receptors; notably, BMPs and
Activins are also induced in evolving PDAC, and inacti-
vation of their receptors is associated with gastrointes-
tinal malignancy (Howe et al. 2001; Jung et al. 2004).
Hence, the IPMN phenotype may involve defects in a
combination of these pathways. The detailed molecular
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Figure 9. Smad4 expression restores TGF-B-responsiveness in Smad4-deficient PDAC cell lines. (A) Western blot analysis for Smad4
expression in PDAC cell lines from PdxI-Cre LSL-Kras©'?" Ink4a/Arf*’* and Pdx1-Cre LSL-Kras©'?" Ink4a/Arfo<"* Smad4'ox/"ox
mice that were transduced with retroviruses expressing Smad4 or GFP. (B) Growth curves of the transduced PDAC cell lines in the
presence or absence of TGF-B. (C) Morphology of PDAC cells with or without TGF-B treatment. The cells were photographed after 5
d of treatment with TGF- or vehicle. (D) Impact of TGF-B administration on E-cadherin localization. E-cadherin staining is lost at the
cellular junctions following TGF-B treatment in PDAC cell lines with intact Smad4 but not in cell lines with Smad4 inactivation.

comparison of these models may provide valuable in-
sights into nonoverlapping PDAC tumor suppressor
pathways that are differentially regulated by Smad4 and
Tgf-BRII. Overall, given the more potent impact of Tgf-
BRII inactivation on PdxI1-Cre LSL-Kras“*?P-driven
PDAC development compared with that of Smad4 inac-
tivation, it is curious that PDACs in humans show ex-
clusively Smad4 mutations, while Tgf-BRII mutations
are restricted to a medullary pancreatic cancer, a rare
variant associated with mismatch repair defects (Ven-
katasubbarao et al. 1998; Wilentz et al. 2000).

Smad4 regulates EMT in PDAC

Our demonstration that Smad4 deficiency promoted
progression to PDAC but produced tumors that retained
differentiated ductal histopathology is consistent with a
bimodal role of TGF-B-Smad4 signaling in regulating the

biology of this cancer. Our studies showed that, consis-
tent with well/moderately differentiated histology,
Smadd4-deficient invasive tumors retained E-cadherin ex-
pression and were far less likely than Smad4 wild-type
tumors to show S100A4 expression, a calcium-binding
protein implicated in cell motility, EMT, and metastases
(Okada et al. 1997; Helfman et al. 2005) that has been
associated with poor differentiation and prognosis in
PDAC (Rosty et al. 2002). In addition, in vitro studies
with our early passage PDAC revealed that while Smad4
deficiency was associated with attenuated TGF-B re-
sponsiveness, Smad4-expressing lines showed two
classes of prominent responses: increased proliferation
and migration of undifferentiated Smad4*/* lines and cell
death in well-differentiated lines.

Although an association between SMAD4 status and
tumor cell differentiation in human PDAC has not been
clearly established, SMAD4 expression tracked with
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poor cellular differentiation in a morphometric study of
human PDAC cell lines; poor differentiation was ob-
served in four out of six SMAD4 wild-type versus zero
out of five SMAD4 mutant lines (Sipos et al. 2003). Fur-
thermore, in studies of a series of 16 human PDAC cell
lines grown as xenografts, we observed that undifferen-
tiated histology was only in tumors derived from
SMAD4 wild-type cell lines, although one undifferenti-
ated line had TGFBRII defects (data not shown). Our data
suggest that Smad4 status and tumor cell differentiation
may be important in determining which subset of PDAC
depends on active TGF-B signaling for ongoing tumori-
genic growth. An implication of our work is that Smad4
status could potentially predict which set of tumors is
likely to respond to TGF-B inhibition, although further
studies will be needed to validate this hypothesis.

Materials and methods

Generation of a conditional Smad4 mouse strain

A BAC clone containing the Smad4 locus was identified by
screening a 129SV/ev library (Children’s Hospital of Oakland).
The targeting construct was generated in the pKOII vector (Bar-
deesy et al. 2002b) and consisted of an 8.6-kb EcoRV-MsclI frag-
ment (long arm) containing Smad4 exons 7-9 and a 2.1-kb
MscI-EcoRV fragment (short arm). A JoxP site was inserted at a
Stul site flanking Smad4 exons 8 and 9 (see Fig. 1A) enabling
Cre-mediated deletion of a 1.4-kb fragment containing exons 8
and 9. Gene targeting in 129SV/ev embryonic stem (ES) cells
and generation of chimeric animals were performed using stan-
dard techniques. The Frt-flanked PGK-neo cassette was excised
by crosses to Actin-Flpe mice (Rodriguez et al. 2000), generating
the Smad4™°* allele. Mice were backcrossed (N = 5) on an FVB/n
background, eliminating the Actin-Flpe allele.

Mouse strains, histopathology, and establishment of primary
PDAC cell lines

In addition to the Smad4*°* mice, the mouse strains in this
study included the following alleles: LSL-Kras©'?P (Aguirre et
al. 2003), Pdx1-Cre (Gu et al. 2002), Ptf1a-Cre (Kawaguchi et al.
2002), and p16™k4a/p194771°% (Aguirre et al. 2003; Bardeesy et al.
2006). All experiments were performed on >96.9% FVB/n back-
ground. Tissue processing, immunohistochemical staining, and
establishment of primary PDAC cell lines were performed as
described (Aguirre et al. 2003). For frozen sections, tissues were
immediately embedded in OCT (Sakura Finetek) and frozen on
dry ice. Fixation, blocking, and antibody incubation were by
standard procedures. Coverslips were mounted on fluorescently
labeled tissue using Vectamount with DAPI (Vector Laborato-
ries). Images were captured using a Leica DM1400B microsys-
tem and Leica FW4000 version 1.2.1.

Antibodies

The antibodies used for immunoblot analyses were p16™42 (M-
156), Smad4 (B-8) and p21 (C-19) (Santa Cruz Biotechnology),
p19247 (Ab-80, Abcam), tubulin (DM-1A) and Actin (Sigma), Slug
(Abgent), E-cadherin (Invitrogen), and phospho Smad2 (Chemi-
con International). The antibodies for immunohistochemical
analysis were amylase (Sigma); rat monoclonal cytokeratin-19
(TROMAZ3; kindly provided by Dr. R. Kemler, Max Planck In-
stitute, Freiburg, Germany); E-cadherin (Zymed; Invitrogen);
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Glucagon (Dako); Insulin (Dako); Pdx-1 (a kind gift of Dr. C.
Wright, Vanderbilt University, Nashville, TN); TGFg1, BMP4,
Muc2, Shh, Vimentin, and PDGFR-B (Santa Cruz Biotechnol-
ogy); Smad2/3 and BrdU (BD; Transduction Laboratories);
Muc5AC (Labvision); Mucl (CT2 monoclonal antibody; a kind
gift of Dr. S. Gendler, Mayo Clinic, Scottsdale, AZ); Muc4 (Dr.
K. Carraway, University of Miami, Miami, FL); CDX2 (Bio-
genex); Hesl (a kind gift of Dr. T. Sudo, Toray Scientific, Ka-
nagawa, Japan); Collagen type I (Abcam); SMA (Novus); phos-
pho-Stat3 (Ser727); and phospho-p44/42 (T202/Y204) and phos-
pho-Akt (Ser473) (Cell Signaling). The following antibodies
were used on frozen sections: rabbit MMP-9 (a kind gift from Dr.
Z. Werb, University of California at San Francisco, San Fran-
cisco, CA); monoclonal rat anti-Meca-32 (Pharmingen); F4/80
(Serotec); PMN antibody (clone 7/4; Cedarlane Laboratories);
PDGFRB and PDGFRa monoclonal antibodies (eBioscience);
and rabbit CSFIR (Upstate Biotechnology/Chemicon).

Molecular and cellular analyses

RNA and DNA isolation, protein extract preparation from
PDAC cell lines and primary tumors, and Western blots were
performed as described (Aguirre et al. 2003). For cell prolifera-
tion assays, cells were seeded on 96-well plates at a density of
2 x 10% to 4 x 10° per well in 100 pL of culture media with 0.5%
FBS. The media were replaced every other day. To evaluate cell
proliferation, cells were incubated for 1-5 d with or without
TGF-B1 treatment (R&D Systems) and assayed using the WST-1
Cell Proliferation Assay reagent (Roche). For cell migration
analysis, in vitro wound healing assays were used to assess cell
motility in two dimensions. Cells were plated on a six-well
plate and grown to confluence in their regular medium. A 200-
uL pipette tip was used to create a denuded area. Cells were
washed twice with PBS and kept in RPMI medium containing
0.5% FBS in the presence or absence of TGF-B1 (5 ng/mL) for 16
h. Photographs were taken at hours 0, 10, and 16, and the dis-
tance traveled was determined by subtracting the values ob-
tained at hour O from 16 h.

Statistical analysis

For morphometric studies of pancreatic lesions, a series of 36
consecutive 5-upm H&-stained sections was analyzed for each
pancreas, and the sections with the greatest number of visible
lesions were selected for quantitation; at least eight 100x fields
were. For immunofluorescence, stained tissue was examined
using a Zeiss Axioskop-2+ Microscope (fluorescently labeled tis-
sues) with Openlab software (Improvision). F4/80, PMN,
PDGFR, and MMP-9 expression was determined by counting
the staining per field. Meca-32 staining was quantitated by
counting the number of vessels per field. At least four fields
were measured from each slide, and an average was calculated
by nonpaired t-test analysis using InStat Software (GraphPad).
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