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To determine how different epithelial cell types re-
spond to the same oncogenic stimulation, we have
used a modified human keratin 18 gene to condition-
ally express the polyomavirus middle T antigen
(PyMT) oncogene in simple epithelial tissues of trans-
genic mice. Activation of PyMT expression by trans-
genic Cre recombinase in mammary epithelial cells
resulted in carcinomas in all bitransgenic females.
PyMT expression induced by K18-driven Cre in inter-
nal epithelial organs resulted in pancreatic acinar
metaplasia and ductal dysplasia with remarkable des-
moplastic stromal responses in all 25 bitransgenic
mice. Hepatoma formation with altered lipid metab-
olism and gastric adenocarcinoma occurred in 96 and
54% of these mice, respectively. Elevated PyMT RNA
expression also correlated with intraepithelial neo-
plasia in the prostate. Activated Erk2 was found in
mammary tumors, pancreatic tissues, and affected
livers. Hes1 RNA, a target of Notch signaling that has
been implicated downstream of Ras pathway activa-
tion, was elevated in pancreatic and liver lesions. The
variety of responses of different epithelia to PyMT
demonstrates the importance of the differentiated
state in interpreting oncogenic signals. (4m J Pathol
2006, 168:310-320; DOI: 10.2353/ajpath.2006.050443)

Oncogenes generally stimulate normal cells to prolifer-
ate. However, the cellular response to a particular onco-
gene and the mechanism by which growth is stimulated
may vary with the differentiated type and state of the
tissue. Ras and phosphatidylinositol-3’ kinase (PI3'K)
signal transduction pathways have been implicated in
breast cancer to provide mitotic stimulation, to provide
protection from apoptosis, and to stimulate angiogenesis.
The polyomavirus middle T antigen (PyMT) is a compact
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and efficient oncogene that stimulates multiple signal
transduction pathways by interacting with Shc, Src,
PI3’K, and protein phosphatase 2A. The simultaneous
activation of the Shc/Ras/Erk and PI3’K/Akt pathways by
PyMT results in mammary tumors with RNA expression
profiles that are the same as those caused by activated
Neu/ErbB2." The histopathological and molecular char-
acteristics of the progression of PyMT-induced tumors
have been shown to closely resemble human breast can-
cer.?~* Thus, the expression of PyMT in mammary epi-
thelial tissue of the adult provides a well-characterized
and potent oncogenic stimulation of signaling pathways
known to be important in human cancers. Previous at-
tempts to test PyMT in epithelial tissues of transgenic
mice have been limited by lethality and unpredictable
integration site effects.®> 8 Here, we have used the K18
gene as an expression vector because of its predictable
behavior yielding epithelial-specific expression in trans-
genic mice that is largely integration site independent.®'©
We have tested the potency of PyMT in activating Ras
and PI3'K pathways and in eliciting cancer in pancreas,
liver, stomach, prostate, and mammary gland, and we
show that these organs respond differently to the expres-
sion of the same oncogene.

Materials and Methods

Transgene Construction

The KFS2MT vector was constructed by standard cloning
and polymerase chain reaction (PCR) methods starting
with the K18 gene'" and the K18iresAP® and pUC.A.1.5"2
plasmids. Sequence of the vector is available on request.
The KFS2MT vector was digested with Sall and Nael to
release a 13,121-bp transgene fragment containing 282
bp of plasmid vector sequence.
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Transgenic Mice

The purified transgene fragment was injected into FVB/N
strain mouse zygotes as described previously'>'# by Dr.
Ling Wang of the Burnham Institute Mouse Genetics Lab-
oratory Shared Resource. Transgenic mice were identi-
fied by PCR of tail lysate DNA. MMTV-Cre7 mice'® were
provided by Dr. William Muller (McGill University, Mon-
treal, Canada). PB-Cre4 mice'® were provided by Dr.
Roy-Burman through the National Cancer Institute Mouse
Models of Human Cancer Consortium. K18CreER™-20
(K18CreER) mice and treatment with 5-hydroxytamoxifen
(OHT) were described previously.® Cre transgenic mice
were identified by PCR. Recombination of the loxP se-
quences of KFS2MT was verified by PCR of Bglll-di-
gested purified organ DNA. All mice were of the FVB/N
genetic background except PB-Cre4, which was on a
C57BI/6 background. Only F, KFS2MT6; PB-Cre4 bi-
transgenic mice were analyzed in this report. Sequences
of all PCR primers used for construction of the vector and
for genotype determination are available on request.

Trophoblast Stem Cell Culture

Trophoblast stem cells were isolated by culturing individ-
ual mouse blastocysts as described previously.' The
AdCreGFP virus coding for Cre recombinase and green
fluorescent protein (GFP) was a gift from Dr. Serguei V.
Kozlov. Virus was generated in low-passage 293 cells
according to the supplier’s instructions (Microbix Biosys-
tems, Toronto, Canada).

DNA and mRNA Analysis

Quantitative, reverse transcriptase-dependent PCR (Q-
PCR) was performed on a Stratagene MX3000 machine
using the SYBR Green detection method as described
previously.'® Southern blots were performed as de-
scribed previously.'® Pancreatic tissues used for RNA
isolation were stored in RNA Later (Ambion Inc., Austin,
TX). RNA was isolated with the use of Tri-reagent (Mo-
lecular Research Center, Cincinnati, OH).

Tissue Analysis

Tissues were fixed with 4% paraformaldehyde or 10%
formalin, dehydrated, embedded in paraffin, sectioned,
and stained with hematoxylin and eosin by standard
methods. In situ hybridization was performed on paraffin-
embedded tissues as described previously.?° Antibody
staining for PyMT and estrogen receptor (ER) was per-
formed as described previously.?'#2

Protein Analysis

Frozen tumors and tissues were homogenized in 2X cell
lysis buffer (catalog no. 9803; Cell Signaling Technology,
Beverly, MA) containing a 1/200 dilution of protease in-
hibitor cocktail (catalog no. 8340; Sigma-Aldrich, St.
Louis, MO). Protein contents of the cleared supernatants
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were determined using the Bio-Rad protein assay (cata-
log no. 500-0006; Bio-Rad, Hercules, CA); and for kinase
assays, 10 pg of protein was separated by sodium do-
decyl sulfate-polyacrylamide gel electrophoresis. Protein
was transferred to 0.45-um polyvinylidene difluoride
membrane (Immobilon; Millipore, Billerica, MA). Filters
were blocked, washed, and probed as recommended by
the antibody supplier. Antibody reaction was detected
using horseradish peroxidase (HRP)-linked rabbit sec-
ondary antibody (catalog no. P0217; Dako, Carpinteria,
CA) diluted 1:2000 in Tris-HCI buffered saline, 0.1%
Tween-20 (TBS-T) and 5% (w/v) nonfat dry milk and
detected by ECL plus chemiluminescent detection ac-
cording to the manufacturer’s instructions (Amersham
Biosciences, Piscataway, NJ). Antibodies from Cell Sig-
naling Technology were used at 1:1000 for phospho-
p44/42 MAP kinase antibody (catalog no. 9101), Erk1/2
(p44/42 MAP kinase antibody; catalog no. 9102), phos-
pho-Akt (Thr308; catalog no. 9275), and Akt (catalog no.
9272). For PyMT protein analysis, 20 png of protein per
sample was used. Filters were blocked with 5% (w/v)
nonfat dry milk and incubated with a 1:2000 dilution of rat
anti PyMT antibody®'?2 in 3% bovine serum albumin in
TBS-T for 2 hours. After washing with TBS-T, primary
antibody was revealed with HRP-labeled donkey anti-rat
IgG (1:20,000) (catalog no. 712-035-135; Jackson Immu-
noResearch, West Grove, PA) and ECL reagent. Tubulin
was detected on stripped filters with mouse anti-a-tubulin
(catalog no. T6199; Sigma) used at 1:10,000 dilution,
followed by HRP-labeled anti-native mouse IgG (TruBlot;
catalog no. 18-8877; eBioscience, San Diego, CA) at
1:1000 and ECL reagent.

Results

Cre-Dependent PyMT Expression from the
K18 Gene

To obtain conditional epithelial-specific expression, we
modified the 10-kb K18 gene that is expressed in adult
simple epithelial organs.®'® Three repeated elements of
the SV40 early region polyadenylation signals with flank-
ing LoxP recombination sites were inserted into the first
exon, preventing expression of the transgene in the ab-
sence of Cre recombinase (Figure 1A). PyMT was placed
downstream of an internal ribosome entry sequence
(IRES) within the K18 gene.® Three mouse lines carrying
the KFS2MT transgene, designated KFS2MT1, KFS2MT4,
and KFS2MT6, contained one, two, or three copies of the
transgene, respectively (data not shown). Trophoblast
stem cells derived from two lines expressed elevated
PyMT RNA after infection with Cre-expressing adenovi-
rus. This confirmed Cre-dependent activation of the inte-
grated transgene (data not shown).

KFS2MT6-Induced Mammary Tumors

To test the latency and specific induction of PyMT, the
KFS2MT6 line was combined with each of three different
transgenic mouse lines that express Cre recombinase.
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Figure 1. KFS2MT6 survival. A: Map of the KFS2MT transgene. Coding exons
of the human K18 gene are shown in black. Hatched rectangles indicate
alu sequences. Dotted region indicates the position of the IRES. The se-
quence of the junction between the IRES and the PyMT coding sequence is
shown. Three copies of the SV40 termination sequences are indicated with
arrows. The action of Cre recombinase results in the deletion of the termi-
nation signals and leaves a single loxP sequence with two translational
termination codons. B and C: Kaplan-Meier plots of animals sacrificed be-
cause of noticeable alterations in appearance or behavior or found dead.
Log-rank test indicated significant differences between all pairs of data.
Vertical arrow indicates OHT administrations starting at 42 * 2 days for 5
consecutive days. B: Bigenic KFS2MT6; MMTV-Cre7 bigenic females and
males are compared to monogenic stock. C: Bigenic KFS2MT6; K18CreER
animals were treated with OHT. —OHT, untreated animals.

The MMTV-Cre7 transgene is expressed primarily in the
luminal epithelial cells of the mammary gland.'® The PB-
Cre4 transgenic line expresses Cre specifically in pros-
tate epithelium.’® The K18CreER expresses Cre fused to
a mutant estrogen receptor ligand binding domain in a
variety of internal epithelia and is activated by exposure
to OHT.?

All KFS2MT6; MMTV-Cre7 bigenic females developed
mammary tumors with a median age of 102 days (Figure
1B; Table 1). Mammary lesions of KFS2MT6; MMTV-Cre7

bigenic females ranged from small hyperplastic nodules
(Figure 2A) to multiple cystic and papillary tumors, occa-
sionally with pulmonary metastasis (Figure 2B). Gener-
ally, the tumors resembled previously described tumors
arising because of the expression of PyMT variants.?>
Immunohistochemistry confirmed PyMT protein in the tu-
mor cells (Figure 2C). ER was detected in a minority of
KFS2MT6; MMTV-Cre7 mammary tumor cells in a mosaic
pattern (Figure 2D). Most of the cells of solid tumors were
negative for ER. Primarily, nuclear localization was de-
tected, and generally sparse stromal staining was found.
This distribution of ER is generally similar to advanced
MMTV-PyMT tumors.®2"

Two female bigenic animals also developed focal dif-
ferentiated hepatomas (Table 1). However, the hepato-
mas and a pancreatic lesion in one animal were not life
threatening, unlike the large mammary tumors. Male
KFS2MT6; MMTV-Cre7 mice survived longer until 199
days of age but commonly developed hepatic and pan-
creatic dysplastic lesions, prostate intraepithelial neopla-
sia (PIN), and bulbouretheral gland adenomas (Figure
1B; Table 1). These abnormalities were seen only in
bigenic animals but not in KFS2MT6 mice, indicating
modest ectopic expression of the MMTV-Cre7 transgene
in the affected internal organs.

PyMT-Induced Pancreatic Dysplasia and
Hepatic Neoplasms

To test the oncogenic potential of PyMT in a large number
of internal epithelial tissues, the KFS2MT6 transgene was
combined with the previously characterized K18CreER
transgene. KFS2MT6; K18CreER bitransgenic mice of
both sexes treated with OHT developed severe liver and
pancreatic lesions requiring sacrifice at an average age
of 66 days (Figure 3, C and E) or about 14 days after
completion of drug treatment. Bigenic animals treated
with vehicle alone or no treatment developed similar dis-
ease but not until an average age of 109 days, reflecting
a low level of Cre activity in the absence of OHT activa-
tion. The weight of pancreas from drug-treated animals
increased extremely rapidly (Figure 3A), reaching an av-
erage of sevenfold larger than controls (Figure 3C). The
livers of the same animals were 70% larger than mono-
genic KFS2MT6 animals treated with OHT. The longer life
span of bigenic animals treated only with vehicle or not
treated resulted in more severe liver enlargement (Figure
3, B and D) and increased pancreas size (Figure 3, A and
C). Combining KFS2MT6 with either prostate-specific PB-
Cre4 or mammary gland-biased MMTV-Cre7 in females
generally resulted in liver and pancreas of normal weight
(Figure 3, A-D).

PyMT-Induced Liver Neoplasms

Livers of KFS2MT6; K18CreER bigenic animals had small
to large expansile foci of hepatocytes of enlarged size
with highly vacuolated cytoplasm (Figure 2, E and H).
Staining with Oil Red O revealed that these vacuoles
accumulated large amounts of lipid (Figure 2F). This was
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Table 1. KFS2MT6 Affected Organs

PyMT Gene KFS2MT6 KFS2MT6 KFS2MT6 KFS2MT6 KFS2MT6 KFS2MT6
Cre Gene MMTV-Cre7 MMTV-Cre7 PBCre K18CreER K18CreER
Background FVB/N FVB/N FVB/N FVB/B6 F1 FVB/N FVB/N
Sex 13m/23f f m m 3m/ef 4Am/12f
Total 36 7 6 8 9 16
Treatment OHT Qil/none
Stomach 0 0 0 0 5/8 9/16
Mammary gland 1 7/7 1/6 0/7 0/4 6/12
Liver 0/5 2/7 3/6 1/7 8/9 16/16
Pancreas 0/5 1/7 3/6 o/7 9/9 16/16
Prostate 0 na 4/6 417 2/3 1/4
Bulbourethral gland 0 na 4/6 2/7 0 0
Latency (days) >360 82 to 152 147 to 232 174 to 300 53 to 85 60 to 117

The number of animals with pathological changes in the indicated organs and the total number of examined animals are listed (affected/total).
Standard hematoxylin- and eosin-stained sections or carmine-stained whole mounts (mammary gland) were examined. f, female; m, male; na, not

applicable.

also reflected by increased serum low-density lipoprotein
in KFS6MT; K18CreER bigenic animals (18.2 £ 9.8 mg/
dl, n = 6) compared with monogenic controls (7 = 2
mg/dl, n = 3). In situ hybridization confirmed the corre-
spondence between hepatocyte dysplasia and PyMT
RNA expression (Figure 2G).

Pancreatic Alterations in Differentiated State

Pancreatic lesions from KFS2MT6; K18CreER bigenic
animals appeared as foci of dysplastic ducts and in-
creased, reactive stroma (Figure 4A) that embedded in-
creasingly abnormal ductal structures (Figure 4B). The
ductal structures in these foci had a high mitotic index
with numerous abnormal mitoses. Pancreatic acinar tu-
mors also developed, sometimes adjacent to the ductal
foci (Figure 4C). Some ductal structures appeared spe-
cialized, resembling intestinal-like epithelium, perhaps
reflecting an altered progenitor-differentiated state (Fig-
ure 4D). In many cases the entire pancreas appeared to
have been replaced by dense fibrous connective tissue
that contained a combination of distorted proliferating
ducts and glands with increasing nuclear pleomorphism
and abnormal mitotic figures. These more aggressive
patterns were interpreted as neoplastic. Although most
microscopic fields lacked islets, serum chemistry from
several affected animals did not detect elevated serum
glucose levels, suggesting that the animals were not
insulin deficient at sacrifice. PyMT RNA and protein were
associated with the ductal structures of the pancreatic
lesions (Figure 4, E and H). Estrogen receptor protein
was found in the pancreatic ductal structures in a mosaic
pattern (Figure 4l). Dysplastic cells had a combination of
nuclear and cytoplasmic staining. Focal lesions in
younger or moderately affected animals (Figure 4A), the
association of vacuoles with dysplastic acini (Figure 4, G
and H), and increased PyMT associated with ducts (Fig-
ure 4H) suggest that acinar metaplasia may be an early
event as previously described when activated Ras is
expressed in acinar cells.?* The response of pancreatic
epithelial cells to PyMT may reflect a general dedifferen-
tiation to less specialized epithelial cells.

PyMT-Induced Gastric Adenocarcinoma

KFS2MT6; K18CreER mice developed malignant, inva-
sive adenocarcinomas of the stomach (Table 1; Figure 4,
M and N). The number of animals with gastric cancers
was likely limited by the necessity for sacrifice due to
pancreatic and liver disease, because foci of dysplastic
epithelial crypts were present in multiple animals without
overt tumors. The association of ER expression with the
epithelial components was somewhat surprising (Figure
40). In this case, the ER stain was located in the cyto-
plasm and not the nucleus. No obvious histological ab-
normalities of colon were apparent in samples from 12
mice.

PIN

Bigenic KFS2MT6; K18CreER males developed prostate
neoplasia ranging from PINI to PINIII with possible micro-
invasion (Figure 4, J and K). In the prostate, like in the
pancreas, the epithelial lesions were accompanied by
remarkable connective tissue proliferation (Figure 4J,
black arrow). In situ hybridization confirmed PyMT RNA
expression in affected prostate epithelia (Figure 4L). Ac-
tivation of the KFS2MT6 in prostate epithelium was
achieved more specifically by using the PB-Cre4 trans-
gene (Table 1). Four of seven male bigenic KFS2MT6;
PB-Cre4 mice developed PIN over a period of up to 300
days. However, prostate lesions were generally not inva-
sive, and comparable disease development appeared a
few weeks after OHT treatment of KFS2MT6; K18CreER
male mice. The induction of epithelial organ lesions in-
cluding prostate was not a characteristic exclusive to the
KFS2MT6 line, because bigenic animals of the KFS2MT1
and KFS2MT4 transgenic lines generated similar abnor-
malities when combined with the PB-Cre4 or K18CreER
transgenes (data not shown).

Molecular Analysis of PyMT-Induced Lesions

Southern blot and genomic PCR analysis of the KFS2MT6
transgene confirmed the expected MMTV-Cre7-medi-
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Figure 2. Histopathology of mammary lesions in KFS2MT6; MMTV-Cre7 females and livers from KFS2MT6; K18CreER bigenic mice. A: Whole mount, carmine-stained
mammary gland from a 102-day-old mouse. Arrows point to epithelial hyperplastic nodules. Bar = 1 mm. B: Hematoxylin and eosin (HE)-stained section of a mammary
tumor showing glandular growth of high cellular density from a 62-day-old bigenic female. C: Immunohistochemical detection of PyMT in a mammary tumor. Brown
color indicates antibody reaction product. Note stronger stain in solid tumor areas at lower left quadrant and less in epithelial portion in upper right quadrant. Dz
Immunohistochemical detection of ER in a mammary tumor. Arrows indicate individual cells with positive nuclear stain. E: HE section of an affected liver with focal area
of dysplastic hepatocytes. F: Oil red-O stain of frozen section of a bigenic liver. G: ISH of PyMT RNA in a bigenic liver. Swollen, dysplastic hepatocytes are positive for
PyMT RNA. H: HE section of liver showing the interface between a focal lesion and normal liver. Bars in B through E = 100 wm. Bars in F through H = 50 um.
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Figure 3. Pancreas and liver weights at time of sacrifice. A: Weights of pancreas of individual animals sacrificed at the indicated age. Each animal contained the
KFS2MTO6 transgene alone (mono) or in combination with K18CreER (K18Cre) or PB-Cre4 (PBCre) transgenes. Animal treated with OHT for 5 consecutive days
are indicated. B: Individual weights of livers as indicated for A. In addition, MMTV-Cre7 (MMTVCre) transgene was combined with KFS2MT06. Arrow indicates
the only liver of this MMTV-Cre7 series that had hepatic pathology. C: Average pancreas weight. Error bars indicate standard deviations. Genotype of the groups
is indicated below E. D: Average liver weights as indicated for C. E: Average age at sacrifice. Error bars indicate standard deviations. The presence of four

transgenes and OHT treatment are indicated at the bottom.

ated, 0.8-kb deletion in mammary tumors (Figure 5, A and
B, lanes 9-10, and C, lanes 2-5). The intensity of the
signal of the 1.5-kb recombined allele was similar to the
native 2.3-kb fragment (Figure 5B, lane 6). This suggests
that the Cre-mediated recombination did not delete inter-
vening copies of the KFS2MT6 transgene array of three
gene copies. The smaller recombined genomic fragment
is represented less abundantly in male bigenic
KFS2MT6; MMTV-Cre7 liver and pancreas, indicating
that only a portion of sampled cells had undergone re-
combination (Figure 5B, lanes 3, 4, 7, and 8). Genomic
PCR amplification of the recombination junction was con-
sistent with most copies of the stop signals being re-
moved in the mammary tumors (Figure 5C, lanes 2-4).
Similarly, only weak bands corresponding to the recom-
bined allele were detected in affected liver and pancreas
from bigenic male animals. These results are consistent
with a minority of cells with activated KFSMT6 transgenes
causing the focal pathological lesions found in liver and
pancreas and the majority of cells within the mammary
tumors being recombined. These results confirmed the

expected deletion of the stop signals associated with
PyMT expression.

Cre-Dependent PyMT RNA Expression

KFS2MT6 adult tissues had undetectable to low levels of
PyMT RNA (Figure 6A). Mammary tumors contained ele-
vated PyMT RNA expression. However, expression levels
were 40 times lower than tumors generated by the well-
characterized MMTV-driven PyMT model (Figure 6A).2°
PyMT RNA levels were particularly elevated in bulboure-
thral gland tumors and pancreatic tumors. PyMT RNA
expression correlated with lesions or frank tumors in both
male and female KFS2MT6; MMTV-Cre7 mice. PyMT
RNA was elevated in the colon despite the absence of
obvious pathological lesions. In liver, PyMT RNA was
25-fold higher than control KFS2MT6 liver, comparable
with bigenic pancreas, and higher than mammary tumors
(Figure 6A).

The ductal metaplasia found in KFS2MT6; K18CreER
pancreas is consistent with a dedifferentiated state. Be-
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Figure 4. Histopathology of pancreatic, prostate, and stomach lesions of KFS2MT6; K18CreER mice. A: A focal area of pancreatic dysplasia in bigenic animal
not treated with tamoxifen. Bar = 100 wm. B: Typical field of desmoplastic, dysmorphogenic pancreatic tumor. C: Acinar type tumor. Arrow points to
border of acinar tumor and stromal area with embedded residual acini. D: Intestine-like differentiation within pancreatic tumor duct. E: ISH detection of
PyMT RNA in dysplastic pancreatic epithelia. Blue color indicates PyMT RNA. Nuclear red counter stain. Arrow indicates differentiated epithelium as in
D. F: ISH control with PyMT sense probe. Note stromal background reaction. G: HE-stained section of pancreas showing association of residual
eosinophilic, acinar like cells with lumen vacuoles. Bar = 100 um for G, H, and I. H: Immunohistochemical detection of PyMT associated with duct-like
structures (black arrows) and weaker staining associated with residual acinar like cells (red arrows). I: Immunohistochemical detection of estrogen
receptor with increased reaction associated with ductal structures. J: Low-magnification field of HE-stained prostate section showing remarkable stromal
reaction (black arrow), intraepithelial neoplasia, and papillary proliferation (red arrow). Bar = 1 mm. K: Higher magnification of PIN region. Bar = 100
pm for K and L. L: PyMT ISH showing expression (blue color) of the oncogene in the epithelial cells of the prostate counter stained with nuclear red. M:
HE-stained section of stomach adenocarcinomas found in a 64-day-old KFS2MT6; K18CreER bigenic male that was treated with tamoxifen. Bar = 100 um.
N: Immunohistochemical detection of PyMT in stomach adenocarcinomas. O: Estrogen receptor expression associated with stomach adenocarcinomas.
Note that ER reaction appears to be primarily cytoplasmic.
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Figure 5. Cre-dependent transgene recombination. A: Map of KFS2MT trans-
gene showing a 2.3-kb Xhol (X) to Bg/lI (B) fragment that is shortened to 1.5
kb by Cre-mediated deletion of triplet-repeated SV40Pa elements. B: South-
ern blot analysis of KFS2MT6 alone and in combination with MMTV-Cre7
transgene as indicated at bottom of panel. DNAs isolated from liver, pan-
creas, mammary tumors (mg), and bulbourethral gland (bug) were digested
with Xhol and Bgll and detected by hybridization with a 250-bp probe
(AF179904: 2576-2825) synthesized by PCR. The recombined (1.5 kb) form
of the gene was detected in lanes 3, 4, and 7 to 12. Note the strength of the
signal of the 1.5-kb form of the mammary tumors of lanes 9 and 10 are
similar to the monogenic control of lane 6. C: Genomic PCR confirmation of
Cre-dependent recombination. Genomic DNA isolated from the indicated
tumors or organs was subjected to PCR with primers flanking the floxed stop
signals. This resulted in a larger fragment (arrow) of 1 kb (top arrow) for
a nonrecombined transgene or a 0.2-kb fragment (bottom arrow) for a
Cre-mediated recombination event. Note the abundance of the 0.2-kb PCR
product in mammary tumors (mam tum) and bulbourethral gland tumors
(bugs) and weak lower band in KFS2MT6; MMTV-Cre7 bigenic liver and
pancreas.

cause Notch signaling has been implicated in pancreatic
differentiation and in pancreatic cancer,® we measured
RNA for Hes1, one target of Notch signaling (Figure 6B).
Compared with levels found in normal pancreas from
control or KFS2MT6 monogenic mice, Hes1 RNA was
elevated approximately 6-fold in pancreatic tumors and
2.5-fold in hepatomas but not in mammary gland tumors.
Thus, the activation of Notch signaling targets by com-
parable levels of PyMT is tissue dependent.

IRES-Dependent PyMT Protein Expression

PyMT protein expression was correlated with RNA levels
in the tumors of bigenic KFS2MT6 mammary gland, liver,
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Figure 6. RNA expression in KFS2MT6 monogenic and bigenic tissues and
tumors. A: PyMT RNA levels determined by Q-PCR are normalized to cyclo-
philin A RNA. MMTV-PyMT indicates average value of two independent
mammary tumors. Bug, bulbourethral gland tumors; lung met, single value
for a mammary-type tumor found in KFS2MT6; MMTV-Cre7 bigenic mouse
lung; mam tum, mammary tumor; sal gl, salivary gland. Average values are
shown. Error bars indicate standard deviations of values with three or more
tumors. Labels below tissue names indicate appearance of organ at collec-
tion. B: Relative Hesl and cyclophilin A RNA levels were determined by
Q-PCR and are displayed relative to normal tissues. Each value represents the
average of three to eight samples each from different mice. Filled bars
indicate average values for bitransgenic tissues from KFS2MT6; MMTV-cre7
for mammary gland tumors and KFS2MT6; K18CreER animals for pancreatic
tumors and livers.

and pancreas (Figure 7A). As expected from the RNA
levels, PyMT protein was much lower in KFS2MT6;
MMTV-Cre7 tumors than MMTV-PyMT mammary tumors
(Figure 7A, lane 2). Bigenic colon tissue had little or no
detectable PyMT protein despite very elevated levels of
RNA (Figure 6A). This suggests that the IRES of the
KFS2MT6 mRNA may not be used efficiently in colon. The
absence of PyMT protein in bigenic colon was consistent
with the absence of pathological effect.

Erk Activation in KFS2MT6; MMTV-Cre7
Mammary Tumors

PyMT expression is expected to stimulate Src, Ras, and
PI3’K signal transduction pathways. The activation states
of Erk1/2 were compared in tumors derived from
KFS2MT6; MMTV-Cre7 and MMTV-PyMT by Western
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Figure 7. A: PyMT protein expression in tumors. PyMT and B-tubulin were
detected by Western blot analysis. The filter was first reacted with PyMT
antibody then stripped and reprobed for tubulin. Twenty micrograms of
protein was loaded in each lane except for lane 2, which received 2 ug. The
tubulin exposure of lanes 6 to 10 was 5 minutes, whereas the remainder of
the image represents a 0.5-minute exposure of the same filter. The genotypes
of the animals from which the tissues were derived are shown at the bottom.
Neu 2-5, represents line MMTV-Neu""?=2% mg mammary gland; panc,
pancreas. B: Frozen mammary tumors and normal whole mammary fat pad
(mamma) were subjected to Western blot analysis. Genotype of the tissues is
indicated at the bottom. Each lane contains tissue or tumor protein from a
different animal. pErk1/2, phospho-Erkl and phospho-Erk2. pAkt, phos-
phorylated form of Akt. C: Liver and pancreatic tissues from KFS2MTG6 mice
with additional genes or treatment indicated below lane numbers. K18Cre
indicates presence of K18CreER transgene. OHT indicates 5-day treatment
with 5-hydroxy-tamoxifen. Note increased pAkt in bigenic KFS2MT6; K18Cre
liver (lanes 1, 2, 6, and 7) and increase pErk1/2 in bigenic KFS2ZMTO;
K18CreER in pancreas (lanes 10 to 12).

blotting. The relative levels of phosphorylated Erk1/2
were comparable in KFS2MT6; MMTV-Cre7 and MMTV-
PyMT tumors despite the 40-fold differences in PyMT
RNA (Figure 7B, lanes 1-4, 7, and 8). Phosphorylated
levels of Erk1/2 were surprisingly high in mammary fat
pads of monogenic KFS2MT6 females (Figure 7B, lanes 5
and 6). However, the abundance of nonepithelial tissue in
virgin whole mammary fat pad makes a direct compari-
son with tumor tissue potentially misleading. These re-

sults suggest that stimulation of Erk1/2 may be maximal in
mammary tumors and that further stimulation is not
achieved by higher expression of PyMT in MMTV-PyMT
tumors. As a surrogate for PI3’K activity, we measured
the degree of phosphorylation of Akt, a downstream tar-
get of PI3’K. P-Akt levels of KFS2MT6; MMTV-Cre7 tu-
mors were similar to MMTV-PyMT tumors.

PyMT Activation of Akt in Liver and Erk in
Pancreas

The phosphorylated forms of Erk1 and Erk2 were in-
creased in the livers of KFS2MT6; K18CreER bigenic
animals (Figure 7C, lanes 1, 2, 6, and 7) relative to normal
liver (Figure 7C, lanes 8 and 9). However, pErk1/2 were
also elevated in livers of tamoxifen-treated monogenic
KFS2MT6 mice approximately 2 weeks after termination
of drug treatment (Figure 7C, lanes 4 and 5). Either the
drug or the metabolism of the oil vehicle may stimulate
Erk1/2 phosphorylation independent of PyMT expression.
Erk2 was preferentially phosphorylated, relative to Erk1 in
liver and pancreas. In contrast to pErk2 elevation in
KFS2MT6 livers by tamoxifen treatment, pAkt levels were
elevated in four of five livers of bigenic animals (Figure
7C, lanes 1-3, 6, and 7). The levels of pAkt (Figure 7C,
lanes 10-12, 15, and 16) did not exceed normal pan-
creas (Figure 7C, lanes 17 and 18), even though pancre-
ata of four of five bigenic animals contained elevated
levels of pErk2. Elevated pErk1/2 levels in KFS2MT6;
MMTV-Cre7 mammary tumors and KFS2MT6; K18CreER
livers and pancreata are consistent with stimulation by
PyMT expression. However, pAkt levels in pancreas did
not reveal a sustained activation by PyMT expression.

Discussion

The extensive analysis of PyMT provides a firm molecular
foundation for understanding a potent oncogenic stimu-
lus independent of p53.27 The indistinguishable RNA ex-
pression profiles of mammary tumors caused by PyMT
and by activated Neu provides strong support for the
view that PyMT activates the same pathways as Neu and
ErbB3 signaling in the mammary gland.”?82° The re-
sponse of different epithelial tissues to PyMT expression
differed in regard to aggressiveness, metastasis, and
differentiated state. The differential induction of Hes1, a
Notch signaling pathway target, reinforces cell type-spe-
cific differences in response to PyMT. However, all tissue
that expressed elevated PyMT protein exhibited at least
premalignant changes. The histological similarity of
KFS2MT6; MMTV-Cre7 mammary tumors to previously
described PyMT mammary tumors occurs despite signif-
icantly less PyMT RNA expression.®®3! This may be due
to maximal activation of signaling pathways by overex-
pressed PyMT in both systems, as reflected by the similar
levels of pErk1/2 in both types of mammary tumors. How-
ever, KFS2MT6; MMTV-Cre7 tumors were more hetero-
geneous than MMTV-PyMT tumors with greater squa-
mous metaplasia. This pattern correlated with less



intense PyMT staining and was previously associated
with mammary tumors caused by the Wnt pathway.*° The
greater variation in tumor organization and PyMT expres-
sion may be, in part, due to the transcriptional stimulation
of the K18 gene by Ras pathway activation.® This po-
tential positive-feedback regulation may also support the
explosive pancreatic growth associated with OHT activa-
tion of KFS2MT6; K18CreER.

In pancreas, epithelial expression of PyMT resulted in
ductal and glandular dysplasia with extensive stromal
expansion and occasional acinar tumors. The abun-
dance of ductal structures appears similar to preinvasive
lesions caused by elastase-driven K-ras expression,®
Pdx1-Cre-induced K-ras expression,®® and pancreatic
expression of transforming growth factor-a in the pres-
ence of inactive p53.3* However, KFS2MT6; K18CreER
pancreatic lesions did not progress to invasive cancers
within the maximal 4-month life of the bigenic animals.
The pancreatic lesions contrast with the expression of
PyMT in pancreas by avian retrovirus delivery that re-
sulted in occult lesions unless they were combined with
Ink4a/Arf deficiency.®® These differences between the
KFS2MT6 and viral-delivered PyMT may be due to the
difference in cellular targets and higher sustained ex-
pression from the recombined KFS2MT6 vector. K18 is
expressed in acinar and ductal cells, whereas the repli-
cation-competent avian leukosis viral long terminal re-
peat with splice acceptor virus was targeted largely to
acinar cells by the elastase-driven TVA receptor.

The response of liver to PyMT was distinct from that of
both pancreas and mammary gland. Hepatomas formed
because of increased mitotic activity and increased cell
size. Portal tract deficiency was also consistent with a
neoplastic state. Expression of PyMT in liver, as in mam-
mary gland, did not stimulate the stromal response char-
acteristic of pancreas and prostate. Thus, the response
of liver to PyMT was neoplastic with secondary metabolic
or differentiated function alterations. The commonality
between the different responses of mammary gland, liver,
pancreas, and prostate may be an alteration in the state
of differentiation. The increase in pancreatic Hes1 RNA in
KFS2MT6; K18CreER animals is consistent with this idea.
Notch signaling controls Hes1 expression and Hes1 in-
hibits the differentiation of pancreatic progenitor
cells.*537 In pancreas, Notch signaling and targets like
Hes1 appear to mediate pancreatic metaplasia caused
by transforming growth factor-a stimulation of the Ras
signal transduction pathway.?® Thus, it is likely that Ras
pathway activation by PyMT may also cause acinar meta-
plasia through Hes1 expression.

In prostate, expression of PyMT from either the
KFS2MT6 or KFS2MT4 lines and activated by either
K18CreER or PB-Cre4 resulted in intraepithelial neoplasia
and remarkable desmoplastic response. However, the
PIN lesions progressed relatively slowly. Previously, ex-
pression of PyMT in prostate was associated with lethal
prostate cancer, and mammary and bronchioalveolar tu-
mors when driven by the C3(1) gene promoter.®® Expres-
sion levels of PyMT in this previous trial may have been at
significantly higher levels than achieved from the K18
gene vector. However, PyMT RNAs in affected prostates
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of KFS2MT6; MMTV-Cre7, KFS2MT6; PB-Cre4, or
KFS2MT4; PB-Cre4 males were only modestly lower than
KFS2MT6; MMTV-Cre7 mammary tumors. Thus, the slow
progression of prostate PIN may reflect an intrinsic, dif-
ferentiation state-dependent sensitivity and response to
PyMT.

Although PyMT binds PI3’'K and has been shown to
activate downstream Akt, we did not find evidence for
elevated pAkt in pancreas. The tissue-specific modula-
tion of pAkt may be mediated by particularly high protein
phosphatase 2A activity, by high PTEN activity, or by
more indirect mechanisms. Clearly, pancreas and liver
have distinct, integrated responses to PyMT expression.
PyMT has been investigated extensively because of its
transforming activity. However, PyMT does not cause
tumors in rodent hosts within the context of the normal
virus lifecycle.?” A variety of tumors arise only when high
titer virus is inoculated in newborn animals of certain
strains of mice. The normal function of PyMT to alter the
differentiated state of lung Clara cells to optimize virus
replication may also be reflected by the varied responses
of different epithelial cell types tested here.

We have shown previously that transgenic expression
of MMTV-driven Neu and vascular endothelial growth
factor have overlapping but not identical patterns of ex-
pression within mammary epithelial cells.?® In combina-
tion with MMTV-Cre7, KFS2MT6 may be of particular
value for the evaluation of mammary tumor cell autono-
mous effects of any floxed gene. In addition, the rapid
kinetics of pancreatic lesions in KFS2MT6; K18CreER
mice after OHT treatment may make this model attractive
for a number of applications.
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