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VEGF contributes to mammary tumor growth
in transgenic mice through paracrine and

autocrine mechanisms
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Vascular endothelial growth factor (VEGF) has been identified as a vascular permeability factor, angiogenic
cytokine, and a survival factor. To address its role in mammary carcinogenesis, we used transgenic mice with
human VEGF,¢ targeted to mammary epithelial cells under the control of the mouse mammary tumor virus
(MMTV) promoter. Metastatic mammary carcinomas were induced by mating the MMTV-VEGF mice with MMTV-
polyoma virus middle T-antigen (MT) mice to generate VEGF/MT mice. Tumor latency was decreased in the
VEGF/MT mice, which developed mammary carcinomas with increased vasodilatation at 4 weeks of age. There
was increased incidence, multiplicity, and weight of the mammary tumors in 6- and 8-week-old VEGF/MT mice,
compared to their MT-only littermates. Macro- and microscopic lung metastases were detected in the VEGF/MT
mice but not the MT mice at 6 and 8 weeks of age. Enhanced tumor growth was attributed to increased
microvascular density (MVD), as well as increased tumor cell proliferation and survival. Angiogenesis array
analysis showed that 24 of 25 differentially expressed genes were upregulated in the VEGF/MT tumors. In vitro
studies revealed increased proliferative activity and upregulation of Flk-1 in the VEGF/MT tumor cells,
compared with the MT-only tumor cells. Moreover, there was decreased proliferative activity with down-
regulation of Flk-1 in tumor cells isolated from conditional knockout (VEGF~-) MT-induced mammary
carcinomas. The slow growing VEGF '~ tumor cells were accumulated in the G,/G, phase of the cell cycle and
this was associated with stimulation of p16"™¢* and p21WA"'. Similarly, p16™** was stimulated in VEGF'*"*X/MT
mammary tumor cells following Adeno-cre-mediated VEGF gene inactivation. Collectively, the data from these
transgenic models indicate that VEGF contributes to mammary tumor growth through increased neovascular-
ization, as well as autocrine stimulation of growth and inhibition of apoptosis.
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Angiogenesis is essential for development, repro-
duction, and wound healing. When the regulatory
control is lost, angiogenesis can contribute to
numerous pathological conditions such as rheuma-
toid arthritis, neovascular disorders, and tumori-
genesis. Folkman [in 1971]"? first introduced the
hypothesis that tumor growth is angiogenesis-
dependent. This hypothesis has been supported by
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numerous lines of evidence suggesting that angio-
genesis allows for almost exponential growth of
tumor cell populations. Angiogenesis is also an
essential component of tumor metastasis.®> The
extent of angiogenesis, as determined by measure-
ment of microvascular density (MVD), is signifi-
cantly associated with overexpression of Vascular
endothelial growth factor (VEGF).* VEGF is over-
expressed in human breast cancer® and is an
independent indicator of relapse-free and overall
survival in node-negative breast cancer.®

VEGF was first discovered as a potent vascular
permeability factor,” and subsequently as a vascular
endothelial cell mitogen® and a survival factor,” It is
a ligand for the tyrosine kinase receptors, Flt-1, Flk-
1/KDR, and the VEGF,s; isoform-specific receptor,



neuropilin-1 ((Nrp-1).">** A critical role of VEGF
receptor signaling in blood vessel development was
confirmed through targeted disruptions of VEGF or
its cognate receptors in mice. Embryos lacking a
single allele of VEGF displayed abnormal blood
vessel development and lethality." Also, homo-
zygous deletion of Flt-1 or Flk-1 prevented normal
vascularization and embryonic development.*®**

Initially, VEGF was believed to act exclusively on
endothelial cells. Later, it was found to stimulate
migration, proliferation, and survival of none-
ndothelial cells, including monocytes,'® neurons,*®
chondrocytes,'” retinal epithelium,' and smooth
muscle cells.” The identification of VEGF receptor
expression in carcinoma cell lines**** and in a
variety of solid tumors®**~*® has generated interest in
proposed autocrine functions of VEGF in cancer. To
evaluate the effects of VEGF on mammary carcino-
genesis and metastasis, we used transgenic mice
with targeted expression of hVEGF,s; or MMTV-
polyoma virus middle T-antigen (MT) to mammary
epithelial cells through the use of the mouse
mammary tumor virus (MMTV) promoter. The MT
mouse has been shown to be valuable for the study
of multistep progression of mammary lesions to
malignancy and metastasis.***”

Materials and methods
Generation of MMV-VEGF Transgenic Mice

Judy Abraham (California Biotechnology) kindly
provided human VEGF,s; (hVEGF65) used in the
construction of the MMTV-VEGF (VEGF) transgenic
mouse line. BamHI was employed to release a
605bp fragment containing the coding sequence,
which was cloned into the expression vector
pSKMMTV-SVPA (provided by Randall Moreadith).
This vector contained the MMTV-LTR promoter,
derived from plasmid pA9,*® as well as the SV40
polyadenylation site and the splicing signal. The
plasmid LA790 (obtained from Bill LaRochelle) was
the source of the 4.7kb Xhol-Spel expression
fragment, which was used for microinjection into
FVB single-cell embryos as described by Jhappan et
al’® None of the founders showed phenotypic
abnormalities. The founder (MV15) with the highest
VEGF expression in mammary glands was selected
to generate all subsequent mice for the mammary
carcinogenesis study. The MMTV-MT (MT) mice
were kindly provided by William ] Muller (McMas-
ter University). They develop spontaneous meta-
static mammary carcinomas and have been
described in detail by Guy et al.*® The VEGF and
MT transgenic mouse lines were maintained as
hemizygotes through brother-sister mating on a
FVB/N background. They were crossed to create
the double transgenic VEGF/MT line. Subsequent
breeding within this new line involved the mating of
a hemizygous VEGF female with a hemizygous MT
male. The transgenes were passed in a Mendelian
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fashion with the resulting genotypes as follows:
wildtype (WT); VEGF single transgenic; MT single
transgenic; and VEGF/MT double transgenic. Trans-
genic offsprings were identified by PCR analysis of
genomic DNA from tail clippings, using transgene-
specific primers. All animals were cared for and
maintained in accordance with the National Insti-
tutes of Health (NIH) animal care guidelines. The
development of mammary carcinomas with VEGF
gene inactivation (VEGF~'") was accomplished
through mating of MMTV-MT/VEGF'">*'°* mice with
MMTV-Cre/VEGF''** mice. The VEGF Lox mice
were provided by Napoleone Ferrara (Genentech)
and the MMTV-Cre mice by Lothar Hennighausen
(NIDDK, NIH). Of the 24 offsprings produced by the
eight mating pairs used, only one tumor-bearing
female displayed the VEGF '~ genotype. Therefore,
a tumorigenesis study could not be performed.
Palpable mammary tumors were first detected in
the VEGF~'~ mouse at 6 months of age. The mouse
was euthanized at nine months of age and had six
mammary tumors, three of which were of sufficient
size for obtaining samples.

Sample Collection and Mammary Gland
Whole-Mount Preparation

All mice used in the tumor study were killed
according to the NIH animal care guidelines. Blood
was collected in serum-separation tubes (SST®,
Becton-Dickerson, Franklin Lake, NJ, USA USA),
held on ice for 30min, and then centrifuged at
1500 g for 25 min. The serum samples were stored at
—70°C until analyzed for mouse and transgenic
human VEGF levels. All tumors were excised,
weighed, and rinsed in phosphate-buffered saline
(PBS). Tumors arising in the right and left inguinal
mammary glands (R4, L4) of the VEGF overexpres-
sing mice were used for RNA isolation and im-
munohistochemistry. Three of the VEGF~~ tumors
were used for histology and RNA isolation. In
addition, two of the three VEGF~/~ tumors were of
sufficient size to also allow harvesting of tumor cells
for in vitro studies. Samples destined for immediate
RNA analysis were placed in RNAlater™ (Ambion,
Austin, TX, USA); others were snap-frozen in liquid
nitrogen. Tissues for immunohistochemistry were
either fixed in 10% buffered formalin or placed in
Tissue-Tek® O.C.T.™ compound (Sakura, Torrance,
CA, USA) and frozen in a 2-methylbutane/dry ice
slurry. The lungs of all tumor-bearing mice were
inflated in situ through the trachea, using 10%
buffered formalin. Four hemotoxylin and eosin
(H&E)-stained cross-sections of the lungs, cut
50 um apart, were used to enumerate micro- and
macrometastases.

For mammary gland whole-mount preparations,
the inguinal mammary glands were surgically
removed and spread on glass microscope slides.
After fixation in Carnoy’s solution, the glands were
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hydrated and stained with Carmine Red, dehy-
drated, and mounted as described previously.*°
Mammary glands, excised from 4-week-old MT and
VEGF/MT mice for visualization of the vascular tree,
were processed according to the whole-mount
procedure described above with the following
modifications: mice were anesthetized with an
intraperitoneal injection of a ketamine:xylazine
solution (0.5mg/20g body weight) and the blood
vessels were cauterized prior to excision of the
mammary glands. The mounted glands were fixed
overnight in 2% paraformaldehyde. After proces-
sing, all whole mounts were examined using a
stereomicroscope (Nikon SMZ1200) affixed with a
digital camera (Nikon DXM1200) and related ACT-1
computer software.

Northern Blot Analysis and RT-PCR

Total RNA from normal tissues, tumors, and cul-
tured cells was prepared using RNA-Bee according
to the manufacturer’s instructions (Tel-Test, Friends-
wood, TX, USA) and treated with DNA-free™
(Ambion, Austin, TX, USA) to remove contaminat-
ing DNA. Northern blot analysis was performed on
10 ug of total RNA, which was subjected to 1%
formaldehyde agarose gel electrophoresis and trans-
ferred to a nylon membrane (Schleicher and
Schuell, Keene, NH, USA). Membranes were rinsed
in 2 x SSC, partially dried, crosslinked, and stored
at —20°C until hybridized with a 391 bp fragment of
the transgenic VEGF.s; construct, containing a
portion of the polyA tail. Total endogenous mouse
and transgenic VEGF were detected using a 352bp
fragment containing exon 1 to exon 4 of mouse
VEGF. All probes were randomly labeled with **P
using RediPrimell (Amersham Biosciences, Piscat-
away, NJ, USA) and hybridized in Express Hybridi-
zation solution (Clontech, Palo Alto, CA, USA). The
resulting bands were visualized by exposure to
Hyperfilm™ MP (Amersham Biosciences, Piscat-
away, NJ, USA) at —70°C. For RT-PCR analysis,
first-strand ¢cDNA was synthesized from 2.5 pug of
oligo(dT) primed total RNA wusing Superscript™
First-Strand Synthesis System (Life Technologies,
Rockville, MD, USA). PCR amplification of cDNA
for all fragments was performed with PCR Platinum
Supermix (Life Technologies, Rockville, MD, USA)
using 2 ul of the first-strand cDNA reaction and the
following primers:

Antisense
cct gt tge tga tec aca tc

Gene  Sense

p-actin gca ttg ctg aca gga tgc ag
CD31 gtc atg gcc atg gtc gag tac a ttc gga ctg gca gct gat gc
CD34 gct ggg tag ctc tct gec tga t acc ctg gge caa cct cac tt
Flk-1  agc ttg gct cac agg caa cat cgg tgg ccc get taa cgg tcc gta gg
total ccc tee gaa acc atg aac ttt ggc ttt ggt gag gtt tga tcc
VEGF

human gat gag atc gag tac atc ttc
VEGF

ttg gag gag tag aat gtt gag
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Semiquantitative PCR analysis of first-strand
cDNA was accomplished by terminating the reac-
tions at three different cycle numbers within the
logarithmic phase of amplification and normali-
zation to fi-actin. PCR apoptosis detection kit (Cyto-
Xpress™, BioSource International, Inc., Camarillo,
CA, USA) was used to determine RNA expression
of four apoptosis-related genes (LICE, bcl-2, bax,
bcl-xL).

Angiogenesis-specific gene expression was ana-
lyzed in pooled RNA samples of MT and VEGF/MT
tumors using the GEArray™ Q series mouse angio-
genesis array (SuperArray, Bethesda, MD, USA).
The pooled samples consisted of 5 ug of total RNA
from six primary MT tumors and six VEGF/MT
tumors. Prior to the pooling of the tumor samples,
2 ug of RNA were run on an agarose-formaldehyde
gel to ensure RNA integrity. The pooled samples
were quantitated, and analyzed by agarose-formal-
dehyde gel electrophoresis prior to **P labeling
and hybridization according to the manufacturer’s
instructions.

Immunohistochemistry and VEGF Assays

To visualize tumor microvasculature, frozen, etha-
nol fixed, MT and VEGF/MT tumor sections were
incubated overnight at 4°C with and without rat
anti-mouse CD31 monoclonal antibody (BD Phar-
mingen, San Diego, CA, USA) at 0.5 pg/ml, followed
by the use of a rat IgG VECTASTAIN® Elite ABC kit,
DAB, and methyl green (all from Vector Labora-
tories, Burlingame, CA, USA). MVD was determined
in 10 microscopic fields (magnification x 400) in
each of five MT-only tumors and six VEGF/MT
tumors, selecting the areas with the highest MVD
within each tumor. Serial sections of formalin-fixed,
paraffin-embedded tumor sections from nine MT
and nine VEGF/MT mice were evaluated for histo-
pathology (hemotoxylin and eosin (H&E) staining),
apoptosis, proliferation, and Flk-1 expression. Tu-
morTACS™ In situ Apoptosis Detection Kit (Trevi-
gen, Gaithersburg, MD, USA) was used to detect
apoptotic cells and ImmunoCruz™ proliferating cell
nuclear antigen (PCNA) staining system (Santa Cruz
Biotechnology, Santa Cruz, CA, USA) to detect
proliferating cells. Care was taken to count exclu-
sively apoptotic and proliferating tumor cells. The
cells were counted in 15 microscopic fields per
tumor at a magnification x 400. For immunostain-
ing of Flk-1, sections were incubated overnight at
4°C with or without a mouse monoclonal Flk-1
antibody (A-3, 200 ug/ml) (Santa Cruz Biotechno-
logy, Santa Cruz, CA, USA), using 2 ug/ml of the
Mouse on mouse (M.O.M.) immunodetection Kkit,
followed by goat IgG Vectastain ABC kit and
incubation with DAB or NovaRed™ (all from Vector
Laboratories, Burlingame, CA, USA).

Mouse and human VEGF were quantitated in
serum samples, lysates of mammary glands, and



cultured tumor cells, using Quantikine®™ mouse and
human VEGF immunoassay kits (R&D Systems,
Minneapolis, MN, USA) according to the manufac-
turer’s instructions. Total protein concentration was
determined by the BCA protein assay kit (Pierce,
Rockford, IL, USA).

In Vitro Studies

MT, VEGF/MT tumors, as well as MT-induced
tumors arising in VEGF */* and VEGF~'~ mammary
glands were removed aseptically, minced, and
seeded in Primaria™ tissue culture flasks (Becton
Dickinson, Franklin Lakes, NJ, USA) to suppress
fibroblast growth. Tumor cell outgrowths that dis-
played epithelial morphology, were harvested by
trypsinization and cultured on Lab-Tek glass slides
(Nalge Nunc International Corp. Naperville, IL,
USA) and used at passages 1-3. The cells were
fixed in 4% formaldehyde, and incubated with
mouse cytokeratin 18 (CK-18) monoclonal antibody
(0.5 ug/ml; Chemicon, Temecula, CA, USA) to verify
epithelial origin of the tumor cells. To find out if the
cultures were contaminated with endothelial cells,
they were stained with CD31 antibody (0.5 ug/ml;
BD Pharmingen, San Diego, CA, USA). M.O.M.
immunodetection kit was used to detect CK-18 and
rat CD31anti-mouse monoclonal antibody (BD Phar-
mingen, San Diego, CA) to detect CD31, followed by
the use of the appropriate Vectastain ABC kits and
DAB as described above. Flk-1 expression was also
examined, using the same mouse monoclonal Flk-1
at 2 ug/ml as described above. Proliferative activity
of the MT, VEGF/MT, and VEGF '~ tumor cells was
measured using a BrdU cell proliferation ELISA
(Roche Diagnostics Corporation, Indianapolis, IN,
USA). Total RNA was isolated from semiconfluent
cultures of MT/VEGF"°x (VEGF*’*) and (MT/
VEGF /") tumor cells. A measure of 0.5pug/ml of
RNA were subjected to RT-PCR analysis of CD31,
Flk-1, and human VEGF, using the primers listed
above. Western blot analysis of Flk-1 expression
was carried out on 150 ug of protein lysates from
confluent monolayers of passage 1 tumor cells
isolated from one MT only tumor and two VEGF/
MT tumors, using 40 ug of human dermal micro-
vascular endothelial cells (HDMVEC) as a positive
control. PVDF membrane was used for protein
transfer and hybridized with Flk-1 antibody (1 ug/
ml) (C-1158, Santa Cruz Biotechnology, Santa Cruz,
CA, USA). The membranes were then stripped and
rehybridized with p-actin**, which served as a
loading control. The signal was visualized using
HRP-conjugated secondary antibody and the Amer-
sham Pharmacia enhanced chemiluminescence
detection system according to the manufacturer’s
instructions. Western blot analysis was similarly
carried out on p16™%® (p16) and p21WA™ (p21)
expression by the VEGF*/* and VEGF~'~ tumor
cells, using rabbit polyclonal p16 (2 pg/ml) and p21
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(2 pug/ml) antibodies from Santa Cruz. Cell cycle
analysis was carried out on passage 3 VEGF /" and
VEGF~'~ tumor cells. The cells were stained with
propidium iodide and subjected to FACS (Becton
Dickinson) using Cell Quest 3.2 (Becton Dickinson)
software.

Statistics

The data sets for comparison of MT with VEGF/MT
were subjected to a two-tailed unpaired t test using
GraphPad Prism (GraphPad Software Inc., San
Diego, CA, USA). Pearson’s correlation was also
performed on GraphPad Prism software using either
a one-tailed or two-tailed analysis depending upon
solid a priori knowledge of association. The 0.05
level of probability was used as the minimum
criterion of significance for all statistical tests.

Results

VEGF Transgenic Mice Appear Phenotypically
Normal

Transgenic hVEGF,,s was placed into the
pSKMMTV-SVPA expression cassette to direct
transgene expression to mammary epithelial cells
(Figure 1a). Northern blot analysis of transgenic
hVEGF4; expression was limited to female mice
because only females were employed in the present
mammary carcinogenesis study. Strong hEGF165
signal was detected in mammary gland and low
levels were also observed in the salivary glands,
lungs, and spleen (Figure 1b). Expression in those
organs was comparable to that reported previously,
using the MMTV-LTR promoter to drive expression
of a variety of transgenes.?®*'~*> MMTV-VEGF mice
described previously showed evidence of VEGF
overexpression in the testis and epididymis, that
resulted in infertility.*®* However, heterozygous male
VEGF mice of the present transgenic model showed
no signs of impaired fertility. The dissimilarities
between the two MMTV-VEGF mouse models are
most likely due to difference in the number and/or
location of genomic integration, which are believed
to have significant impact on both the level and
organ site of transgene expression. Heterozygous
female VEGF mice showed no signs of develop-
mental defects, increased morbidity, or impaired
reproductive function. Moreover, histological exam-
ination of H&E-stained sections of all major organs
did not reveal abnormalities. The frequency of
spontaneous neoplasia was not higher in the VEGF
mice than their WT littermates during a 2-year
observation period (data not shown). Measurements
of mouse and human VEGF protein levels in the
mammary glands showed variable levels at 6 and 8
weeks of age (Figure 1c). There was a significant
increase in the median muVEGF protein levels from
6-week-old (90.7 + 8.1 pg/mg protein) to 8-week-old
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Figure 1 Generation and characterization of MMTV-VEGF mice. (a) schematic representation of the MMTV-LTR driven hVEGF,4;
transgene construct. hVEGF 45 (605 bp), bounded by BamHI restriction sites, was ligated to a BglII site present in expression vector. The
loss of the restriction sites following ligation of BamHI to Bglll is denoted as XX. See Materials and methods for details. Transgene
expression levels and tissue specificity were determined by Northern analysis using the 391 bp transgene-derived probe as indicated by
the double-ended arrow. (b) Multiple-tissue Northern blot analysis of hVEGF,ss expression in multiple organs of an 8-week-old
hemizygous female mouse; 28S band was used as loading control; * reproductive (repro) organs included uterus, uterine horns, and

ovaries. (c) Endogenous mouse (left panel) and transgenic human VEGF,¢; (right panel) in mammary gland lysates from 6- and 8-week-
old female mice. (d) Mammary gland whole mounts with lymph nodes (LN) of WT and VEGF mice at 6 weeks of age. Representative

proliferating terminal end buds (TEBs) are indicated by *.

Laboratory Investigation (2005) 85, 608—623

VEGF



2 0.5 p <0.0001
k] 1
D 0.4- T
s
= 0.3 1 <005
E 0.2
2 T
= 4
s 0.1
Y —
= 0.0 ——
MT VEGF/MT MT VEGF/ MT
6 weeks 8 weeks
b 6 weeks 8 weeks
MT VEGF/MT MT VEGF/ MT
number of mice 5 6 8 7
incidence 80% 100% 88% 100%
multiplicity® 350+064 933+033" 420+087 9.40+ 057"
mean weight(g)? 0.02+0.01 0.13+0.03° 0.08+002 036+005™
mean burden (g)2 0.11+004 1.21+030° 038+009 353+064"
metastasis (%) 2° 0% 33% 0% 100%
c Mouse VEGF Transgenic VEGF g5
1000+ 70.000
g i E 60000 .
$ 7501 @ 50000
E E
= = 40000
& 500 & .
it . . . W 30000 .
> a >
2 250 . 2 200001 .
) a R i . -
O N 10 000 . .
0 o Apa hid . i
WT MT VEGF VEGF/MT VEGF/MT
8 weeks 6wk 8wk

Figure 2 Transgenic hVEGF,s; expression in mouse mammary
epithelial cells results in accelerated development of mammary
carcinomas and lung metastases at 6 and 8 weeks of age. (a) Mean
tumor weight of 6-week-old (n=5) and 8-week old (n=8) MT
mice and 6-week-old (n=6) and 8-week-old (n=7) VEGF/MT
mice. (b) Tumor incidence, tumor multiplicity, mean tumor
weight, mean tumor burden, and percentage (%) of mice with
lung metastases. *Represents tumor bearing animals only and
brepresents both micro- and macroscopic lung metastases. Data
are shown as means +s.e. Significant differences between the MT
and VEGF/MT groups (*P<0.05, **P<0.001, ***P<0.0001. (c)
Mouse VEGF serum levels in WT, MT, VEGF, and VEGF/MT mice
at 8 weeks of age (left panel). Transgenic hVEGF, 45 serum levels in
6- and 8-week-old VEGF/MT mice (right panel).

(229.9+19.9 pg/mg protein) mice (P<0.0001). The
age-related increase is consistent with the continued
branching in the mature virgins due to gonadal
hormonal effects on mammary gland development.®”
While a trend toward increasing median transgenic
hVEGF,ss levels was observed from 6-week-old
(515.7 +£80.9 pg/mg protein) to 8-week-old (1004.0 +
239.7 pg/mg protein) mice, it was not statistically
significant. No statistical difference in endogenous
mouse VEGF protein levels was detected between
the transgenic mice and their WT littermates (data
not shown). Since the role of VEGF in mammary
development was not the focus of the present study,
the analysis was limited to examination of the H&E-
stained histological sections and whole mounts of
mammary glands obtained from virgin mice at
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different ages. Microscopic examination revealed
no apparent difference in the histology or neovas-
cularization of virgin mammary glands from VEGF
and WT mice (not shown). Also, whole mounts of
mammary glands from 6-week-old WT and VEGF
mice showed comparable number and prominence
of the terminal end buds in the developing gland
(Figure 1d). It is intriguing that the 5—6-fold increase
in total mammary VEGF levels had no apparent
effects on mammary gland development of virgin
mice or fecundity of dams following multiple round
of pregnancies. However, these preliminary devel-
opmental studies of virgin mice do by no means rule
out that elevated VEGF levels may affect further
mammary gland development and function during
pregnancy and lactation.

VEGF/MT Mice Display Accelerated Mammary Tumor
Growth and Metastatic Development

At 4 weeks of age, palpable mammary tumors were
detected in the VEGF/MT mice when only micro-
scopic mammary hyperplasia was observed in the
MT littermates. Since palpable tumors were not
detectable in the 4-week-old MT mice and the
VEGF/MT mice became moribund due to large
tumor burden after 8 weeks of age, 6- and 8-week-
old tumor-bearing mice were selected for further
investigation. The mean tumor weight was signifi-
cantly greater in the VEGF/MT mice than the
MT-only littermates at both 6 weeks (0.13+0.03g
vs 0.024+0.01g; P<0.05) and 8 weeks of age
(0.36+0.05g vs 0.08+0.02g; P<0.0001) (Figure 2a
and b). By 8 weeks of age, 100% of the VEGF/MT
mice and 88% of the MT only mice possessed
palpable mammary tumors (Figure 2b). The number
of tumors per mouse (multiplicity) was significantly
higher in the VEGF/MT mice than the MT mice at
both 6 weeks (9.334+0.33 vs 3.50+0.64; P<0.0001)
and 8 weeks of age (9.40+0.57 vs 4.20+0.87;
P=0.0003). Overall, the mean tumor weight of the
VEGF/MT mice was 5.5-fold higher than the MT
mice at 6 weeks and 4.5-fold higher at 8 weeks
of age. Owing to higher tumor multiplicity and
increased mean tumor weight of the VEGF/MT mice,
their mean tumor burden was approximately 10- and
9-fold greater at 6 and 8 weeks of age, respectively,
than that of the MT-only littermates (Figure 2b).
Owing to the high tumor multiplicity in the VEGF/
MT mice, we decided to measure mouse and
transgenic VEGF in serum of the tumor-bearing
mice. This would indirectly assess the total amount
of transgenic VEGF produced by the tumors. The
mouse VEGF serum levels at 8 weeks of age were
unaffected by the presence of the VEGF,¢; and the
MT transgene, either individually or in combination
and they were variable in all groups (Figure 2c).
Interestingly, the highest mouse VEGF (807.9 pg/ml)
serum level was detected in a MT-only mouse. This
data point appears to be an outlier when compared
to other individual values; however, the total tumor

613

Laboratory Investigation (2005) 85, 608—623



@ VEGF effect on mammary tumors in transgenic mice
DJ Schoeffner et al

VEGF/ MT

MVD: 4.88+0.54 MVD: 11.68 =0.54

c MT VEGF/ MT

PCR cycles

CD31

CD34

p-actin

Laboratory Investigation (2005) 85, 608—623



burden (0.74 g) of this particular mouse was twice
that of the mean tumor burden (0.38 g) for MT mice
of the same age. As expected, transgenic hVEGF 45
protein was undetectable in serum by ELISA in the
MT-only mice at 8 weeks of age (data not shown).
The average serum level of hVEGF 45 at 8 weeks of
age was 892+763 pg/ml in the VEGF mice (Figure
1c), but increased on average 260-fold in tumor
bearing VEGF/MT mice (Figure 2c). This presum-
ably reflects the large amount of transgenic
hVEGF 45 released from the tumors into the systemic
circulation and it stresses the power of MT to drive
transgenic expression in the tumor environment.
RT-PCR analysis of transgenic hVEGF expression
was carried out on RNA from tumors removed from
the R4 and L4 mammary glands of all the animals.
Although there was positive correlation between the
transgenic hVEGF serum levels and the total tumor
burden, a correlation was not found between the
VEGF RNA levels and tumor weight of individual
tumors (not shown). Since the tumors in the 6- and
8-week-old mice generally occupied the entire
mammary glands, it was not possible to compare
VEGF expression levels between the tumors and the
adjacent non-neoplastic mammary glands. As stated
in the Materials and methods section, an attempt
to obtain mice with VEGF~/~ mammary tumors for
tumorigenesis study was unsuccessful because
only one tumor-bearing female mouse displayed
the VEGF~/~ genotype. Nevertheless, the VEGF /'~
tumors were useful to evaluate the effects of VEGF
gene inactivation on tumor cell apoptosis and
growth.

Transgenic hVEGF,s; had striking accelerating
effect on metastatic capability of the MT-induced
mammary carcinomas. At 6 weeks of age, 33% of
the tumor-bearing VEGF/MT mice had micro- and
macroscopic lung metastases, which increased
to 100% by 8 weeks of age (Figure 2b). Although
MT is known to induce metastatic mammary
carcinomas,”® the 6- and 8-week experimental
periods were clearly too short for the development
of lung metastases.

Histopathology and Neovascularization of Mammary
Carcinomas

Macrosopic tumors were detected only in the VEGF/
MT mice at 4 weeks of age. Unstained mammary
whole mounts from MT and VEGF/MT mice showed
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prominent blood-filled vascular tree in the tumor-
containing VEGF/MT mammary glands but not the
MT-only glands with hyperplastic mammary lesions
(Figure 3a, top). H&E-stained sections of the same
mammary whole mounts revealed marked vasodila-
tation in the VEGF/MT tumors (Figure 3a, bottom).
This finding suggests that the dilated blood vessels
carried increased amount of nutrients and conse-
quently provided growth advantage to the early
mammary tumors of the VEGF/MT mice. Micro-
scopic examination of the mammary tumors from
6- and 8-week-old VEFF/MT and MT mice displayed
adenocarcinomas with glandular and solid growth
patterns as described previously*® (not shown). The
basic growth patterns and differentiation status were
comparable in both genotypes but there was more
pronounced stroma in the VEGF/MT tumors. Neo-
vascularization was quantitated in CD31-stained
frozen tumor sections from 8-week-old VEGF/MT
and MT mice. The mean MVD in the VEGF/MT
tumors was 11.69+0.54 or 2.4-fold higher than the
mean MVD of 4.88+0.54 in the MT-only tumors
(Figure 3b). Neovascularization was indirectly as-
sessed by RT-PCR analysis of CD31 and CD34 RNA
expression. Using three different numbers of cycles,
CD31 was upregulated 68% in the VEGF/MT tumors
and CD34, which is more specific for tumor vascular
endothelial cells, was upregulated 90% (Figure 3c).

Upregulation of Multiple Angiogenesis-Related Genes
in the VEGF/MT Mammary Tumors

To investigate if the elevated VEGF levels and
increased MVD were reflected in upregulation of
angiogenesis-associated genes, GEArray™ (Q series
mouse angiogenesis array was carried out on VEGF/
MT and MT-only tumors (Table 1). Owing to known
variability in transgene expression between any
given tumors, the array hybridization was performed
with pooled RNA samples (6 per group) and the
criteria for significance was set at a 2-fold alteration.
Among the 96 genes on the array, 25 genes were
differentially expressed, of which 24 were upregu-
lated and one (midkine) was downregulated in the
VEGF/MT tumors. Total VEGF expression was
increased 3.39-fold in the VEGF/MT tumors but
the analysis of mouse VEGF expression was not
possible due to the extensive homology between the
human VEGF and mouse VEGF ¢cDNA bound to the
array. The 3.66-fold increase in RNA expression of

<

Figure 3 Increased vasodilatation and mean vascular density (MVD) in VEGF/MT tumors. (a) Representative unstained mammary gland
whole mounts show prominent vascular tree only in the early VEGF/MT mammary tumor at 4 weeks of age (n=3 per group) (upper
panels). Representative H&E-stained sections show more prominent microvessels in the VEGF/MT than the MT-only early lesions (lower
panels). (b) CD31 immunostaining of frozen tumor sections and MVD of the MT and VEGF/MT mammary carcinomas. Blood vessels were
counted in ten microscopic fields (magnification x 400) in each of five MT-only tumors and six VEGF/MT tumors; P<0.0001 (Student’s
t-test). (c) RT-PCR analysis of two endothelial markers, CD31 and CD34, in representative mammary carcinomas from two 8-week-old MT
and two VEGF/MT mice. Triangles indicate increasing cycle numbers for CD31and CD34 (24, 27, 30) and f-actin.*>***® The mean fold
increase in gene expression in the VEGF/MT relative to the MT-only tumors after normalization to f-actin was 1.7 for CD31 and 1.9 for

CD34.
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Table 1 Angiogenesis-related genes upregulated in tumors of VEGF/MT transgenic mice

UniGene Genebank Description Gene name Gene/B-actin (optical density) Fold t
Mm.3425 NM 007426 Mus musculus angiopoietin 2 (Agpt2) angiopoietin 2  — N 1.58
Mm.21767 NM 009868 Mus musculus cadherin 5 (Cdh5), cadherin 5 | ———— 4.14
Mm.7978 NM 010109 Mus musculus ephrin A5 (Efnas) Ephrin A receptor [ 1.72
Mm.4005 NM 010111 Mus musculus ephrin B2 (Efnb2) Ephrin B2 [ 1.50
Mm.34533 NM 010144 Mus musculus Eph receptor B4 (Ephb4) Ephrin B4 | ] 1.68
erb-2 U71126 Mus musculus erbB2 erb-2 —)] 1.50
Mm.14115 NM 011808 Mus musculus v-ets avian virus E26 oncogene homolog 1 (Ets-1) c-etsl | — 1.96
Mm.154768  NM 030614 Mus musculus fibroblast growth factor 16 (Fgf16) FGF16 [ ] 1.51
Mm.3157 M33760 Fibroblast growth factor receptor 1 FGFR1 (FLG) o—} 1.61
Mm.4912 NM_008011 Mus musculus fibroblast growth factor receptor 4 (Fgfr4) FGFR4 | ———| 1.59
Mm.3879 NM 010431 Mus musculus hypoxia inducible factor 1, alpha subunit (Hif1z) Hif1z [ 2.11
Mm.285 X59397 Kinase insert domain protein receptor (Flk-1) Flk-1 [ —] 3.11
Mm.4622 NM 009257  Mus musculus serine protease inhibitor 7 (Spi7) maspin = ——"| 1.84
Mm.27448 NM 008737 Mus musculus neuropilin (Nrp) neuropilin  o—— 1.98
Mm.12837 NM 008713  Mus musculus nitric oxide synthase 3, endothelial cell (Nos3) NOS3 | — 1.51
Mm.321 NM 009263  Mus musculus secreted phosphoprotein 1 (Spp1) osteopontin N | 2.37
Mm.2822 NM 008816 Mus musculus platelet/endothelial cell adhesion molecule (Pecam) CD31 [ | 3.66
Mm.4809 NM 008827 Mus musculus placental growth factor (Pgf) PIGF === 1.57
Mm.35439 NM 009242 Mus musculus secreted acidic cysteine rich glycoprotein (Sparc) SPARC [ — 1.50
Mm.1291 M32745 Transforming growth factor, beta 3 TGFf3 | —— 1.97
Mm.197552 D28526 Mus musculus transforming growth factor, beta receptor I (Tgtbrl)  TGFBR1(ALK-5) = 1.67
Mm.4345 X73960 Tyrosine kinase receptor 1 Tiel  E— 2.04
Mm.1810 NM 010217 connective tissue growth factor Tissue factor mt— | 3.14
Mm.31540 M95200 Vascular endothelial growth factor VEGF —_— 3.39

T
1 2 3 4 5

O -

Data derived from GEArray™ Q series mouse angiogenesis array by hybridizing 5 ug of pooled RNA samples (n=6 per group) from MT tumors (light) and VEGF/MT tumors (dark). Analyzed with
LumiAnalyst 3.1 and normalized to f-actin.
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Figure 4 Overexpression of VEGF modulates proliferative and
apoptotic activities in mammary tumors. (a) The average number
of PCNA-positive (left panel) and apoptotic (right panel) tumor
cells were determined in nine MT and nine VEGF/MT tumors of
8-week-old mice, as well as three VEGF~-/MT from a 9-month-
old mouse. Data represent means+s.e., *P<0.05. (b) Multiplex
RT-PCR of several apoptosis-related genes in one MT and three
VEGF/MT mammary tumors (left panel). Gene expression levels
after normalization with GAPDH (right panel). The numbers in
parentheses represent the fold increase in gene expression in the
VEGF/MT tumors relative to the MT tumors.
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Figure 5 Flk-1 is upregulated in the VEGF/MT tumors and down-
regulated in VEGF~/~ tumors. (a) RT-PCR analysis of total VEGF
and Flk-1 in representative MT and VEGF/MT tumors from two
animals. The triangles indicate increasing numbers of cycles for
VEGF and Flk-1**?72° and f-actin.?>***° The mean increase in gene
expression in the VEGF/MT tumors after normalization to f-actin
was 10.7 for VEGF and 2.0 for Flk-1. (b) RT-PCR analysis of VEGF
and Flk-1 expression in three (T1-T3) MT and three VEGF~~/MT
tumors. The normal mouse VEGF transcript (WT) of the MT only
tumors is substituted with a =/~ transcript in the VEGF~~/MT
tumors, which reflects the Cre-mediated deletion of exon 3 of the
VEGF gene. There is a corresponding downregulation of Flk-1.

CD31 in the VEGF/MT tumors is consistent with the
higher MVD shown in Figure 3b. Increased expres-
sion of the signaling Flk-1 receptor (3.11-fold) in the
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VEGF/MT tumors was followed up by RT-PCR
analysis of individual tumors and Western blot
analysis of cultured cells as shown below.

Increased Tumor Cell Proliferation and Survival in
the VEGF/MT Tumors

Tumor sections were analyzed for tumor cell
proliferative and apoptotic activities. The average
number of PCNA-positive tumor cells was signifi-
cantly higher in the VEGF/MT (172.0+38.9/ x 400
field) than the MT-only tumors (120.6 +25.8 cells/
x400 field; P<0.05) (Figure 4a, left panel). In
contrast, the average number of apoptotic tumor
cells was significantly lower in the VEGF/MT
(5.124+1.98 cells/ x 400 field) than the MT-only
tumors (16.96 +6.54/ x 400 field, P<0.005) (Figure
4a, right panel). The three MT-induced VEGF~/~
tumors from the Cre-Lox mouse described in the
Material and methods section were employed to
examine if the anti-apoptotic effects of the VEGF
overexpression were reversed following VEGF gene
inactivation. The MMTV-Cre and VEGF-LoxP mouse
models have been described previously.***° The Flk-
1 binding site is encoded by exon 3 of the VEGF
gene, which is excised by the Cre-mediated deletion
(Figure 5b) and the autocrine growth stimulatory
loop through Flk-1 would be abrogated in the
VEGF '~ protein.*® As expected, the VEGF-mediated
cell survival was abolished in the VEGF~/~ tumors,
which demonstrated similar number of apoptotic
cells as the MT-only tumors (Figure 4a, right panel).
RT-PCR analysis of hVEGF,s5; and apoptosis-related
gene expression revealed upregulation of VEGF, bcl-
xL, bax, and bcl-2 in the VEGF/MT tumors (Figure
4b). While not statistically significant when ana-
lyzed using a two-tailed Pearson correlation (95%
CI), a positive trend was observed between the
hVEGF 65 expression levels and the expression of
bcl-xL (P<0.11), bax (P<0.19), and bcl-2 (P<0.07).
One-tail analysis showed a significant correlation
(P<0.03) between elevated hVEGF,45; and upregula-
tion of bcl-2. Consistent with the decreased number
of apoptotic cells by immunohistochemistry, the
bax/bcl-2 ratio of VEGF overexpressing tumors
was nominally lower than the bax/bcl-2 ratio of
the MT-only tumors.

Flk-1 Correlates with VEGF Expression in Mammary
Tumors

The microarray data revealed upregulation of nu-
merous angiogenesis-associated genes in the VEGF/
MT tumors. Further analysis was focused on the
signaling VEGF receptor, Flk-1, using the two high-
est hVEGF-expressing VEGF/MT tumors and two
representative MT tumors. Using RT-PCR at three
different cycle numbers in the analysis, it was
necessary to set the PCR cycles such that endogen-
ous muVEGF in the MT tumors was amplified in a
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Figure 6 Flk-1 is present in endothelial and tumor cells of the
VEGF/MT mammary tumors. Representative tumors show: (a)
low-power (x 12.5) view of Flk-1-positive nodule with a solid
growth pattern; (b) high-power (X 400) view of tumor cells of
glandular growth pattern showing variable cytoplasmic Flk-1
staining; (c) high-power ( x 630) view of Flk-1-positive endothe-
lial cells lining blood vessels adjacent to a Flk-1-positive tumor
nodule. The data represent four separate immunostaining experi-
ments with similar results. No staining was observed in negative
controls (not shown).

logarithmic fashion at the expense of reaching a
plateau of hVEGF in the VEGF/MT tumors. The
average total VEGF mRNA levels were 10.8-fold
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Figure 7 In vitro evidence of VEGF-regulated Flk-1 expression
and cell proliferation. (a) ELISA of mouse and human VEGF
levels in culture supernatants of passage one MT and VEGF/MT
tumor cells. (b) Western blot analysis of Flk-1 expression in
passage 1 tumor cells isolated from one MT tumors and two
VEGF/MT tumors. Human dermal microvascular endothelial cells
(EC) served as a positive control. Lower amount of protein was
used from the EC (40 pug) than the tumor cells (150 ug) due to
higher endothelial Flk-1 expression. After normalization to f-
actin, which was arbitrarily set as 1 for EC, Flk-1 expression of the
VEGF/MT cells was 2.5- and 2.8-fold higher than the Flk-1
expression of the MT-only cells and 3—4 times lower than the EC.
(c) RT-PCR analysis of CD31, Flk-1, and VEGF expression in
tumor cells isolated from two VEGF*/* tumors and two VEGF /"~
tumors. Cre-mediated excision of exon 3 from the VEGF gene
(WT) generated a lower molecular transcript (=), which was
associated with downregulation of Flk-1. + represents the
positive CD31 and Flk-1 controls. (d) Proliferative activities of
passage 1 tumor cells from MT, VEGF/MT, and VEGF~'~ tumors.
There was markedly enhanced growth of the VEGF overexpres-
sing cells, compared to the MT-only cells, and decreased growth
of the VEGF~'~ cells. The BrdU ELISA data represent one of three
experiments with similar results (n=5, +s.e.).
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higher and Flk-1 2-fold higher in the VEGF/MT
tumors than the MT-only tumors (Figure 5a). The
VEGF '~ tumors were also examined to find out if
Flk-1 was downregulated. To inactivate the VEGF
gene, the Flk-1 binding site, which is encoded by
exon 3 of the VEGF gene, is excised by the Cre-
mediated deletion.*® As shown in Figure 5b, the Cre-
mediated excision of exon 3 of the VEGF gene
generated a lower molecular weight transcript in the
three VEGF '~ tumors and this was associated with
the downregulation of Flk-1. The collective results
from the VEGF overexpressing and knockout tumors
suggest VEGF-mediated regulation of Flk-1 expres-
sion. Since the Flk-1 receptor has been found on
tumor cells in human breast cancer,?® we decided to
look for Flk-1 in the VEGF/MT tumors by immuno-
histochemical analysis. Examples of Flk-1-positive
tumor and endothelial cells are depicted in repre-
sentative VEGF/MT mammary tumors in Figure 6.
Uniform FLK-1 staining was observed in the tumor
nodules showing solid growth patterns within the
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Figure 8 VEGF '~ tumor cells display cell cycle suppression, as
well as upregulation of p16 and p21. (a) Results from FACS
analysis of passage 3 tumor cells isolated from VEGF*'* and
VEGF~'~ tumors. There is accumulation of the VEGF~'~ cells in
the G,/G, phase of the cell cycle with a consequent drop in the S
and G,/M phases. (b) Western blot analysis shows stimulated
p16™% (p16) and p21"A™ (p21) expression in the VEGF~'~ cells.
(c) RT-PCR analysis shows partial removal of WT VEGF by
Adeno-cre treatment of the VEGF */* tumor cells. (d) Western blot
analysis shows stimulation of p16™* (p16) following the Adeno-
cre treatment.

carcinomas (Figure 6a). However, the intensity of
the cytoplasmic Flk-1 staining was more variable in
the areas of glandular growth pattern (Figure 6b).
Adjacent blood vessels also showed Flk-1 staining of
their endothelial lining (Figure 6c).

In Vitro Growth Reflects VEGF and Flk-1 Expression
in Tumor Cells

Epithelial outgrowths from MT, VEGF/MT, and
VEGF~/~ tumor explants were harvested as de-
scribed in the Materials and methods section and
used at passages 1-3 for the in vitro experiments.
H&E stained passage 1 VEGF/MT cells displayed
uniform epithelial-like morphology, which was
verified by immunopositivity of the epithelial
marker, CK18 (not shown). Staining for endothe-
lial-specific CD31 showed rare (less than 1%)
positive cells. Thus, we concluded that the tumor
cell cultures used in the in vitro studies were
minimally contaminated with endothelial cells. In
support of the immunohistochemical data, many of
the cultured cells were Flk-1 positive (not shown).
ELISA of mouse VEGF and transgenic hVEGF
released from the passage 1 VEGF/MT and MT
tumor cells showed comparable mouse VEGF levels
and transgenic hVEGF was produced only by the
VEGF/MT as expected (Figure 7a). Interestingly, the
VEGF '~ tumor cells at passage 1 displayed flattened
morphology, which resembled that of cellular
senescence (not shown). Western blot analysis
showed 2.5- and 2.8-fold higher Flk-1 expression
by the VEGF/MT than the MT-only tumor cells
(Figure 7b). This finding, combined with increased
MVD, suggested that both EC and tumor cells
contributed to the VEGF-mediated increase in Flk-
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1 RNA levels observed in the VEGF/MT tumors.
Nevertheless, the Flk-1 protein levels of the VEGF/
MT tumor cells were 3—4 times lower than that
expressed by the positive EC control (Figure 7b).
RT-PCR analysis of CD31, Flk-1, and VEGF was
carried out on RNA from the cultured MT-induced
VEGF*/* and VEGF~'~ tumor cells (Figure 7c). As
was demonstrated in the VEGF~/~ tumors (Figure
5a), the cultured tumor cells also expressed the low
molecular weight knockout (/~) VEGF transcript.
The absence of CD31 transcripts verified that the
VEGF '~ tumor cell cultures were not contaminated
with EC. Flk-1 was not expressed by the VEGF '~
tumor cells, which suggested that Flk-1 was down-
regulated following VEGF gene inactivation.

When assessing proliferative activities of the
cultured tumor cells at passage 1, there was much
higher BrdU uptake by the VEGF/MT than the MT-
only cells and the VEGF '~ cells (Figure 7d). This is
consistent with the notion that VEGF acts as an
autocrine growth factor through Flk-1 in these tumor
cells. The growth inhibition displayed by the
VEGF '~ tumor cells was further examined by FACS
analysis. Consistent with the reduced proliferation
rate, 89% of the VEGF '~ tumor cells were accumu-
lated in G,/G, phase of the cell cycle, compared to
59% of the VEGF */+ tumor cells. Consequently, 2%
of the VEGF '~ cells were in S phase and 9% in G2/
M phase, compared to 19% of the VEGF */* cells in
S phase and 22% in G,/M phase (Figure 8a). These
cell cycle changes were associated with stimulation
of the cyclin-dependent kinase (cDk) binding pro-
teins, p16 and p21 (Figure 8b). Further evidence of a
link between VEGF gene inactivation and upregula-
tion of p16 was derived from Adeno-cre treatment of
the VEGF*/* tumor cells, which showed increased
p16 expression following partial elimination of
the WT VEGF transcript by Adeno-cre (Figure 8c,
d). p21 expression, however, was not affected (not
shown).

Discussion

VEGF is overexpressed in primary breast cancer®*'

and has been identified as an important prognostic
determinant in breast cancer.® We reported earlier,
using a Tet-regulated system, that VEGF is essential
for initial but not continued growth of xenografted
human breast carcinoma cells, suggesting that VEGF
is critical for the early stages of breast cancer
development.** There is emerging evidence that
VEGF receptors are not restricted to vascular
endothelial cells and are also present on tumor cells
of different types of human malignancies.?**3**
In vitro studies have suggested that VEGF has an
important autocrine function as a survival factor in
breast cancer.*® To the best of our knowledge, the
present transgenic model is the first to evaluate the
effect of VEGF overexpression at different aspects of
mammary tumor development and metastases. The
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data indicate that the VEGF employed both blood
vessels and tumor cells to promote tumor growth.
These involved paracrine effects to increase vaso-
dilatation and neovascularization, and autocrine
effects to stimulate tumor cell proliferation and
survival.

Different transgenic tumor models have demon-
strated higher transgene expression in the malignant
than the nonmalignant counterpart.***®* We ob-
served very high circulating VEGF levels in the
VEGF/MT mice, which possessed 9-10 mammary
tumors per mouse. As the entire mammary glands
were occupied by the tumors in the 6- and 8-week-
old VEGF/MT mice, it was not possible to compare
the transgenic VEGF levels in the tumors and the
adjacent non-neoplastic mammary tissues. Based on
our RNA analysis of inguinal mammary tumors and
nonneoplastic mammary glands, transgenic VEGF
expression was consistently higher in the tumors
(not shown). The variability in transgene expression
among the mammary tumors examined may reflect a
mosaic transgene expression, which is consistent
with previous findings in transgenic mice with
MMTV-LTR targeted expression of tetop-LacZ to
mammary epithelial cells.*® In the VEGF/MT tumor
group, the high circulating VEGF levels were
associated with increased tumor burden. However,
there was not a significant correlation between
weight and VEGF mRNA levels of individual tumors
by statistical analysis. A plausible explanation is
that the low VEGF expressing tumors did benefit
from the high VEGF expressing tumors, which
released large amounts of VEGF into the systemic
circulation.

Mammary overexpression of VEGF led to acceler-
ated tumor development in the VEGF/MT mice,
which was observed as early as at 4 weeks of age,
when the MT littermates displayed only micro-
scopic mammary hyperplasia. The striking vasodi-
latation in the VEGF/MT tumors at 4 weeks was
presumably mediated by VEGF stimulation of the
nitric oxide-mediated pathway®°®> and upregula-
tion of genes like HIF1a, Angiopoietin-2, and Tiel
(Table 1). Additionally, increased endothelial cell
proliferation may have contributed to the vasodila-
tation. It seems reasonable to speculate that vasodi-
latation results in increased delivery of nutrients to
the tumor environment and thus contributes to the
early emergence of palpable tumors. Stimulation of
the nitric oxide pathway in the VEGF/MT tumors
was also demonstrated through upregulation of
endothelial nitric oxide synthase-3 by the angio-
genesis array (Table 1). The increased amount of
stroma in the VEGF/MT tumors can be attributed
to the function of VEGF as a vascular permea-
bility factor. As such, VEGF facilitates extravasa-
tion of circulating macromolecules such as
fibrinogen,*® fibronectin, vitronectin, and plasmino-
gen,®* which accumulate in the extravascular com-
partment and serve as a foundation of tumor
stromal formation.®® Upregulation of endothelial
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nitric oxide synthase-3 is also important in the
signaling events that mediate VEGF-induced vas-
cular hyperpermeability.

The increased MVD in the VEGF/MT tumors
was associated with the upregulation of multiple
angiogenesis-associated genes detected by the an-
giogenesis array assay. It is intriguing that the
hypoxia-inducible factor-1 alpha (HIF1«) was upre-
gulated in the VEGF/MT tumors. This was sugges-
tive of low oxygen concentration despite the high
hVEGF .65 levels and upregulation of other angio-
genic factors. The possibility that a nonhypoxic
pathway was responsible for stimulation of HIF1«
was not feasible since Angiopoietin-2 and Tie-1
were also upregulated and they are induced by both
hypoxia and VEGF.**°” The two VEGF receptors that
were upregulated in the angiogenesis array were
Flk-1 and Nrp-1, a coreceptor of Flk-1."" Nrp-1 is
induced in cultured endothelial cells following the
addition of hVEGF,45°® and has also been implicated
in human breast carcinoma survival and growth of
Nrp-1-transfected AT2.1 rat prostate carcinoma cells
in vivo.*>*® Nrp-1 is a downstream target of the Ets-1
transcription factor, which is induced by VEGF®®
and was upregulated in the VEGF/MT tumors.
Hence a possible mechanism for increased expres-
sion of Nrp-1 in the present model was via VEGF-
mediated stimulation of Ets-1.

Earlier documentation of VEGF as an autocrine
survival factor for cultured human breast carcinoma
cells was recapitulated in our transgenic model
through decreased number of apoptotic cells in the
VEGF/MT tumors and increased number of apopto-
tic cells in the VEGF '~ tumors. Admittedly, we
did not have sufficient number of tumor-bearing
VEGF '~ mice to carry out a carcinogenesis study as
stated in the Materials and methods section. Never-
theless, the apoptosis data presented from three
tumors of a single VEGF '~ mouse, as well as the in
vitro data from isolated VEGF~/~ tumor cells,
provide a powerful complement to the findings
obtained from the VEGF overexpressing tumors and
tumor cells. Decreased apoptosis in the VEGF
overexpressing tumors was associated with upregu-
lation of two antiapoptotic genes, bcl-2 and bcl-xL.
Although the proapoptotic gene, bax, was also
upregulated, it would not be expected to alleviate
the antiapoptotic activity of bcl-2, which is known
to be powerful for mammary epithelial cell survi-
val.®® It has been shown that Flk-1 plays a role in the
inhibition of apoptosis.®* Flk-1 is also a signaling
receptor for mitogenic activity of VEGF in endothe-
lial cells and different types of nonendothelial
human tumor cells.?°** Our in vitro demonstration
of increased proliferative activity, combined with
Flk-1 stimulation of the VEGF/MT tumor cells,
presents a circumstantial evidence of an autocrine
growth factor function of VEGF and signaling
through Flk-1. Further indirect evidence came from
the MT-induced VEGF~/~ tumor cells, which at
passage 1 showed limited replicative potential and



were accumulated in G,/G, phase of the cell cycle.
These preliminary findings suggest that VEGF plays
a role in the middle T-driven tumor cell prolifera-
tion. However, a study on middle T transformed
endothelial cells showed that they were not growth
affected by inhibition of VEGF signaling.®® Two
in vivo studies support a critical role of VEGF at
the initial stages of tumorigenesis. First, Shi and
Ferrara®® showed that oncogenic ras could not
restore tumorigenicity of embryonic stem (ES) cells
lacking VEGF. Second, we showed that Tet-regu-
lated suppression of VEGF in T47-D breast carcino-
ma cells resulted in growth arrest in nude mice.** In
light of the many potent biological activities of
VEGEF, it seems reasonable to speculate that VEGF
gene inactivation could result in stimulation of
other effectors of the cell cycle arrest response. It
is also possible that the cell cycle suppression was
intensified by the chronic VEGF deficiency in the
slow growing mammary carcinomas of the 9-month-
old VEGF~'~ mouse.

The cell cycle slow-down of the VEGF /'~ tumor
cells was associated with stimulation of the CDK
inhibitors, p16 and p21, which regulate transition
between different phases of the cell cycle.®*®
Increased p16 expression was also observed in the
Adeno-cre-treated VEGF ™'+ tumor cells. These
findings suggest that p16 and p21 played a role in
the growth inhibition of the VEGF '~ tumor cells. A
connection between pl6 and VEGF has been
reported by showing loss of p16 in association with
VEGF expression in squamous cell carcinomas
of the esophagus.®® Also, restoration of WT p16
resulted in VEGF suppression in human glioma
cells.®” It will be important to further characterize
the effect of VEGF gene deletion on other cell cycle
regulators, including p53, in this transgenic tumor
model.

One of the important features of the middle T
mammary carcinoma model is the development of
lung metastases.?® There was a striking acceleration
of metastatic development associated with VEGF
overexpression. When 100% of the VEGF/MT dis-
played macroscopic lung metastases at 8 weeks,
none of the MT-only littermates showed evidence of
microscopic lung metastases. This is not surprising
in view of the different ways that VEGF may
facilitate the metastatic cascade, including the
following: increase entry of tumor cells into the
circulation through leaky tumor blood vessels;
increase survival of tumor cells in the circulation
and metastatic cells in the lungs; and stimulate
neovascularization of the metastatic colonies in the
lungs. Three of the angiogenesis-associated genes
that were upregulated in the VEGF/MT tumors and
may be linked to metastases were Ets-1, osteopontin,
and VE-cadherin. A role for Ets-1 in apoptosis has
been established in human endothelial cells®® and it
has also been implicated in activation of metastasis-
associated molecules.”® VEGF stimulates cell migra-
tion through a cooperative mechanism involving
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interaction with «vf33 integrin and osteopontin.®®
Osteopontin is a secreted phosphoprotein that is
upregulated in a number of human malignancies
and is associated with decreased survival in meta-
static breast cancer.”® It was upregulated 2.4-fold
and was the highest expressing gene in the VEGF/
MT tumors, which may reflect the metastatic
capability of this mammary carcinoma model.
Cadherin 5, also called VE-cadherin, was over-
expressed in the VEGF/MT tumors and may reflect
the reported VEGF-stimulated VE-cadherin expres-
sion at endothelial adherens junctions.”

The VEGF/MT transgenic model is the first to
characterize the effects of targeted VEGF overex-
pression on mammary tumor development and
metastases. It provides a powerful complement to
previous xenograft models and recapitulates to a
surprising degree different biological activities as-
cribed to VEGF, some of which have been described
only through in vitro studies. The preliminary
in vitro data on proliferation and Flk-1 expression
of the isolated VEGF overexpressing and VEGF /'~
tumor cells strongly suggests that Flk-1 acts as a
signaling receptor for the VEGF-stimulated growth.
The likelihood that VEGF contributes to tumor
progression through both paracrine and autocrine
mechanisms in this model is particularly interesting
in view of the astonishing results obtained with a
humanized VEGF antibody (bevacizumab) in rando-
mized clinical trials in patients with metastatic
renal cancer.”?
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