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Abstract. Although basic fibroblast growth factor (FGF2) 
was the first pro-angiogenic molecule discovered, it has 
numerous activities on the growth and differentiation of 
non-vascular cell types. FGF2 is both stimulatory and inhibi-
tory, depending on the cell type evaluated, the experimental 
design used and the context in which it is tested. Here, we 
investigated the effects of manipulating endogenous FGF2 on 
the development of mammary cancer to determine whether its 
endogenous contribution in vivo is pro- or anti-tumorigenic. 
Specifically, we examined the effects of FGF2 gene dosing 
in a cross between a spontaneous breast tumor model (PyVT+ 
mice) and FGF2-/- (FGF KO) mice. Using these mice, the 
onset and progression of mammary tumors was determined. 
As predicted, female FGF2 WT mice developed mammary 
tumors starting around 60 days after birth and by 80 days, 
100% of FGF2 WT female mice had mammary tumors. In 
contrast, 80% of FGF2 KO female mice had no palpable 
tumors until nearly three weeks later (85 days) at times when 
100% of the WT cohort was tumor positive. All FGF KO mice 
were tumor-bearing by 115 days. When we compared the 
onset of mammary tumor development and the tumor progres-
sion curves between FGF het and FGF KO mice, we observed 
a difference, which suggested a gene dosing effect. Analysis 
of the tumors demonstrated that there were significant differ-
ences in tumor size depending on FGF2 status. The delay in 
tumor onset supports a functional role for FGF2 in mammary 
tumor progression, but argues against an essential role for 
FGF2 in overall mammary tumor progression.

Introduction

The prevalence of breast cancer remains a significant clinical 
problem, where xenograft models using established tumor 
cell lines have limitations for the study of mechanisms 
regulating tumor onset (1). In contrast, transgenic models 

such as the polyomavirus middle-T oncogene (PyVT) mouse 
model driven by the mouse mammary tumor virus (MMTV) 
promoter, have been shown to be a reliable and comparable 
mouse model of breast tumor onset and progression (2-4). 
The steps of spontaneous mouse mammary tumor progression 
in this model parallel the histological progression in human 
breast cancer (3,5-7).

Breast and mammary tissues have been shown to have 
extraordinary plasticity during adult life and are thought to 
depend, at least in part, on inhibitory interactions between 
mammary myoepithelial cells (MECs) and luminal breast 
epithelial cells (BECs) (8). Indeed, these same interactions are 
thought to be important in normal development and function 
of the mammary gland (8,9). Several years ago, investigators 
proposed that a loss of inhibitory processes (2,10) might 
disinhibit positive feedback loops thereby allowing for tumor 
progression (11). One candidate is FGF2, which controls 
epithelial function at the MEC and BEC interface and acts as 
a survival and differentiation factor (12). While low levels of 
FGF2 in breast cancer are associated with a poor prognosis 
and response to treatment (13,14) there is evidence that FGF2 
overexpression results in enhanced tumor growth due to 
increased angiogenesis (15). This discrepancy may highlight 
that FGF2 signaling can potentially have a dual role of 
suppressing and promoting tumor growth.

We investigated the possibility that breast cancer progres-
sion may be driven in part by a disinhibition of BEC that 
results when FGF2 expression at the MEC-BEC interface is 
lost. The progression of spontaneous mammary tumors in the 
transgenic MMTV-PyVT mouse model (PyVT+/+) is a multi-
step process (2) that involves many of the cell targets of FGF2 
(5,16-18). Because the myoepithelium is a natural endogenous 
source of FGF2 in mammary tissue (12), we hypothesized that 
an absence of FGF2 might affect the onset and progression 
of mammary tumor development in PyVT+ mice. In the event 
that endogenous FGF2 might exert competing effects on 
tumor progression through inhibition of epithelial cells at the 
MEC-BEC interface, or alternatively due to its angiogenic 
effects, we evaluated its activity in a model of spontaneous 
tumor development.

Materials and methods

Mice. All animal studies were conducted with the approval of, 
and under the oversight of the Institutional Animal Care and 
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Use Committee of the University of California, San Diego. 
We bred FGF-/- SV129/Black Swiss female mice with trans-
genic hemizygous MMTV-PyVT FVB male mice (PyVT+) for 
three generations to yield FGF2-/-; PyVT+ (FGF2 KO), FGF+/-; 
PyVT+ (FGF2 het), and FGF2+/+; PyVT+ (WT). We validated 
that the tumor onset of the FGF2+/+ was consistent with the 
60-80 day onset described in previous reports (6). Tissue 
expression studies were conducted using tissue harvested 
from mice that were collected after cervical dislocation. 
Genotypes were identified from tail DNA by PCR using PCR 
primers specific for PyVT and FGF2.

Tumor measurements. Cohorts of female WT, FGF2 het, and 
FGF2 KO mice were followed to evaluate mammary tumor 
onset, incidence, growth and progression. After weaning, 
body weights of the mice were recorded weekly and the 
presence of palpable lesions in the mammary glands was 
determined. Following excessive weight loss or the presence 
of tumors in excess of 15 mm in width or length from caliper 
measurements, the mice were sacrificed. Tumor volumes 
at various time points and tumor weights at necropsy were 
compared between the three groups using a Wilcoxon-Rank 
test.

Antibodies. To demonstrate FGF2 immunoreactivity, a poly-
clonal antibody was raised in rabbits by immunization against 
peptides 1-24 of bovine FGF2. This antibody has high affinity 
for extracellular FGF2 and cross-reactivity with FGF2 from 
several species, as previously described (19,20). Antibodies 
for Factor VIII and FGFR1 were obtained from Biocare Inc. 
(Concord, CA, USA) and Sigma-Aldrich (St. Louis, MO, 
USA), respectively.

Immunohistochemistry. Mouse mammary fat pads (MFP) 
were obtained following euthanasia of animals, perfusion 
with PBS and fixation with 4% paraformaldehyde (PFA) in 
phosphate-buffered saline (PBS), pH 7.4. Formalin-fixed 
lung specimens were stored in paraffin by UCSD Histology 
Core Services. At the time of immunohistological staining, 
paraffin sections were first deparaffinized in xylene and 
in progressively more dilute aqueous solutions of ethanol. 
Sections were then incubated with Proteinase K (Millipore 
cat#21627 0.2  mg/ml) for 10  min at room temperature. 

Sections were blocked with normal goat serum (ABC Rabbit 
Kit PK-4002) in PBS for 1 h and incubated with primary 
antibody for Factor VIII (Biocare Inc.) antibody or FGF2 
and FGFR1 (Sigma-Aldrich) at concentrations of 1:100, 
1:4000 and 1:2000 overnight at 4˚C in 1% bovine serum 
albumin in PBS. Sections were washed and incubated 
with biotin-conjugated secondary antibody (ABC Rabbit 
Kit PK-4002) for 30 min at room temperature. Sections 
were washed again and incubated in 0.3% H2O2 to quench 
endogenous peroxidase activity for 20  min before the 
sections were treated with an avidin biotin complex (ABC) 
(Vectastatin, Burlingame, CA) for amplification of signal. 
Sections were incubated with diaminobenzidine substrate 
for 15 min and after washing, were counterstained with 
hematoxylin and dehydrated. The coverslips were mounted 
with VectaMount Mounting Solution and imaged with an 
Olympus FXS100-BSW microscope.

Quantification of vessel density. In order to quantitatively 
determine the effect of FGF knockout on blood vessel density, 
3 representative fields each measuring about 1500 µm by 
1000 µm on slides stained during the same experiment were 
analyzed. Blood vessels, as highlighted by IHC for Factor 
VIII, and confirmed by their morphology, were counted 
in samples from normal mice, mice lacking one, and mice 
lacking both copies of FGF2. Average vessel counts from 
the three groups (each n=3) were then compared. Error bars 
represent the standard error of the mean (SEM).

Results

Delayed progression of tumorigenesis and decreased tumor 
size in FGF2 knockout and heterozygous mice. The develop-
ment of tumors in normal mice (WT) and mice lacking one 
(FGF2 het) or both copies of FGF2 (FGF2 KO) (Fig. 1A 
and B) was marked by significant differences in kinetics. 
Data collected during mammary development showed that 
FGF KO mice had delayed onset of tumorigenesis. WT mice 
began to have palpable tumors by day 65, and by day 80 all 
mice in the cohort had tumors. In contrast, while some FGF2 
KO mice began to have palpable tumors around the same 
time frame, most FGF2-KO mice showed a significantly 
delayed progression of tumorigenesis, with some palpable 

Figure 1. Delayed progression of tumorigenesis and decreased tumor size in knockout and heterozygous mice for FGF2 as compared to normal mice. (A) 
Tumor onset of tumor-bearing PyVT+ FGF2 KO and WT mice (P<0.05). (B) Tumor onset of tumor-bearing PyVT+ FGF2 het vs. WT mice (P<0.05). (C) 
Mammary tumor wet weight in tumor bearing WT and FGF2 KO mice upon harvest at 110-125 days (P<0.05).
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tumors only appearing around day 110. Similarly, FGF2 het 
mice showed an intermediate phenotype and the onset of 
tumorigenesis was earlier than was seen in FGF2 KO mice, 
but later than was seen in WT. This was important to note 
because it provided evidence of a gene dosing effect and a 
decreased expression, rather than only a complete knockout 
affecting tumor growth. Mammary tumors (Fig.  1C) in 
FGF2 KO mice were also significantly smaller (P<0.05) than 
those in WT mice (8 g in WT mice vs. 2 g in, FGF2 KO 
mice). The significant difference in tumor burden indicated 
that FGF2 KO mouse tumor cells grew more slowly and/or 
die at a higher rate than those in WT mice tumors and was 

consistent with the data presented earlier indicating delayed 
onset tumorigenesis.

Ductal morphology of normal mice mammary gland is 
comparable to that observed in PyVT+ mice. To further 
characterize mammary tumor development in the absence 
of FGF2, we performed histological characterization of 
primary tumors and of mammary fat pads at various stages in 
development. Masson's trichrome (MT) staining of mammary 
gland highlighted ductal morphology in normal mouse at 
10 (Fig. 2A and B) and 26 (Fig. 2C and D) weeks of age. 
MT staining in defined ductal structures showed a clear 

Figure 2. Ductal morphology in normal (PyVT-) mammary gland is comparable to those in PyVT+ mice. (A) Masson's trichrome staining of mammary gland 
from normal PyVT- mouse at 10 weeks of age, with collecting ducts (CD) and adipose tissue (AT) indicated. (B) High magnification of inset from panel A 
with myoepithelial cells (MEC) and luminal breast epithelial cells (BEC) are indicated. (C) Masson's trichrome staining of mammary gland prepared from 
a normal lactating mouse at 26 weeks of age. (D) High magnification of inset from panel C. (E) Masson's trichrome staining of mammary gland from PyVT+ 
mouse at 22 weeks of age. (F) High magnification of inset from panel E. (G) H&E staining of mammary gland from FGF2 KO mouse at 14 weeks of age. (H) 
High magnification of inset from panel G. Scale bars, 200 µm (C, E and G); 100 µm (A, D, F and  H); 50 µm (B).
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delineation of myoepithelial (MECs) and basal epithelial cells 
(BECs) separated by basement membrane. Similar ductal 
structures (Fig. 2E-H) were seen in tumor-bearing WT mice 
in regions surrounding the tumor mass (Fig. 2E) as well 
as in areas of interspersed tumor foci (Fig. 2G). Thus, the 
introduction of the PyVT oncogene did not change the gross 
development of normal epithelial structures in young mice but 

rather, served to promote the remodeling and progression to 
tumorigenesis of MECs and BECs.

Loss of FGF2 results in decreased MFP vascularization 
in both normal and PyVT+ mice. Immunohistochemistry 
staining for Factor VIII highlighted the tumor vasculature 
and enabled quantification of tumor angiogenesis (Fig. 3). 

Figure 3. Loss of FGF2 results in decreased tumor vascularization. (A) 
Immunolocalization of Factor VIII (arrows) in a normal mouse mam-
mary fat pad at 17 weeks of age. (B) High magnification of inset from 
panel A. (C) Immunolocalization of Factor VIII in an FGF2 KO mouse 
mammary fat pad at 19 weeks of age. (D) High magnification of panel 
C. (E) Immunolocalization of Factor VIII in a WT mouse mammary fat 
pad at 22 weeks of age. (F) High magnification of inset in panel E. (G) 
Immunolocalization of Factor VIII in a FGF2 KO mouse mammary fat pad 
at 14 weeks of age. (H) High magnification of inset in panel G. MEC, myo-
epithelial cells; BEC, luminal breast epithelial cells; AT, adipose tissue. (A, 
C, E and G) Scale bars, 100 µm; (B, D, F and H), 500 µm. (I) Quantification 
of blood vessel density decrease in tumor bearing FGF2 KO (n=3), FGF2 het 
(n=3) and WT (n=4) mice. The decrease in vascularization between WT and 
FGF2 KO was statistically significant (P<0.05).

  I
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Normal mice (Fig. 3A and B) demonstrated greater vascular 
density compared to FGF2 KO mice (Fig. 3C and D; arrows) 
at 17-19 weeks of development. Similarly, tumor-bearing WT 
mice (Fig. 3E and F; arrows) also showed greater vascular 
density as compared to FGF2 KO (Fig. 3G and H; arrows). 
Furthermore, blood vessel density was significantly lower 
(Fig. 3I) in FGF KO mice mammary tumors when compared 
to FGF-WT, demonstrating a role for FGF2 in mammary 
tumor angiogenesis.

FGF2 in mammary tissue of normal, WT and FGF2-KO 
mice. To characterize the role of FGF2 in normal and tumor-
bearing mammary tissue, immunohistochemical staining 
was performed to determine the presence and localization 
of FGF2 in breast tumor ductal epithelium. Diffuse staining 
for FGF2 was present throughout the myo- and basal ductal 
epithelium of normal (non-PyVT+) (Fig. 4A and B) and trans-
genic PyVT mammary tumors (Fig. 4C and D), but absent in 
FGF2 KO (Fig. 4E and F) mice. The similar staining pattern 
seen in normal and transgenic PyVT tumors indicated that 
the introduction of the PyVT oncogene had a limited effect 
on the expression and localization of endogenous FGF2. In 
FGF KO tumors, the diffuse staining pattern described earlier 
was absent, confirming loss of FGF2 immunoreactivity in the 
knockout.

FGF receptor type 1 (FGFR1) in mammary tissue of normal, 
WT and FGF2-KO mice. The distribution of FGFR1 was 
localized to specific ductal morphological structures and 
demonstrated that there exists a potential pathway for FGF2 
activity in mammary tissue. Immunohistochemistry staining 
confirmed the presence of FGFR1 immunoreactivity in both 
MECs and BECs in normal (Fig. 5A and B), PyVT+ and FGF 
KO (Fig. 5E and F) mice. The similar staining patterns seen 
in the three treatment groups show that FGFR1 expression 
is not significantly influenced by the presence of the PyVT 
oncogene or the absence of FGF2.

Discussion

In this study, we assessed whether FGF2 inhibits the onset, 
growth and progression of mammary tumors or acts as a pro-
angiogenic factor that accelerates tumorigenesis. Specifically, 
we characterized the expression of FGF2 and FGFR1 in 
the normal and transgenic mouse mammary glands, and 
assessed tumor development and progression in FGF2 KO 
and identified the differences in mammary gland morphology 
and tumor vascularization. FGF2 and FGFR1 in normal and 
PyVT-positive mice localized to the myo- and basal epithe-
lium. The data demonstrate that the loss of FGF2 resulted in 
decreased angiogenesis and a delay in tumor onset. In FGF2 

Figure 4. FGF2 present in normal (non-PyVT) and WT while absent in FGF2 KO mice. (A) Immunolocalization of FGF2 in a normal mouse mammary fat 
pad at 17 weeks of age. (B) High magnification of panel A. (C) Immunolocalization of FGF2 in a WT mouse mammary fat pad. (D) High magnification of 
inset in panel C. (E) Immunolocalization of FGF2 in FGF2 KO mouse mammary tumor at 19 weeks of age. (F) High magnification of inset in panel E. MEC, 
myoepithelial cells; BEC, luminal breast epithelial cells; BV, blood vessel; AT, adipose tissue; CD, collecting ducts. Scale bars, 100 µm (A, C and E); 50 µm 
(B, D and F).
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KO mice mammary tumors, blood vessel density was mark-
edly reduced with the loss of FGF2 resulting in delayed tumor 
growth as well as tumors that were significantly smaller. 
Importantly, mice that were heterozygous for FGF2 showed 
an intermediate phenotype in tumor onset and growth. This 
evidence of a gene dosing effect implies that the action 
of FGF2 depends on its level of expression rather than an 
‘all-or-none’ model of signal transduction. Despite the delay, 
all of the mice in the cohort eventually developed tumors, 
suggesting that FGF2 plays at most an ancillary role in 
tumorigenesis. The results are consistent with the hypothesis 
that FGF2 contributes to tumor development and the progres-
sion to malignancy.

Previous studies implicated FGF2 as a pleiotropic (21) but 
locally acting cytokine that has distinct juxtacrine roles at the 
interface been various cell types (15,22-24). One of the many 
established functional roles of endogenous FGF2 is angiogen-
esis (25), but it is always exogenous FGF2 that has been shown 
to stimulate endothelial proliferation and tube formation in 
in vitro and in vivo models (26,27). The role of FGF2 in cancer 
angiogenesis has been assumed based on its production by 
most cancer cell lines (28,29). However, it is important to note 
that when breast cancer cell lines are evaluated in vitro or in 
xenograft models to investigate tumor-stroma interactions, the 
results are often not applicable to in vivo tumorigenesis due 

to differences in the composition of the local extracellular 
matrix (30-33) and the absence of various tissue specific 
stromal interactions (34-36). Furthermore, tumor cells lines 
are derived from cells at very late stages of tumor progression 
and selected for growth in cell culture over many passages 
(37). At the same time, naturally occurring tumors are rare 
and unpredictable. In order to overcome these difficulties, we 
used the MMTV-PyVT mouse model. This model has a high 
frequency of tumor development (5), where the PyVT is under 
control of the mouse mammary tumor virus long terminal 
repeat promoter (MMTV-LTR) (6). This model has been 
shown to be an accurate representation of the development 
of human breast cancer (3,4). The studies described here 
provide the in vivo demonstration that loss of FGF2 confers 
a less malignant phenotype due to reduced vascularization.

Furthermore, FGF2 and its receptors have been shown 
to be highly expressed in many breast cancers (38) and has 
been shown to have direct mitogenic effects in the mammary 
epithelium as well as activation of migration (17). Studies have 
demonstrated a close interaction between hypoxia and heparin 
sulfate proteoglycans that modulate the levels of FGF2 
signaling (39). However, previous studies described FGF2 as 
an upstream mediator of angiogenesis (40) that affects further 
inflammatory responses that are necessary to complete the 
process of neo-vascularization (18). In light of these data 

Figure 5. FGF receptor type 1 (FGFR1) present throughout MFPs in WT, and FGF2-KO mice. (A) Immunolocalization of FGFR1 in a normal (non-PyVT) 
mouse mammary tissue at 10 weeks of age. (B) High magnification of inset from panel A. (C) Immunolocalization of FGFR1 in a WT mouse mammary 
tumor at 22 weeks of age. (D) High magnification of inset from panel C. (E) Immunolocalization of FGFR1 in a FGF2-KO mouse mammary tumor at 14 
weeks of age. (F) High magnification of inset from panel D. MEC, myoepithelial cells; BEC, luminal breast epithelial cells; BV, blood vessel; AT, adipose 
tissue; CD, collecting ducts. Scale bars, 100 µm (A, C and E); 50 µm (B, D and F).
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as well as the findings presented here, we propose that the 
action of FGF2, while important in initiating angiogenesis 
in response to hypoxia-induced stress common in the tumor 
microenvironment as well as direct mitogenic effects through 
inhibition of p53, upregulation of survivin (41), and induction 
of Mdm2 (42), may be superceded by other inflammatory 
mediators following sufficient inflammatory signaling when 
it is lost. This hypothesis may harbor significant implications 
for future therapeutics that attempt to target the action of 
FGF2. Rather than solely targeting the action of FGF2 on 
mammary epithelium, there will need to be a combination 
of therapeutics that will prevent bypassing of FGF2-induced 
angiogenesis.

There are a variety of clinical studies that have shown that 
low serum levels of FGF2 correlate with a more malignant 
phenotype (13), larger tumor size, later disease stage (14), and 
worse overall and disease-free survival (13,14). In addition, 
many pre-clinical studies have also shown that overexpression 
of FGF2 inhibits growth (43), although the exact pathway has 
yet to be elucidated (44). In contrast, our study shows that the 
loss of one or both copies of FGF2 results in smaller tumors.  
Further studies are needed to reconcile this incongruity.

The primary goal of this study was to analyze the contri-
bution of FGF2 to tumor development and progression to 
malignancy in vivo through gene knockout. Because FGF2 
KO mice were shown to have delayed tumor development 
and growth compared to PyVT controls with endogenous 
levels of FGF2, we suggest that FGF2 promotes tumor angio-
genesis and progression to malignancy. This experiment has 
validated the concept that FGF2 blockade in the context of 
breast cancer can be a beneficial therapeutic intervention. 
The data obtained here demonstrate that the PyVT mammary 
tumors are sensitive to the absence of FGF2 and identify the 
PyVT model as an important preclinical model to evaluate 
therapies aiming to remove FGF2 function. Our results 
support the conventional view that, presumably because of 
its powerful mitogenic activity, FGF2 is a pro-tumorigenic 
growth factor.
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