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A mouse model involving the human papillomavirus type-16 oncogenes develops cervical cancers by lesional 
stages analogous to those in humans. In this study the angiogenic phenotype was characterized, revealing intense 
angiogenesis in high-grade cervical intraepithelial neoplasias (CIN-3) and carcinomas. MMP-9, a proangiogenic 
protease implicated in mobilization of VEGF, appeared in the stroma concomitant with the angiogenic switch, 
expressed by infiltrating macrophages, similar to what has been observed in humans. Preclinical trials sought 
to target MMP-9 and angiogenesis with a prototypical MMP inhibitor and with a bisphosphonate, zoledronic 
acid (ZA), revealing both to be antiangiogenic, producing effects comparable to a Mmp9 gene KO in impairing 
angiogenic switching, progression of premalignant lesions, and tumor growth. ZA therapy increased neoplas-
tic epithelial and endothelial cell apoptosis without affecting hyperproliferation, indicating that ZA was not 
antimitotic. The analyses implicated cellular and molecular targets of ZA’s actions: ZA suppressed MMP-9 expres-
sion by infiltrating macrophages and inhibited metalloprotease activity, reducing association of VEGF with its 
receptor on angiogenic endothelial cells. Given its track record in clinical use with limited toxicity, ZA holds 
promise as an “unconventional” MMP-9 inhibitor for antiangiogenic therapy of cervical cancer and potentially 
for additional cancers and other diseases where MMP-9 expression by infiltrating macrophages is evident.

Introduction
Cervical cancer is the second most common malignant dis-
ease among women worldwide (1), and the “high-risk” human 
papillomavirus (HPV) types, such as HPV-16 and HPV-18, are 
found in 80–90% of invasive cervical cancers as well as in dis-
tinctive premalignant stages (2) of cervical intraepithelial 
neoplasia (CIN). Angiogenesis has been clinically associated with 
the progression of CIN lesions to invasive cervical carcinoma; 
neovascularization develops at the stromal/epithelial junction 
of CIN lesions, characterized by marked increases in vessel den-
sity and size (3, 4). This progressively intensifying angiogenesis 
is associated with upregulated expression of VEGF (4–6) and 
extracellular proteases, including MMP-9 (7, 8).

In this report, we have used a mouse model of human cervical 
carcinogenesis (estrogen-treated K14-HPV16 female transgenic 
mouse, or HPV/E2 mouse) to study the mechanisms regulating 
angiogenesis and malignant progression and to begin exploring 
possible antiangiogenic therapies with the potential to prevent 
and/or regress cervical carcinoma. K14-HPV16 mice express the 
HPV-16 early genes under the control of the keratin 14 promoter, 
resulting in targeted oncogene expression in keratin 14–positive 
squamous epithelial cells, a natural host cell target for HPV infec-

tion in humans. K14-HPV16 mice develop squamous cell carci-
noma (SCC) of the skin with 50% penetrance over a 12-month 
time course in the FVB/n mouse strain (9, 10). Additionally, if 
young (4- to 5-week-old) K14-HPV16 females are dosed chroni-
cally with time release, low-dose estrogen (17β-estradiol; E2), a 
synchronous progression leading to cervical cancer ensues (11). 
The HPV/E2 females develop CIN lesions that progress to invasive 
SCCs (specifically, cervical carcinomas) at the transformation 
zone, the site implicated in the genesis of human cervical cancer 
(4, 12); cervical carcinomas begin to appear at 4 months, and by 7 
months, 90% of the mice have invasive cancer. Herein we charac-
terize the angiogenic phenotype in this mouse model of human 
cervical carcinogenesis and evaluate antiangiogenic therapy with 
a bisphosphonate (BP) previously approved for use in treating 
bone metastases to determine its possible use for prevention and 
therapy of cervical cancer.

Results
Cervical carcinogenesis and the angiogenic phenotype in HPV/E2 mice. We 
evaluated angiogenesis in the distinctive neoplastic stages that 
arise in the HPV/E2 transgenic mouse model of cervical cancer. The 
histopathological progression to cervical malignancy through low-
grade dysplasia (CIN-1/2), to high-grade dysplasia (CIN-3), and 
then to cervical carcinoma (SCC), is shown in Figure 1A, in com-
parison with nontransgenic estrogen-treated female (N/E2) control 
mice; at the defined end point of 7 months of age, when approxi-
mately 90% of the HPV/E2 females have invasive cancer, there are 
no macroscopic LN or distant metastases (not shown). The cervi-
cal vasculature was visualized in these lesional stages by CD-31 
immunostaining (Figure 1B), revealing modest neovascularization 
below the stromal/epithelial junction in CIN-1/2 lesions, followed 
by intense angiogenesis in CIN-3 lesions and cervical carcinomas, 
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as previously observed in human cervical carcinogenesis (3). Given 
that VEGF-A and its principal signaling receptor, VEGF-R2/flk-1,  
are commonly involved in angiogenic switching and tumor 
growth (13, 14) and are implicated in human cervical neoplasia, 
we assessed their possible involvement in the angiogenic pheno-
type. Using double-labeled immunofluorescence with a mAb that 
specifically recognizes VEGF in complex with VEGF-R2 (GVM39) 
(15), along with the Meca-32 Ab to visualize endothelial cells (ECs), 
we observed a modest increase in the VEGF/VEGF-R2 complex in 
vessels below the stromal/epithelial junction of CIN-1/2 lesions 
and a substantial increase in the high-grade CIN-3 lesions and 
invasive cervical tumors as compared with the normal cervix (not 
shown) and N/E2 mice (Figure 1C).

MMP-9 and macrophages are associated with the angiogenic vasculature 
in dysplasias and tumors. Motivated by previous studies in mouse 
models functionally implicating MMP-9/gelatinase B as a regu-
lator of VEGF signaling and angiogenesis in other organs (13, 
16–19), as well as in broader cancer phenotypes (20, 21), and by 
reports that MMP-9 is upregulated in human cervical neoplasias 
(7, 8), we evaluated expression of MMP-9 and related MMPs 
during cervical carcinogenesis. RT-PCR analysis of nine differ-
ent MMPs revealed that only MMP-9 was markedly upregulated 
during tumor progression in the cervix of HPV/E2 mice (Figure 
2A). By contrast, a related protease, MMP-2, was constitutively 
expressed in all stages (Figure 2A); mRNAs for seven other MMPs 
were analyzed, and we observed unchanged or undetectable levels 

of expression (see Supplemental Figure 1, available at http://www.
jci.org/cgi/content/full/114/5/623/DC1).

Using immunohistochemistry (IHC), we confirmed the RNA 
analysis, detecting MMP-9 expression in scattered cells, both in the 
stroma adjacent to the epithelial interface of CIN lesions and in 
tumors (Figure 2B); no such cells were detected in cervix of control 
or N/E2 mice (Figure 2B, and data not shown). To ascertain wheth-
er the appearance of MMP-9 RNA and protein immunoreactivity 
reflected proteolytically active enzyme, we performed gelatin 
zymography, which detects both latent pro- and active forms of the 
enzyme. We observed, consistent with RNA expression, an increase 
in both forms of MMP-9, particularly in the high-grade dysplasias 
(CIN-3) and carcinomas, compared with controls (Figure 2C). In 
contrast, we detected only a slight increase in abundance of the 
MMP-2 pro form and no evident upregulation of active MMP-2 
(Figure 2C). We have substantiated and further quantified the 
profile of protease activity in these stages using a biochemical 
assay for gelatinase activity, which showed statistically significant 
upregulation of total gelatinolytic activity in CIN-3 lesions and 
SCC as compared with controls (Figure 2D). Consistent with the 
zymogram analysis (Figure 2C), no significant difference in activ-
ity was observed between CIN-3 and SCC (Figure 2D).

It has previously been demonstrated in the related K14-
HPV16 skin cancer model, that MMP-9 is supplied by bone 
marrow–derived cells rather than by transformed epithelial 
cells (17). To identify the MMP-9–expressing cells in the cervix, 

Figure 1
Stages of cervical carcinogenesis and angiogenic profile of HPV/E2 mice. (A) H&E staining shows the steps of tumor progression. (B) Blood ves-
sels (red) were detected with anti–CD-31 Ab; nuclei were visualized by DAPI (blue). The number of vessels per field were: N/E2, 8.2 ± 1.2; CIN-1/2, 
14.8 ± 1.1; CIN-3, 32.2 ± 1.7; SCC, 35.2 ± 1.8. Significant differences were observed between CIN-3/SCC and CIN-1/2 (P < 0.01), CIN-3/SCC and 
N/E2 (P < 0.01), and CIN-1/2 and N/E2 (P < 0.01), but not between CIN-3 and SCC (P = 0.309). (C) VEGF-A/VEGF-R2 complex was detected 
with GVM39 Ab (green) and ECs with anti–Meca-32 Ab (red). VEGF/VEGF-R2 complex colocalizes with most vessels in CIN-3 and SCC and 
with a subset in CIN-1/2 (arrows). Arrowheads in CIN-1/2 indicate vessels that do not bind GVM39 Ab. Minimal GVM39 staining was detected in 
N/E2 stroma. The percentage of VEGF-A/VEGF-R2–labeled vessels was quantitated: N/E2, 8.6 ± 1.2; CIN-1/2, 44.1 ± 2.9; CIN-3, 90.2 ± 3.1; SCC, 
91.4 ± 3.4. Significant differences were observed between CIN-3/SCC and CIN-1/2 (P < 0.01), CIN-3/SCC and N/E2 (P < 0.01), and CIN-1/2 and 
N/E2 (P < 0.01). CIN-3 and SCC were not significantly different (P = 0.690). Values are mean ± SEM. P values were calculated using the Wilcoxon 
test. Scale bars in A and C: 50 μm (N/E2); 25 μm (CIN-1/2, CIN-3, and SCC). Scale bars in B: 50 μm. E, normal or dysplastic cervical epithelia;  
S, stroma; T, tumor cells.
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we performed immunostaining for markers of various inflam-
matory cell types, comparing the different stages of tumor pro-
gression in HPV/E2 mice. We observed a substantive increase in 
the number of infiltrating macrophages, as assessed by tissue 
immunostaining with Ab’s to F4/80 (data not shown) and CD68 
(Supplemental Figure 2); by contrast, the abundance of other 
leucocytes was not appreciably altered (Supplemental Figure 2). 
Using double-labeled immunofluorescence, we detected MMP-9  
expression in macrophages infiltrating the stroma underlying 
CIN-3 lesions and in tumors (Figure 2E). Notably, the increase 
in MMP-9–expressing macrophages was concordant with the 
intense angiogenesis seen in CIN-3 as compared with CIN-1/2 
(Figure 2E). Only slight and sporadic MMP-9 immunoreactivity 
was detected in ECs of the angiogenic vasculature or in stromal 
fibroblasts associated with the tumors (data not shown). Thus, 
these particular infiltrating macrophages seem unable to induce 

MMP-9 in other stromal cell types, but rather themselves serve as 
the major source of MMP-9.

The nitrogen-containing (amino-) bisphosphonate zoledronic acid impairs 
angiogenesis, progression, and growth of cervical carcinomas. Molecu-
lar and histological evaluation of cervical cancer progression in 
humans and in HPV/E2 mice presents striking parallels between the 
two pathways (5, 6, 11, 12). The HPV/E2 mouse model thus presents 
a platform for preclinical testing of drugs designed to interrupt criti-
cal pathways implicated in angiogenesis and lesional progression 
of cervical carcinoma. Given the above data implicating MMP-9 
in angiogenesis and progression, we became interested in assess-
ing the effects of MMP inhibitors (MMPIs) on tumor growth and 
angiogenesis. Therapeutic trials in a transgenic mouse model of 
neuroendocrine cancer had previously demonstrated the capability 
of a prototypical MMPI, BB-94, to inhibit angiogenesis and tumor 
growth when treatment was initiated during premalignant stages 

Figure 2
MMP-9 expression and activity is upregulated in macrophages during tumor progression. (A) RT-PCR analysis revealed increased MMP-9 
expression in CIN-3 and SCC as compared with CIN-1/2. No MMP-9 expression was detected in normal cervix (not shown) or in N/E2. MMP-2 
was equally expressed at all stages. (B) Immunohistochemical analysis using an anti–MMP-9 Ab revealed no MMP-9 in N/E2 cervix and minimal 
expression in CIN-1/2 lesions (arrows); in contrast, MMP-9 was detected in the stroma proximal to CIN-3 lesions and tumors. (C) Zymography 
showing gelatinase activity in tissue lysates of different stages. Both pro–MMP-9 (inactive form, 105 kDa) and active MMP-9 (95 kDa) were 
upregulated in CIN lesions and tumors as compared with controls. pro–MMP-2 (72 kDa) was slightly increased during progression, but no 
active MMP-2 (62 kDa) was detected. (D) Gelatinase activity was measured using a fluorescin-gelatin assay in the absence or presence of the 
MMP inhibitor 1,10 Phe (4 mM). Statistically significant increases in gelatinase activity were observed in CIN lesions and tumors compared with 
controls: CIN-3/SCC versus CIN-1/2 (P < 0.01); CIN-3/SCC versus N/E2 (P < 0.01); CIN-1/2 versus N/E2 (P < 0.01); CIN-3 and SCC were not 
significantly different (P = 0.102). Values are mean ± SEM. P values were calculated using the Wilcoxon test. (E) Colocalization of MMP-9 (red) 
and macrophages (CD-68, green) was observed in the stroma underlying CIN-3 and surrounding SCC. Few MMP-9–expressing macrophages 
were detected in stroma adjacent to CIN-1/2 lesions (arrows). No MMP-9 expression was observed in macrophages in N/E2 mice (arrowheads). 
Scale bars: 50 μm (N/E2); 25 μm (CIN-1/2, CIN-3, and SCC).
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(13, 22). Therefore, we conducted analogous early-stage trials target-
ing CIN-2/3 lesions with BB94, which produced reductions in the 
density of the angiogenic neovasculature (data not shown) and in 
tumor incidence and tumor growth/burden (Figure 3, A and B).

While encouraged, we were aware that human clinical trials in 
various disease indications using BB94 and other active site–tar-
geted MMPI had failed due to side effects and toxicity as well as 
poor efficacy against end-stage tumors (23). We were thus led to 
consider a much different agent, zoledronic acid (ZA; Zometa), a 
nitrogen-containing (amino-) bisphosphonate (N-BP) that is FDA 
approved to reduce skeletal complications of bone metastasis in 
patients with multiple myeloma and several 
solid tumor types with minimal side effects 
(24, 25). Recent studies in cell culture and 
xenotransplant tumor models have vari-
ously suggested that ZA and other BPs have 
antiangiogenic and MMP-inhibitory activity 
(26–31). These data led us to test ZA on cervi-
cal neoplasias in HPV/E2 mice.

We treated female mice bearing CIN-3 
lesions with ZA (100 μg/kg daily, subcutane-
ously) or with vehicle alone for 6 weeks, asking 
whether ZA could prevent tumor formation 
and/or affect angiogenesis (in a prevention 
trial [PT]). Although ZA is inoculated intra-
venously on a monthly regimen in humans, a 
number of preclinical studies suggested that 
it was best supplied in a daily regimen in mice, 
reflecting much different pharmacokinetics 
(26, 27). Fluorescin-lectin perfusion and 
immunostaining with Meca-32 Ab revealed a 
decrease of 56% in the number of blood ves-
sels proximal to the basement membrane in 
dysplastic lesions and cervical carcinomas 
from ZA-treated mice compared with analo-
gous lesions in controls (Figure 4, A and B). At 
the defined end point (5 months of age), the 
control mice had a tumor incidence of 85% 
(Figure 4C). Remarkably, ZA was able to limit 
the tumor incidence to 30% (Figure 4C) and 
reduce tumor volume 61% (Figure 4D).

Next, to assess the effects of ZA on the 
growth of established cervical carcinomas, 
we performed a regression trial (RT), treat-
ing the mice with ZA for 1 month starting at 
5 months of age, when 85% had malignant 
tumors and the remainder had CIN-3 lesions. 
One month later the control mice had a 

tumor incidence of 90% and increased tumor volume (Figure 4E). 
In contrast, the ZA regimen impaired growth of the invasive carci-
nomas, reducing tumor volume 57% from that at the start (Figure 
4E). Thus, ZA was able to impact both premalignant and malig-
nant stages of cervical carcinogenesis, reducing angiogenesis both 
in high-grade dysplasias and cancers, interfering with progression 
to and subsequent growth of invasive tumors.

Having demonstrated clear and convincing efficacy, we sought 
to investigate the mechanism by which ZA impaired angiogenesis 
and tumor incidence and growth, first by examining the frequency 
of apoptosis in ZA-treated mice. We used caspase-3, an effector 

Figure 3
BB94 reduces tumor incidence and tumor volume in HPV/E2 mice. Pre-
clinical trials using the broad-spectrum MMPI BB94 (batimastat) in HPV/
E2 mice. (A) Decrease of tumor incidence (51% reduction) in 7-month-
old BB94-treated (n = 15) mice compared with control mice (n = 20). 
(B) Reduction of tumor volume in BB94-treated animals (63% reduction;  
**P < 0.01) compared with controls. Values are mean ± SEM. P values 
were calculated using the Wilcoxon test. Drug treatment, tumor volume, 
and histological scores were determined as described in Methods.

Figure 4
ZA inhibits angiogenesis and reduces tumor incidence and growth. (A) Perfusion of HPV/E2 
control mice and ZA-treated mice (6 weeks of treatment; PT) with fluorescin-lectin revealed dra-
matic changes in the 3-dimensional organization of the vasculature proximal to CIN-3 lesions of 
treated mice at 5 months of age. (B) Vessels’ density, as assessed by Meca-32 immunostaining, 
was significantly reduced in ZA-treated mice as compared with controls (56% reduction). Results 
are mean ± SEM of five fields per mouse from a total of eight mice. (C) CIN-2/3 lesion-bearing 
mice (T0, beginning of treatment; 3.5 months old) treated with ZA or vehicle for 6 weeks (PT) 
showed a 55% reduction in the tumor incidence at the end of the treatment (T1; 5 months old) 
(n = 16 control, n = 10 ZA-treated). (D) Tumor volume of ZA-treated mice was reduced by 61% 
compared with untreated controls (PT; n = 16 control, n = 10 ZA-treated). (E) Mice bearing SCC 
(T0; 5 months old) treated with ZA for 1 month (T1) in a RT showed a 57% decrease in tumor 
volume (n = 15 control, n = 10 ZA-treated). Values are mean ± SEM. **P < 0.01; #P < 0.001.  
P values were calculated using the Wilcoxon test. Tumor volume and histological scores were 
determined as described in Methods. Scale bar: 50 μm.
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of the apoptotic program, as a biomarker for apoptosis, monitor-
ing the presence of its activated form by IHC in ZA-treated mice; 
we observed a statistically significant increase in cells expressing 
active caspase-3 in treated versus control tumors (Figure 5, A–C). 
ZA treatment also increased the incidence of apoptosis in CIN-3 
lesions, whereas fewer apoptotic cells were detected in CIN-3 of 
control or vehicle-treated mice (Figure 5, D–F). Similar results 
were obtained using the TUNEL assay to detect DNA fragmenta-
tion (data not shown). We further investigated the apoptotic rate 
in ECs in neoplastic lesions of mice treated with ZA. Double-label 
immunofluorescence using Meca-32 and caspase-3 Ab’s showed 
an increase in the number of apoptotic ECs within vessels (6 ± 1/
field, P < 0.001) of the stroma proximal to CIN-3 lesions (Figure 
5, G–I) and in cervical carcinomas (5 ± 1/field, P < 0.001; data not 
shown). No apoptotic ECs were detected in analogous lesions from 
vehicle-treated control mice (Figure 5, J–L).

The squamous epithelium of the cervix in HPV/E2 mice shows a 
progressive increase in proliferation rates in the successive stages of 
carcinogenesis (11, 12), motivating us to ask whether ZA was also 
impacting the cell division cycle. We did not detect significant dif-
ferences in the rates of proliferation of neoplastic cervical epithelial 
cells in CIN-3 lesions or cervical carcinomas nor in their adjacent 
stroma, as compared with untreated controls (see Supplemental Fig-
ure 3). Taken together, these data suggest that the biological effects 
of ZA result from increased apoptosis in epithelial and endothelial 
cells of the lesions. By contrast, ZA does not appear to act as an 

antimitotic drug, since it does not reduce prolifera-
tion of the transformed cervical epithelial cells.

ZA inhibits MMP-9 expression by macrophages and 
activity in CIN-3 and cervical carcinomas. The ZA trial 
design was motivated by the above data showing 
that macrophages infiltrating the stroma of CIN-3  
lesions and tumors produced MMP-9, a pro-
angiogenic protease, and by the emerging appre-
ciation of ZA as an inhibitor of angiogenesis and of 
MMP activity. Moreover, N-BPs have been shown to 
impair the function of macrophages in vitro (32, 33). 
We asked, therefore, whether ZA therapy was affect-
ing the abundance of infiltrating macrophages, 
their expression of MMP-9, or the conversion of 

pro–MMP-9 into active MMP-9. We assessed the abundance of 
both F4/80+ (data not shown) and CD68+ macrophages (Figure 6) 
and of MMP-9–expressing cells in the stroma of the ZA-treated cer-
vix, compared with vehicle controls following a 6-week PT. Using 
double-labeled immunofluorescence, we detected only a slight 
decrease in the number of infiltrating macrophages in ZA-treated 
mice (10% reduction, data not shown). In contrast, we observed a 
71% reduction of MMP-9 expression in macrophages in the stroma 
proximal to CIN-3 lesions (Figure 6, A and B) and a 73% reduc-
tion of MMP-9 in macrophages associated with tumors relative 
to vehicle-treated controls (data not shown). We detected a simi-
lar inhibition of MMP-9 expression by macrophages (68% reduc-
tion) in the RT targeting preexisting cervical carcinomas (Figure 
6B). Since ZA did not completely inhibit MMP-9 expression, we 
measured the total gelatinolytic activity in tissues of ZA-treated 
compared with control mice by gelatinase assay. Consistent with 
the immunofluorescence results (Figure 6, A and B), we observed 
a strong inhibition of the total gelatinolytic activity in ZA-treated 
mice in both PTs and RTs compared with controls (Figure 6C). 
We also performed gelatin zymography to reveal the pro form and 
active forms of MMP-9. In agreement with gelatinolytic biochem-
ical assay, after 6 weeks of treatment (in a PT), ZA reduced the 
abundance of the MMP-9 pro form 70% (reflecting the reduced 
number of MMP-9–expressing macrophages) and almost com-
pletely inhibited the activation of latent pro–MMP-9, in that the 
smaller active form of the protease was barely detectable (Figure 

Figure 5
ZA induces apoptosis in epithelial cells and ECs in 
tumors and CIN-3 lesions. (A–C) A significant increase 
in apoptosis in cervical carcinomas was observed in 
ZA-treated mice compared with controls (A) after 6 
weeks of treatment (PT) as revealed by caspase-3 
immunostaining (#P < 0.001, Wilcoxon test). Repre-
sentative sections of tumors from treated and untreated 
mice are shown in B and C. (D–F) Similar increase in 
apoptosis was detected in CIN-3 epithelium of ZA-treat-
ed mice as compared with controls (D); treated versus 
untreated lesions are exemplified in E and F. Five 
fields per mouse were counted to assess the caspase-
3–positive cells. Values are mean ± SEM. Increased 
apoptosis was observed in vessels in CIN-3 lesions of 
ZA-treated mice (G–I) compared with controls (J–L) 
as detected by colocalization of Meca-32 (green) with 
caspase-3 (red). Arrows indicate apoptotic ECs. Scale 
bars: 50 μm (B and E); 25 μm (C, F, and G–I).
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6D). We observed a slight decrease in the abundance of the MMP-2  
pro form, although the significance is unclear, since we did not 
detect appreciable MMP-2 activity in either the untreated control 
or the ZA-treated neoplastic cervix (Figure 6D). These data sug-
gest a dual effect of ZA: it suppressed the expression of MMP-9 by 
infiltrating macrophages, and it inhibited the proteolytic activity 
of the remaining (perhaps preexisting) MMP-9 in the stroma asso-
ciated with CIN-3 lesions and cervical carcinomas.

Gene KO mice reveal the functional importance of MMP-9 for cervical 
carcinogenesis. The dual MMP-9 inhibitory effects of ZA treatment 
clearly suggested that MMP-9 expressed by macrophages is critical 
for tumor angiogenesis and cancer progression in the cervix. Most 
MMP inhibitors, while possibly selective for a particular protease, 
typically inhibit multiple MMPs (23, 30, 31). To assess whether 
MMP-9 was functionally involved in regulation of angiogenesis 
and tumor growth, we used a genetic approach involving HPV16 
mice carrying gene KOs of either MMP-2 or MMP-9, afforded by 
the fact that both protease KO mice are viable (34, 35). To function-
ally evaluate the roles of MMP-9 and MMP-2 in cervical cancer pro-
gression, we analyzed the cervical cancer phenotype in HPV/E2 mice 
that had been intercrossed to MMP-9–null or MMP-2–null mice 
(all maintained in the FVB/n background) to render them deficient 
in one or the other protease. The tumor phenotype was evaluated 

6 months later and compared with 
HPV/E2 control mice at the same age. 
HPV/E2–MMP-2–null mice (n = 15) 
exhibited the same tumor incidence 
as HPV/E2 control mice (n = 40) and 
had an inconsequential 16% reduc-
tion in tumor volume (P = 0.728) 
compared with controls (Figure 7, A 
and B). In contrast HPV/E2-MMP-
9–null mice (n = 25) evidenced a 
66% reduction in tumor incidence 
and a 76% reduction in tumor vol-
ume (P < 0.001) (Figure 7, A and 
B). Immunostaining with Meca-32  
Ab revealed reduced vessel density 
in HPV/E2-MMP-9–/– mice, where-
as no difference in vascularity was 
observed in HPV/E2-MMP-2–/– mice, 
compared with controls (data not 
shown). Therefore, genetic ablation 
of MMP-9 demonstrated that MMP-9  
activity is functionally significant 
for tumor progression in the cervix. 
Moreover, the phenotypic effects of 
the gene KO were remarkably similar 
to the responses seen in the ZA trails, 
consistent with the hypothesis that 
the actions of ZA involve MMP-9 as a 
principal target.

ZA impairs VEGF mobilization to its 
receptor by MMP-9. VEGF-A associates 
with its principal signaling receptor 
VEGF-R2 in the highly angiogenic 
lesions of the cervical carcinogenesis 
pathway (Figure 1C). Motivated 
by our previous observation that 
MMP-9 could mobilize VEGF and 

increase its association with VEGF-R2 (13), we sought to deter-
mine whether MMP-9 was also serving such a function in cervi-
cal neoplasias, and, if so, was ZA limiting VEGF mobilization? 
We analyzed the association of VEGF with VEGF-R2 in CIN-3 
lesions and in tumors in ZA-treated HPV/E2 mice, in MMP-2  
and MMP-9 gene KO HPV/E2 mice, and in control HPV/E2 
mice. As expected from unaltered tumor incidence and volume, 
VEGF ligand-receptor complexes were readily detected in the 
vasculature of MMP-2–deficient tumors (Figure 7, C and E) and 
CIN-3 lesions (data not shown), similar to vessels of control mice 
(Figure 7, C and D). In contrast, the vessels in tumors or CIN-3  
lesions of MMP-9–null mice showed little or no VEGF/VEGF-R2 
complex on ECs (Figure 7, C and F; the data for CIN-3 lesions 
are analogous but not shown). Notably, the immunostaining of 
vessels with GVM39 Ab in ZA-treated mice (in both prevention 
and regression trials) revealed a similarly reduced association of 
VEGF with VEGF-R2 in tumors (Figure 7, C and G) and in CIN-3  
lesions (data not shown). A comparable reduction of GVM39 
immunostaining (74% reduction compared with controls) was also 
observed in BB94-treated cervical carcinomas (see Supplemental 
Figure 4, A–C) and CIN-3 lesions (data not shown), supporting 
the interpretation that ZA is inhibiting angiogenesis by interfering 
with MMP-9–mediated mobilization of VEGF.

Figure 6
ZA inhibits MMP-9 expression and activation in macrophages. (A) Reduced MMP-9 expression was 
detected in macrophages in the stroma adjacent to CIN-3 in ZA-treated mice compared with controls 
as revealed by colocalization of MMP-9 (green) and CD-68 (red). Arrows show MMP-9–expressing 
macrophages; arrowheads indicate macrophages that do not express MMP-9. (B) Quantification of 
double-labeled MMP-9+/CD-68+ cells (5 fields per mouse) revealed a 71% reduction in the PT (n = 8  
control, n = 6 ZA-treated) and a 68% reduction in the RT (n = 10 control, n = 8 ZA-treated). Similar 
results were obtained with double-labeled MMP-9+/F4/80+ cells (not shown). #P < 0.001. (C) Gelatinase 
activity in tissue extracts was measured by incubation with fluorescin-conjugated gelatin in the absence 
or presence of the MMP inhibitor 1,10 Phe (4 mM). Gelatinase activity was lower in ZA-treated com-
pared with control cervixes in both PT and RT. **P < 0.01 versus control. N/E2 indicates estrogen-treated 
normal cervix. (D) Zymography showing the pro- and active forms of gelatinases in tissue lysates from 
both control and ZA-treated mice. Pro- and active forms of MMP-9 and MMP-2 are indicated by arrows. 
Scale bar: 25 μm. Values are mean ± SEM. P values were calculated using the Wilcoxon test.



research article

 The Journal of Clinical Investigation   http://www.jci.org   Volume 114   Number 5   September 2004 629

Discussion
This study has presented novel applications for an amino-
bisphosphonate, ZA, currently used clinically to ameliorate 
bone metastasis. The strategy forthcoming involves treatment of 
either CIN or established cervical cancer so as to elicit stasis or 
regression rather than progression and growth. We demonstrate 
that ZA inhibits angiogenesis in premalignant lesions (CIN-3) 
and in cervical tumors by targeting both macrophage expres-
sion and proteolytic activity of an MMP, MMP-9. Therapeutic 
regimes using ZA impaired progression of premalignant lesions 
to invasive carcinoma and antagonized the growth of preexist-
ing cervical tumors. These results are likely to be relevant to 
human cervical carcinogenesis. MMP-9 has been shown to be 
upregulated in CIN-3 lesions and cervical cancers in humans 
(refs. 7, 8, 36 and our unpublished observations), and elevated 
expression and activity correlate with poor prognosis for subse-
quent metastasis and tumor recurrence (37). Notably, MMP-9 
and the related MMP-2 have been detected in both epithelial 
and stromal compartments in human cervical lesions (8, 36). We 
found MMP-9 expression exclusively in the stroma in the mouse 
model in infiltrating macrophages. MMP-9 is similarly expressed 
by macrophages (and other inflammatory cells), infiltrating both 
stroma and epithelia of human CIN-2/3 and cervical cancers (E. 
Giraudo and D. Hanahan, unpublished data); the reasons that 
MMP-9–expressing macrophages do not infiltrate the neoplas-
tic epithelial compartments in the mouse model are presently 
unclear. We performed a genetic test to assess the importance of 
this and a related protease by analyzing the cervical cancer phe-

notype in HPV/E2 mice that carried a gene KO of either MMP-9  
or MMP-2. The HPV/E2-MMP-9–null mice had a markedly lower 
tumor incidence and a statistically significant reduction of tumor 
volume as well as reduced vascularity compared with control 
HPV/E2 mice, whereas HPV/E2-MMP-2–null mice were largely 
unaffected, revealing MMP-9 as the key gelatinolytic MMP regu-
lating cervical cancer progression in this mouse model.

These results are consistent with previous data showing in the 
related K14-HPV16 skin model that MMP-9 but not MMP-2 
activation coincided with the angiogenic switch in premalignant 
lesions (18) and that MMP-9, supplied by bone marrow–derived 
cells, was sufficient for skin carcinogenesis in mice otherwise defi-
cient in MMP-9 (17). Furthermore, MMP-9 but not MMP-2 has 
been implicated in triggering the angiogenic switch during pan-
creatic neuroendocrine carcinogenesis in RIP1-Tag2 transgenic 
mice, in part by increasing the bioavailability of VEGF-A to its 
receptor (13). Thus, although MMP-9 and MMP-2 have histori-
cally been considered very similar in substrate specificity, there 
is increasing evidence that they have distinctive targets as well as 
different patterns of zymogen activation. It is notable that the 
active form of MMP-2 was not increased in abundance, in marked 
contrast to the significant increase of MMP-9 activity during 
cervical carcinogenesis. Consistent with this difference between 
MMP-2 and MMP-9, RT-PCR analysis showed increased expres-
sion only of MMP-9 transcripts during carcinogenesis, whereas 
levels of MMP-2 and other MMPs variously implicated in malig-
nant phenotypes, such as MMP-3, MMP-11, MMP-12, MMP-14, 
were unchanged, while others, MMP-8, MMP-10 and MMP-13, 
were not detectably expressed. Notably, the effects of genetically 
ablating MMP-9 were similar to those resulting from ZA therapy, 
consistent with the proposition that ZA’s targeting of MMP-9 is 
indeed a key part of its biological activity in this context. Taken 
together, analyses of this mouse model and the cognate human 
cancer predict that MMP-9 functionally contributes to human 
cervical carcinogenesis resulting from an infiltration of neoplas-
tic lesions by MMP-9–expressing macrophages.

ZA is an unconventional metalloprotease inhibitor with multiple modes 
of action. Our results complement and extend a series of recent 
publications indicating that ZA and other BPs do more than just 
inhibit osteoclast functions in the bone. Several reports have doc-
umented antiangiogenic activity of ZA in cell culture and in vivo 

Figure 7
ZA inhibits the formation of VEGF/VEGF-R2 complexes on the neo-
plastic vasculature, phenocopying a MMP-9 gene KO. (A) Decrease 
in tumor incidence in 7-month-old HPV/E2-MMP-9–/– (66% reduc-
tion; n = 25) compared with HPV/E2-MMP-2–/– (n = 15) and con-
trol mice (n = 40). (B) Reduction of tumor volume in 7-month-old 
HPV/E2-MMP-9–/– (76% reduction; n = 25) compared with HPV/E2-
MMP-2–/– and control mice. Tumor volume and histological scores 
were determined as described in Methods. (C–G) VEGF/VEGF-R2 
complex was detected by immunohistochemistry using GVM39 Ab 
(green), while the ECs were visualized with the anti–Meca-32 Ab 
(red). Significant reduction in the VEGF/VEGF-R2 complex was 
observed on vessels in HPV/E2-MMP-9–/– (77% reduction compared 
with controls; n = 15) and ZA-treated (73% reduction compared with 
controls; n = 8) mice compared with HPV/E2-MMP-2–/– (n = 10) and 
controls (n = 20) (C). Representative analyses of tumors are shown 
in D–G. Arrows indicate the VEGF/VEGF-R2 complex associated to 
the vessels. Scale bar: 25 μm. Values are mean ± SEM. #P < 0.001. 
P values were calculated using the Wilcoxon test.
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angiogenesis bioassays (26, 27) or showed that other BPs antago-
nize both angiogenesis and tumor growth in traditional subcuta-
neous xenotransplant tumor models (28, 29). ZA and other N-BPs 
also have specific effects on intracellular signaling pathways. For 
example, N-BPs have been shown to interfere with RAS signaling 
in cultured tumor cells, apparently by inhibiting the mevalonate 
biosynthetic pathway, which limits protein prenylation of Ras and 
other small GTP-binding molecules and thereby disrupts cellular 
functions (38, 39), including expression of VEGF (28). Similar 
intracellular effects are evident in macrophages and osteoclasts in 
vitro following treatment with BPs (33, 40). Interestingly, distinct 
BPs may differentially affect macrophages in different contexts: 
a recent study of macrophages isolated from human peripheral 
blood treated with two BPs, clodronate and pamidronate, revealed 
a complex modulation of MMP-9 expression and secretion (41), 
but not the suppression we observe in vivo with ZA. It is possible, 
therefore, that ZA has differential capability to repress MMP-9 gene 
expression and activity and/or that macrophages infiltrating tissues 
such as the cervix may respond differentially to BPs than peripheral 
blood monocytes; these possibilities deserve future investigation. 
In light of our results, it is reasonable to postulate that ZA is sup-
pressing signaling pathways regulating MMP-9 biosynthesis and 
secretion by macrophages infiltrating the cervix, since we see only 
minimal reductions in the abundance of macrophages associated 
with CIN-3 and cervical cancers despite an almost complete loss 
of MMP-9 immunoreactivity (by IHC) and protease activity (by 
gelatin assay and zymography). We infer that the susceptibility of 
macrophages to ZA reflects their lineage relationship to osteoclasts 
(42, 43), which selectively take up BPs (32, 44). The biochemical 
mechanisms by which ZA inhibits MMP-9 gelatinolytic activity in 
this tissue context remains to be defined, as does the molecular 
basis by which it suppresses biosynthesis in macrophages. MMP-9 
activity is known to be regulated at many levels (45), including gene 
transcription, secretion of the latent pro form, activation of the 
latent form by proteolytic cleavage (45–47), and enzymatic efficien-
cy in the face of endogenous protease inhibitors. We suspect that 
ZA is interfering both with conversion of latent to active MMP-9 
and with enzyme function, the latter due to ZA’s recognized ability 
to chelate zinc (30), a necessary cofactor for MMP-9 activity. Finally, 
it is possible that ZA is affecting the interaction of MMP-9 with tis-
sue inhibitors of metalloproteases, now known to upregulate and 
downregulate MMP activity through complex interactions (48).

Seeking to investigate the mechanistic basis for the observed 
histological responses in the neoplastic lesions, we assessed the 
frequency of apoptosis and found substantially increased fre-
quencies of apoptosis in both transformed cervical epithelia and 
ECs, much as we and others have seen in the course of analyzing 
the effects on MMP-9 gene KOs and angiogenesis inhibitor thera-
pies in other mouse models of cancer (13, 17, 23). The data are 
consistent with the hypothesis that the antineoplastic responses 
are due to impaired angiogenesis and reduced vascularity, which 
results in large part from the targeting of MMP-9. Consistent 
with this hypothesis, we found that MMP-9–deficient HPV/E2 
and ZA-treated HPV/E2 mice have similarly reduced association 
of VEGF with VEGF-R2 in both CIN-3 lesions and cervical carci-
nomas. It is conceivable that ZA is, in addition, directly affecting 
the angiogenic ECs, as has been reported for cultured ECs (26, 49). 
In regard to ZA’s ability to inhibit MMP-9, it is pertinent to note 
that MMP-9 is involved in mobilization of circulating endothelial 
progenitors cells (CEPs) and hematopoietic stem cells (HSCs) 

from the bone marrow (50, 51). While ZA has no effect on the 
abundance of infiltrating macrophages in cervical neoplasias, it 
is possible that mobilization of CEPs and HSCs is affected, which 
warrants future consideration.

In regard to other potential targets of ZA action, we cannot 
exclude the possibility that ZA also has a direct, proapoptotic 
effect on the neoplastic epithelia, and, indeed, there are reports 
of such activity against tumor cells in vitro (38, 52) and in vivo 
(39, 53). Our data show that ZA is not a traditional antimitotic 
chemotherapeutic drug in the cervix in that it does not reduce the 
proliferation rates of transformed cervical epithelial cells in CIN-3 
lesions or cervical tumors. Nevertheless, we leave open the possibil-
ity that ZA is affecting the HPV16-expressing keratinocytes both 
indirectly (by inhibiting both MMP-9 activation and expression 
by macrophages and thereby impairing angiogenesis), as well as 
directly. Finally, we cannot rule out the possibility that MMP-9 is 
also antagonizing angiogenesis by generating an antiangiogenic 
fragment of the collagen IVα3 chain, called tumstatin, as Hamano 
et al. have recently shown (54); our data indicate that in balance 
MMP-9 is pro-angiogenic in the cervix, as shown both by ZA treat-
ment and in HPV/E2-MMP-9–null mice. The cervical carcinomas 
are analyzed at defined end points (6–7 months of age), when the 
tumors are relatively small compared with the large tumors where 
Hamano et al. observed their effects. MMP-9 (and its inhibition by 
ZA) could have more complex effects in the context of large tumor 
burden, particularly if tumstatin mobilization by MMP-9 proves to 
be a factor in cervical cancer pathways. Notably, in another mouse 
model, that of pancreatic islet carcinoma, several classical MMP 
inhibitors have been found to be efficacious against early-stage but 
not late-stage tumors when used as monotherapy (perhaps because 
of the “tumstatin effect”); by contrast, a combinatorial regimen 
involving an MMPI along with “metronomic chemotherapy” (55) 
produced regression and survival benefit against large end-stage 
pancreatic tumors (56). This experience leads us to further suggest 
that ZA should also be considered for inclusion in combinatorial 
regimens when targeting large tumors and/or late-stage disease to 
circumvent a potential tumstatin effect.

We have analyzed the angiogenic phenotype and assessed a novel 
antiangiogenic therapy in a mouse model of cervical carcinogenesis 
that is driven by the etiologic viral oncogenes, faithfully recapitu-
lating the lesional stages of the human disease. Having identified 
MMP-9 and its macrophage source as functional contributors to 
angiogenesis and tumor progression, we evaluated a targeted thera-
py involving a clinically approved drug, the amino-bisphosphonate 
ZA, which demonstrated promising efficacy against both prema-
lignant lesions and cancers of the cervix. In the course of a PT, ZA 
inhibited angiogenesis and limited the progression of premalignant 
precursors to invasive carcinomas of the cervix, suggesting that ZA 
(or better yet an orally bioavailable derivative) might be considered 
for adjuvant treatment following excision of CIN-3 lesions for 
women at high risk for recurrence and progression. We have also 
shown that ZA is able to interfere with the growth of established 
cervical carcinomas, producing partial responses as a monotherapy. 
Perhaps ZA could be added to the standard of care for cervical can-
cer (57) to assess its potential for improving efficacy by inhibiting 
angiogenesis. Furthermore, given that we have identified molecular 
and cellular targets for ZA, thereby increasing the body of evidence 
(20, 58, 59) that MMP-9 and tumor-enhancing macrophages are 
functionally important for angiogenesis and carcinogenesis in a 
variety of organs, it may be reasonable to consider incorporating ZA 
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into conventional therapeutic regimens for additional tumor types 
and, indeed, other diseases with an angiogenic component where 
these biomarkers are present. In that regard, it may be pertinent to 
consider more frequent dosing than the current monthly schedule, 
which was based on ameliorating pain associated with bone metas-
tasis and not on dose-limiting toxicity or clinical antineoplastic 
efficacy; instead, perhaps suppression of MMP-9 expression in tis-
sue-infiltrating macrophages (or imaging of its protease activity in 
the target tissue) may be an appropriate biomarker for optimizing 
an efficacious antiangiogenic dosing regimen.

Methods
Transgenic mice breeding and E2 treatment. The generation of K14-HPV16 
transgenic mice (9) and E2 treatment for cervical carcinogenesis has been 
previously reported (11, 12). Briefly, 1-month-old virgin female transgenic 
(heterozygous K14-HPV16 transgenic mice, line 1203#1; see ref. 10) and 
nontransgenic (FVB/n) mice were anesthetized with isoflurane, and con-
tinuous-release pellets that deliver E2 at doses of 0.05 mg over 60 days 
(Innovative Research of America Inc.) were implanted subcutaneously in 
the dorsal back skin. Subsequent pellets were implanted at 3 and 5 months 
of age for a total of 6 months of hormone treatment. K14-HPV16 mice were 
maintained in the FVB/n background (FVB/n; The Jackson Laboratory). 
Mice were maintained in accordance with the University of California, San 
Francisco institutional guidelines governing the care of laboratory mice.

MMP-9– and MMP-2–null transgenic mice. MMP-2 and MMP-9 homozygous 
null animals are viable and fertile, as has been reported (34, 35), and the 
absence of MMP-9 has been shown to impair skin carcinogenesis in K14-
HPV16 MMP-9–/– mice (17). Both MMP-2+/– and MMP-9+/– mice (kindly 
provided by Lisa Coussens, University of California San Francisco, San 
Francisco, California, USA) have been previously backcrossed into FVB/n 
to N5 and then intercrossed to produce MMP-null HPV16 animals; the 
FVB/n background is permissive for squamous carcinogenesis induced 
by the K14-HPV16 transgene both in skin and cervix (10, 11) (M. Inoue 
and D. Hanahan, unpublished observations). The MMP-null HPV16 mice 
were treated with E2 as described above, and tumor incidence, growth, and 
angiogenesis were analyzed after 6 months of hormone treatment and 
compared to HPV/E2 control mice at the same age. Histological grading 
and tumor volume calculation was determined as described below.

Tissue preparation and histology. Tissues were prepared as previously 
described for frozen and paraffin embedding (11, 13). Nontransgenic 
and transgenic mice were anesthetized with 2.5% Avertin and their hearts 
perfused with ice-cold paraformaldehyde (PFA) 3.75% (wt/vol) or 10% zinc-
buffered formalin. The vagina, cervix, and both uterine horns were removed 
and postfixed in 3.75% PFA or 10% zinc-buffered formalin overnight. Ear 
skin was also harvested as a positive control (11). For paraffin sections, 
the fixed tissues were dehydrated through graded alcohols and xylene and 
embedded in paraffin. Five-micrometer- and 10-μm-thick paraffin sections 
were serially sectioned using a Leica 2135 microtome, deparaffinized, and 
rehydrated through an alcohol series, and then stained with H&E at inter-
vals of 100 μm for histopathology and IHC. For frozen sections, the repro-
ductive tract was embedded with or without fixation in OCT (Tissue-Tek; 
Sakura Finetek U.S.A. Inc.) and frozen on dry ice. Five-micrometer- and  
10-μm-thick frozen sections were cut using a Leica CM1900 cryostat. Sec-
tions were air dried, fixed in acetone, and subjected to H&E staining. The 
characterization of neoplastic stages based on H&E staining have been pre-
viously reported and was done blindly (60). Tumor volume was determined 
using the following formula (V = 2/3 × A × Z), where A is the cross-sectional 
area of the tumor determined using a Zeiss Axioskop 2 Plus equipped with 
a Hamamatsu-Orca digital camera and imaged using Improvision OpenLab 
software and Z is the depth of tumor calculated through serial sections.

Drug and treatment of transgenic mice. The transgenic mice were treated from 
3.5 to 5 months of age in the PT and from 5 to 6 months in the RT with the 
BP, ZA (Zometa; Novartis Pharma AG) designed chemically as (1-hydroxy-
2-imidazol-1-yl-phosphonoethyl) phosphonic acid monohydrate. ZA was 
dissolved in water and stored at 4°C as previously described (27) (for long-
term storage aliquots were prepared and kept at –80°C). Mice were treated 
every day with ZA (100 μg/kg) delivered by subcutaneous injection (26, 27). 
All control mice received subcutaneous water injection. BB-94/Batimastat 
(British Biotech Pharmaceuticals Ltd.) was homogenized in 0.02% Triton 
and PBS, pH 7.0, and administered as an emulsion. Mice were treated every 
day for 3 months (between 4 and 7 months of age) with 25 mg/kg delivered 
by intraperitoneal injection (13). The animals were monitored every day 
during the treatment to assess side effects and were euthanized after their 
respective treatment period.

IHC analysis. Before use, frozen sections were air dried and acetone 
fixed; paraffin sections were deparaffinized and subjected to graded 
rehydration as previously reported (18). MMP-9 staining was carried out 
on paraffin sections pretreated with a 1:10 dilution of proteinase K for 
5 minutes (DAKO Corp.). After incubation with DAKO protein block 
serum-free (DAKO Corp.) and a blocking solution containing PBS (pH 
7.4) and 0.5% blocking reagent (NEN Life Science Products), the sections 
were stained with a 1:1,000 dilution of a rabbit anti-mouse MMP-9 Ab 
(61) (kindly provided by Zena Werb, University of California San Fran-
cisco, San Francisco, California, USA) in 0.5× blocking solution over-
night at 4°C. After incubation with a biotinylated secondary Ab (goat 
anti-rabbit IgG; 1:200) for 30 minutes at ambient temperature, antigens 
were revealed with 3,3-diaminobenzidine (Sigma-Aldrich) according to 
the manufacturer’s instructions. Sections were counterstained in 1% 
methyl green and visualized with Nomarski optics (13, 17). All images 
were digitally captured on a Nikon Microphot-FX microscope equipped 
with a DC-330 CCD color camera (DAGE-MTI of Michigan City Inc.) and 
imaged using Improvision OpenLab software. Frozen sections were used 
for immunofluorescence staining. Dilution used was 1:1,000 for rabbit 
anti-mouse MMP-9 and 1:200 for rat anti-mouse CD68 (MCA1957; Sero-
tec Ltd.), rat anti-mouse F4/80 (MCAP497; Serotec Ltd.), rat anti-mouse 
CD8a clone 53–6.7 (BD Biosciences — Pharmingen), rat anti-mouse 
CD4 (H129.19; BD Biosciences — Pharmingen), rat anti-mouse CD45R/
B220 (RA3-6B2; BD Biosciences — Pharmingen), rat anti-mouse 7/4 
neutrophil antigen (Cedarlane Laboratories Ltd.), rat anti-Meca32 (BD 
Biosciences — Pharmingen), rat anti-CD31 (MEC 13.3; BD Biosciences 
— Pharmingen), and 1:40 for mouse mAb GVM39 (kindly provided by 
Rolf Brekken, UT Southwestern Medical Center, Dallas, Texas, USA) (15) 
in blocking solution as described above. Dilution used for rabbit anti-
mouse caspase-3 (Asp175; Cell Signaling Technology Inc.) was 1:100 in 
5% goat serum, 1% BSA. The sections were pretreated with protein block 
serum-free and blocking solution as described above. The sections for 
caspase-3 staining were preblocked with 5% goat serum, 1% BSA. Incuba-
tion with primary Ab was overnight at 4°C followed by incubation with 
a cyanine3-conjugated (Cy3-conjugated) donkey anti–rabbit IgG (Jack-
son ImmunoResearch Laboratories Inc.) secondary Ab at 1:200 and Cy2-
conjugated donkey anti–rat IgG (Jackson ImmunoResearch Laboratories 
Inc.) for 1 hour at room temperature. To visualize blood vessels mice 
were first anesthetized and injected intravenously with 0.05 mg FITC-
labeled tomato lectin (Lycopersicon esculentum; Vector Laboratories), and 
then the heart was perfused with PBS followed by 3.75% PFA. Cervices 
were frozen in OCT medium and sectioned at 10 and 35 μm. Sections 
were mounted in VectaShield containing DAPI (Vector Laboratories), 
and images were digitally captured on a Carl Zeiss Microimaging Inc. 
Axioskop 2 Plus, equipped with a Hamamatsu-Orca digital camera, and 
imaged using Improvision OpenLab software. Mast cells were visualized 
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by chloroacetate esterase histochemistry as previously reported (18). All 
immunolocalization experiments were repeated five times on multiple 
tissue sections and included negative controls for determination of back-
ground staining, which was negligible.

Apoptosis and proliferation evaluation. Apoptotic cells were visualized by 
caspase-3 immunofluorescence as described above and on paraffin sec-
tions by TUNEL staining as previously reported (62). Proliferating cells 
were assessed by BrdU labeling as described (62).

Substrate zymography and gelatin assay. Gelatin zymography was performed 
as described (17) with the following modifications. Tissue samples were 
ground in liquid nitrogen, the powder weighed and then homogenized 
in lysis buffer containing protease inhibitor cocktail (1-873-580, EDTA-
free; Roche Diagnostics GmbH) as previously described (17). Equivalent 
amounts of soluble extract were analyzed by gelatin zymography. Data 
shown in Figure 2 are representative of results obtained following exami-
nation of tissue samples from mice representing distinct histological stages 
of neoplastic progression: N/E2 (n = 6), CIN-1/2 (n = 8), CIN-3 (n = 10), and 
SCC (n = 10). Gelatin assay was performed as previously reported (63) with 
the following modifications. The samples from fresh-frozen tissue were 
homogenized in lysis buffer previously described (63), containing protease 
inhibitor cocktail (1-873-580, EDTA-free; Roche Diagnostics GmbH). Val-
ues represent the relative fluorescence units (RFU) per minute per micro-
gram of tissue protein, averaged for four mice per control, N/E2, and 1,10 
phenanthroline (1,10 Phe) (Sigma-Aldrich) groups, and for three animals 
per ZA group (PT and RT). The experiments were repeated three times.

RNA isolation and RT-PCR analysis. Total cellular RNA was isolated 
from cervices and RT-PCR was performed as previously described (18) 
with the following modification. RNA was made using an RNeasy kit 
(QIAGEN Inc.). Samples were first denatured at 95°C for 3 minutes 
and amplified for 30 cycles (95°C 1 minute, annealing temperature 
[Ta] = 45 seconds, 72°C 45 seconds) and a final extension at 72°C for 
5 minutes. Control reaction contained either control cDNA for spe-
cific primer or minus RT-RNA control. PCR products were run on 2% 
agarose gel. Specific primers were used to amplify cDNAs (kindly pro-
vided by Lisa Coussens): MMP-2 sense, 5′-TTGAGAAGGATGGCAAG-
TATGG, MMP-2 antisense, 5′-ACACCTTGCCATCGTTGC (Ta = 55°C), 
326 bp; MMP-3 sense, 5′-GACAATTCTGGAGGTTTGATGAGA, MMP-3  
antisense, 5′-ACCAGCTGTTGCTCTTCAATATGTG (Ta = 62°C), 207 bp; 
MMP-8 sense, 5′-TGACTCTGGTGATTTCTTGCTAA, MMP-8 antisense, 5′-
GTGAAGGTCAGGGGCGATGC (Ta = 62°C), 164 bp; MMP-9 sense 5′-GGC-
GTGTCTGGAGAT, MMP-9 antisense, 5′-AGG GTCCACCTTGTTCACC 
(Ta = 55°C), 190 bp; MMP-10 sense, 5′-TTCTCCACAAGCCCAGCTAAC, 

MMP-10 antisense, 5′-TGACTGAATCGAAGGACAAAGC (Ta = 55°C), 
171 bp; MMP-11 sense, 5′-ATCTCATTACCAACACCACTCC, MMP-
11 antisense, 5′-CTATGCCTACTTCCTTCGTGC (Ta = 65°C), 527 bp; 
MMP-12 sense 5′-CTGCCTGTGGGGCTGCTCCCAT, MMP-12 anti-
sense, 5′-ATCCTCACGCTTCATGTCCG (Ta = 65°C), 329 bp; MMP-
13 sense, 5′-GACATTCTGGAACGTTATCC, MMP-13 antisense, 5′-
ACTCTCACAATGCGATTACTCC (Ta = 55°C), 304 bp; MMP-14 sense, 
5′-CTCTCTTCTGGATGCCCAATG, MMP-14 antisense, 5′-CACCT-
CAATGATGATCACCTC (Ta = 55°C), 343 bp. Primers for GAPDH (sense, 
5′-CCCACTAACATCAAATGGGG, antisense, 5′-ATCCACAGTCTTCT-
GGGTGG, Ta = 55°C, 324 bp) were used as internal control.

Statistical analysis. Blood vessels’ density and cell number were calculated 
counting the number of vessels or positively stained cells per field. At least 
five fields from each section were measured and an average per slide deter-
mined. The data were expressed as means plus or minus SEM and analyzed 
using the Wilcoxon test (InStat v1.12; GraphPad Software Inc.).
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