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Abstract: Caveolin-1 (Cav1) is the main protein component of the membrane lipid rafts caveolae. Cav1 serves as a 
scaffolding protein that compartmentalizes a multitude of signaling molecules and sequesters them in their inac-
tive state. Due to its function in the negative regulation of signal transduction, loss of Cav1 has been implicated in 
the pathogenesis of many cancers, but its role in cutaneous squamous cell carcinoma (cSCC) is largely unexplored. 
cSCC is a multi-stage disease characterized by the development of benign, premalignant lesions and their progres-
sion into malignant cancer. Here, we use a two-stage carcinogenesis protocol to elucidate the function of Cav1 in 
the different stages of benign papilloma development: initiation and promotion. First, we demonstrate that Cav1 
knock-out (KO) mice are more susceptible to benign papilloma development after being subjected to a DMBA/TPA 
initiation/promotion protocol. Treatment of wild-type (WT) and Cav1 KO mice with DMBA alone shows that both 
groups have similar rates of apoptosis. In contrast, treatment of these groups with TPA alone indicates that Cav1 KO 
mice are more susceptible to promoter treatment as evidenced by increased epidermal proliferation. Furthermore, 
primary keratinocytes isolated from Cav1 KO mice have a proliferative advantage over WT keratinocytes in both 
low- and high-calcium medium, conditions that promote proliferation and induce differentiation, respectively. Col-
lectively, these data indicate that Cav1 functions to suppress proliferation in the epidermis, and loss of this function 
promotes the development of benign skin tumors.
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Introduction

Caveolae were originally identified by electron 
microscopy in the 1950’s as flask-shaped cavi-
ties (literally “little caves”) in the cell membrane 
[1]. These specialized lipid rafts function in vari-
ous cellular processes including signal trans-
duction events [2, 3]. The key structural compo-
nents of these membrane organelles are the 
three Caveolins (Cav1, 2, and 3), which vary in 
their tissue specificity [4-7]. The most ubiqui-
tously-expressed and the best-characterized is 
Caveolin-1 (Cav1). Cav1 contains a scaffolding 
domain that is able to compartmentalize and 
negatively regulate the function of many signal-
ing molecules, including MAPK and AKT path-
way members [3]. Accordingly, Cav1 expression 

has been shown to be decreased or lost in sev-
eral cancer types.

The human CAV1 gene maps to a known fragile 
site on chromosome 7 that is frequently lost in 
human cancers, including head and neck squa-
mous cell carcinomas [8-10]. Furthermore, 
methylation of CpG islands in the promoter 
region of the CAV1 gene has been demonstrat-
ed in ovarian and breast cancer, and a domi-
nant negative Cav1 mutation—P132L—is found 
in roughly 16% of ER-positive breast cancers 
[11-15]. In addition to evidence from human 
cancers, the increased susceptibility of the 
Cav1 knock-out (Cav1 KO) mouse to mammary 
epithelial cell hyperplasia [15] and oncogene- 
and carcinogen-induced breast and skin can-
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cers [16, 17] indicates that Cav1 functions as a 
tumor suppressor gene in several cancer types. 
However, the role of Cav1 in cancer seems to 
be tissue-specific, as this protein is able to act 
as a growth promoter in some malignancies, 
such as prostate cancer [18, 19]. Although little 
research has examined the function of Cav1 in 
cutaneous squamous cell carcinoma (cSCC), 
recent work indicates a tumor suppressive 
function for Cav1 in this type of cancer [17, 20].

With roughly 700,000 new cases diagnosed 
annually in the United States, cSCC is the sec-
ond most commonly diagnosed malignancy 
among white populations, with an incidence 
that is increasing worldwide [21-23]. cSCC 
development is a multi-stage process which 
requires the accumulation of genetic altera-
tions [24]. Tumorigenesis begins with the initia-
tion of a single epidermal cell and proceeds 
through the promotion of benign tumor growth 
and finally the progression of the benign tumor 
into a malignant and potentially metastatic 
lesion [24, 25]. As with many cancers, the ulti-
mate cause of death for cSCC is metastasis to 
the lymph nodes or distal sites [26, 27]; how-
ever, both pre-malignant lesions, such as actin-
ic keratoses, and malignant cSCCs have signifi-
cant consequences for human health due to 
their potential for local disfigurement and inva-
sion [28]. Therefore, identifying proteins 
involved in the promotion of benign tumor 
growth and the progression of malignant 
lesions could provide biomarkers for predicting 
tumor outcome and targets for better therapeu-
tic intervention [29]. Interestingly, previous 
work has demonstrated that loss of Cav1 may 
contribute to the pathogenesis of psoriasis, a 
benign proliferative disorder of the epidermis, 
and increases susceptibility to benign tumor 
development in mice [17, 30, 31]. However, the 
specific contribution of Cav1 loss to the differ-
ent stages of skin tumor development, i.e. initi-
ation, promotion, and progression, has not 
been explored.

In an effort to better elucidate the role of 
Caveolin-1 in skin cancer, we decided to exam-
ine the sensitivity of the Cav1 KO mouse model 
to a classic two-stage carcinogenesis protocol. 
In accordance with previous work using chronic 
carcinogen treatment [17], Cav1 KO mice sub-
jected to a two-stage carcinogenesis protocol 
are more susceptible to the development of 
benign papillomas. Specifically, Cav1 KO mice 

display an increase in tumor incidence and size 
following 6 weeks of treatment. In addition, 
Cav1 ablation results in an increase in tumor 
multiplicity throughout the entire course of the 
study, and after 6 months of treatment, Cav1 
KO mice have a two-fold higher tumor burden 
than WT mice. Separate treatment with the ini-
tiator, DMBA, and the promoter, TPA, revealed 
that loss of Cav1 does not affect epidermal 
apoptosis following DMBA treatment but does 
significantly increase epidermal proliferation 
following TPA treatment. In support of these 
results, keratinocytes isolated from Cav1 KO 
mice have an increased proliferative capacity 
and are resistant to calcium-induced differen-
tiation. In summary, our in vivo and in vitro 
results demonstrate a role for Cav1 in sup-
pressing epidermal proliferation in the promo-
tion stage of skin tumor development.

Materials and methods

Materials

DMBA (7,12-Dimethylbenz(a)anthracene) and 
BrdU were from Sigma Aldrich (St. Louis, MO). 
TPA (12-O-tetradecanoylphorbol-13-acetate) 
was from LC Laboratories (Woburn, MA). 
Collagen I and fibronectin were from BD 
Biosciences (Franklin Lakes, NJ). Antibodies 
and their sources were as follows: Cav1 was 
from Santa Cruz (Santa Cruz, CA) and Cav2 was 
from BD Biosciences (Franklin Lakes, NJ). K14 
and Loricrin were from Covance (Princeton, NJ) 
while GAPDH was from Sigma Aldrich (St. Louis, 
MO).

Two-stage carcinogenesis

Age-matched FVB/N WT and Cav1 KO mice 
were subjected to a two-stage carcinogenesis 
protocol [25]. Mice were shaved two days 
before initiation. Mice were topically treated 
with 0.2 mL acetone vehicle or initiated with 
200 nmols of DMBA in 0.2 mL acetone. One 
week later, mice were treated with twice-weekly 
applications of 0.2 mL acetone vehicle or 10 
nmols TPA in 0.2 mL acetone. Tumor incidence 
and multiplicity were monitored weekly. Tumor 
volume was calculated at various timepoints 
using the equation (width2 x length)/2. To exam-
ine the effect of DMBA treatment alone, age-
matched WT and KO mice were treated with a 
single dose of 200 nmols DMBA and sacrificed 
24 hours later. Similarly, age-matched WT and 
KO mice were shaved and treated with 3 appli-
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cations (Days 1, 4, and 8) of 10 nmol TPA in 
acetone. 24 hours following the final treatment, 
mice were injected with 200 mg/kg BrdU, sac-
rificed 30 minutes later, and their skin collected 
for histology. Mice were maintained in a barrier 
facility with a 12 hour light/dark cycle and ad 
libitium access to chow. All experiments were 
conducted in accordance with IACUC approval.

Primary keratinocytes isolation

Primary keratinocytes were isolated from WT 
and Cav1 KO mice as previously described [32, 
33]. Briefly, the skin was removed from 1-2 day 

old pups and placed in 0.25% trypsin overnight 
at 4°C. The following day, the epidermis was 
separated from the dermis, minced and placed 
in 50-mL conical in low-calcium medium for 30 
minutes at 37°C. After straining, cells were 
counted and plated at a density of 5x105 cells/
well of a 6-well plate coated with 20 µg/mL col-
lagen I and 10 µg/mL fibronectin. Low calcium 
medium was Keratinocyte Growth Medium-2 
(KGM-2) from Lonza (Walkersville, MD) with 8% 
chelated-FBS, penicillin/streptomycin, and 
0.05 mM calcium chloride. High calcium medi-
um was the same formulation with 1.2 mM cal-
cium chloride.

Figure 1. Cav1 KO mice subjected to a two-stage carcinogenesis protocol show increased susceptibility to benign 
tumor development. A. WT and Cav1 KO mice were initiated with 200 nmols DMBA followed by twice weekly applica-
tions of TPA. Tumor multiplicity is significantly higher in Cav1 KO mice throughout the entire course of the study (n = 
at least 16 mice per group). Results are reported as mean ± SEM (p < 0.0001 via a Mann-Whitney non-parametric 
test). B. Tumor incidence is similar between WT and Cav1 KO mice, although KO mice display a non-significant trend 
toward greater tumor incidence between 6 and 12 weeks of treatment (via a Fisher’s Exact Test). C. The average 
tumor volume per mouse is greater in Cav1 KO mice after 6 weeks of treatment, but this difference is not observed 
at 9 and 14 weeks of treatment. Results are reported as mean ± SEM (p < 0.05 by unpaired t-test). D. Pictures 
taken at different timepoints over the course of the study illustrate the significant increase in tumor volume in Cav1 
KO mice at 6 weeks and the increase in tumor multiplicity displayed by Cav1 KO throughout the course of the study.
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TUNEL staining

Paraffin-embedded skin sections were stained 
for terminal deoxynucleotidyltransferase-medi-
ated dUTP nick-end label (TUNEL) positive cells. 
Briefly, samples were deparaffanized and rehy-
drated, and tissue was permeabilized with 20 
µg/mL Proteinase K (Roche Diagnostics, 
Indianopolis, IN). Slides were washed, endoge-
nous peroxidase activity was blocked for 10 
minutes with 3% H2O2, and slides were washed 
again. TdT enzyme (30% enzyme, 70% reaction 
buffer; Millipore, Billerica, MA) was added for 
30 minutes followed by anti-digoxigenin HRP 
antibody (Roche Diagnostics). Slides were 
developed with DAB substrate and counter-
stained with hematoxylin before mounting.

BrdU incorporation

Paraffin-embedded skin sections were stained 
for BrdU incorporation using a BrdU immuno-
histochemistry kit as per manufacturer’s 
instructions (EMD Chemicals, Gibbstown, NJ).

Western blot analysis

Cells were lysed in a modified radioimmunopre-
cipitation assay (RIPA) buffer and subjected to 
immunoblot analysis as previously described 
[34]. Briefly, protein samples were separated 
via an SDS-PAGE gel and transferred to a nitro-
cellulose membrane. Following blocking in 5% 
BSA (Sigma Aldrich) in wash buffer (TBS with 
0.1% Tween), primary antibody was added for 
one hour at room temperature or overnight at 
4°C. Membranes were washed, HRP-conjugated 
secondary antibody was added for one hour, 
washed again, and developed using Peirce 
Chemiluminescent Substrate (Thermo Fisher 
Scientific, Rockford, IL).

Confocal microscopy

Cells were subjected to staining for Cav1 and 
Cav2 as previously described [35].

Proliferation assay

[3H]Thymidine incorporation was performed as 
previously described [36]. Briefly, primary kera-
tinocytes were plated at the same density in 
collagen/fibronectin-coated 6 well plates. 
Complete medium (either low- or high-calcium) 
with 0.1 μCi/mL [3H]Thymidine was added for 4 
hours. Cells were fixed in 10% trichloroacetic 

acid and lysed in SDS-NaOH solublization buf-
fer. [3H]Thymidine levels were quantified by liq-
uid scintillation counting and normalized for 
sample protein concentration.

Statistical analysis

All results are represented as mean ± SEM. 
Statistical analyses were performed using 
Prism 4.0 (GraphPad Software, Inc. San Diego, 
CA).

Results

Cav1 KO mice subjected to a two-stage carci-
nogenesis protocol show increased suscepti-
bility to benign tumor development

Previous work conducted by our laboratory 
demonstrated that C57BL/6J Cav1 KO mice 
chronically treated with a carcinogenic com-
pound display an increase in benign tumor inci-
dence, multiplicity, and size [17]. In this proto-
col, DMBA functions as a complete carcinogen; 
therefore, it does not allow for the separation of 
the different stages of benign tumor develop-
ment in these mice (i.e. initation and promo-
tion). In addition, C57BL/6 mice are resistant to 
malignant progression, while FVB/N mice sub-
jected to a two-stage carcinogenesis protocol 
are more sensitive to the development of SCC 
[37, 38]. In an effort to corroborate the results 
reported by Capozza and colleagues [17] and 
examine the different stages of skin tumor 
development, a two-stage carcinogenesis pro-
tocol was undertaken using FVB/N WT and 
Cav1 KO mice.

Age-matched FVB/N WT and Cav1 KO mice 
were initiated with a dose of 200 nmols DMBA 
and promoted with twice-weekly applications of 
10 nmols TPA. Mice were then monitored week-
ly for tumor development. Similarly to the study 
conducted by Capozza and colleagues [17], 
Cav1 KO mice display a significant increase in 
tumor multiplicity throughout the course of the 
study (Figure 1A). Indeed, after 24 weeks of 
promotion, Cav1 KO mice show an almost 
2-fold increase in tumor number in comparison 
to WT mice. Starting at 6 weeks of treatment, 
Cav1 KO mice also display a non-significant 
increase in tumor incidence that continues until 
12 weeks of treatment (Figure 1B). In addition, 
average papilloma volume per mouse is signifi-
cantly increased in Cav1 KO mice following 6 
weeks of treatment, but this size difference dis-



Cav1 inhibits benign skin tumor developmen

84 Am J Transl Res 2013;5(1):80-91

appears by 9 and 14 weeks (Figure 1C). 
Pictures taken throughout the course of the 
study illustrate the increase in tumor multiplici-
ty observed in Cav1 KO mice (Figure 1D). These 
results corroborate work previously conducted 
in C57BL/6 mice, as FVB Cav1 KO mice display 
an increase in benign tumor multiplicity in both 
carcinogenesis studies [17].

WT and Cav1 KO mice display similar rates of 
apoptosis following DMBA treatment

The use of a two-stage carcinogenesis protocol 
allows for the dissection of the initiation and 
promotion stages of tumor development. This 
task is accomplished through treating the skin 
with each chemical separately and evaluating 
the relative effect on the epidermis. DMBA initi-
ates tumorigenesis by inducing mutation of the 
H-Ras oncogene in the epidermal stem cells of 
the hair follicle or the basal layer; these cells 
subsequently undergo apoptosis or survive to 
become a target for promoter treatment [25, 
39]. Treatment of WT and Cav1 KO mice with a 
single dose of 200 nmols DMBA results in 
apoptosis mainly in the stem cell compartment 
of the hair follicle, as previously noted by other 
groups (Figure 2A) [39]. Examination of the per-
centage of hair follicles positive for TUNEL 
staining shows that WT and Cav1 KO mice have 
similar rates of apoptosis following DMBA treat-
ment (Figure 2A and B). These results indicate 

that loss of Cav1 does not affect the initiation 
stage of tumor development.

Cav1 KO mice display increased sensitivity to 
TPA treatment

In an effort to determine if Cav1 ablation in 
these mice affects the promotion stage of the 
carcinogenesis protocol, we examined the sen-
sitivity of Cav1 WT and KO mice to TPA treat-
ment. Age-matched Cav1 WT and KO were 
treated with three applications of acetone or 
10 nmol TPA and sacrificed 24 hours later. 
Treatment with TPA alone results in epidermal 
hyperplasia in both Cav1 WT and KO mice, with 
no observable difference in epidermal thick-
ness between the two groups (Figure 3A). 
However, examination of BrdU incorporation 
indicates that Cav1 KO mice display a signifi-
cant increase in epidermal proliferation follow-
ing TPA treatment (Figure 3B). Quantification of 
the labeling index indicates Cav1 KO mice show 
an almost 2-fold increase in BrdU staining in 
comparison to WT mice. These results indicate 
that Cav1 KO mice are more sensitive than WT 
mice to the promotion stage of the two-stage 
carcinogenesis protocol.

Cav1 ablation increases the proliferative ability 
of primary murine keratinocytes

Given the increased sensitivity of Cav1 KO mice 
to a two-stage carcinogenesis protocol and TPA 

Figure 2. WT and Cav1 KO mice display similar rates of apoptosis following DMBA treatment. A. WT and Cav1 KO 
mice were treated with a single dose of 200 nmols DMBA and sacrificed 24 hours later. H&E staining demonstrates 
that there is no morphological difference between WT and Cav1 KO epidermis following treatment. Note that 
TUNEL staining mainly occurs in the hair follicles (HFs) as opposed to the interfollicular epidermis. No difference 
in the TUNEL-positive hair follicles was noted between WT and Cav1 KO mice. Arrows indicate TUNEL-positive cells. 
Pictures were taken at 400x magnification. B. Quantification of the percentage of TUNEL positive hair follicles out of 
approximately 100 hair follicles/mouse, 5 mice per group. Note the similar percentage of apoptotic hair follicles in 
WT and Cav1 KO mice. Results are reported as mean ± SEM (compared via an unpaired t-test).



Cav1 inhibits benign skin tumor developmen

85 Am J Transl Res 2013;5(1):80-91

treatment, we next examined the in vitro growth 
characteristics of keratinocytes isolated from 
WT and KO mice. Keratinocytes isolated from 
Cav1 KO mice show complete absence of Cav1 
protein, as demonstrated by both Western blot 
and confocal microscopy (Figure 4A and B). 
Previous work has shown that Cav1 and Cav2 
co-localize at the plasma membrane and that 
Cav1 is necessary for the stabilization and 
proper localization of Cav2 [5, 6, 40, 41]. 
Accordingly, Cav2 levels are decreased (Figure 
4A) and Cav2 is mislocalized around the nucle-
us (Figure 4B) in Cav1 KO keratinocytes. In 
addition, the levels of keratin 14 (K14), a mark-
er of proliferating keratinocytes, and Loricrin , a 
marker of differentiating keratinocytes, are 
similar between WT and Cav1 KO cells.

In an effort to examine the effect of Cav1 loss 
on proliferative capacity, [3H]Thymidine incor-
poration was examined under low-calcium and 
high calcium growing conditions. In low-calcium 
(0.05 mM) medium, primary keratinocytes pro-
liferate exponentially, while high-calcium (1.2 
mM) medium induces the cells to stop prolifer-
ating and undergo terminal differentiation [32, 
33]. Cav1 ablation increases proliferation in 
keratinocytes grown under low-calcium condi-
tions when cells are plated at two different den-
sities (Figure 4C). This finding is further illus-

trated by phase contrast microscopy showing 
increased cell density of Cav1 KO keratinocytes 
48 and 72 hours after plating (Figure 4D). In 
addition, when the calcium concentration in the 
medium is increased, proliferation in both WT 
and KO keratinocytes decreases, but [3H]thymi-
dine incorporation is significantly higher in 
Cav1 KO keratinocytes versus WT cells (Figure 
4C). Collectively, these results indicate that 
Cav1 KO keratinocytes have a proliferative 
advantage over WT cells in conditions that pro-
mote proliferation and induce differentiation. In 
addition, these data correspond to our results 
indicating a role for Cav1 in suppressing prolif-
eration following promoter treatment in the 
epidermis.

Discussion

In the present study, we examined the function 
of Caveolin-1 in the initiation and promotion of 
benign tumor development. Using a two-stage 
carcinogenesis protocol, we provide evidence 
that the increase in benign tumor development 
observed in Cav1 KO mice is due to increased 
epidermal proliferation following promoter 
treatment and is not a function of increased ini-
tiated cell survival. We first show that Cav1 KO 
mice subjected to a classic two-stage carcino-
genesis protocol are more susceptible to 

Figure 3. Cav1 KO mice display increased sensitivity to TPA treatment. A. WT and Cav1 KO mice were treated with 
three doses of vehicle or 10 nmols TPA (Days 1, 4 and 8) and sacrificed 24 hours following the final dose. H&E stain-
ing shows there is no difference in epidermal hyperplasia between the two groups treated with TPA. Immunohisto-
chemical staining for BrdU shows that Cav1 KO animals show an increase in BrdU incorporation in the basal layer 
of the epidermis. Pictures were taken at 400x magnification. B. Quantification of the percentage of BrdU positive 
nuclei out of total nuclei in 5-6 fields/mouse, 4 mice per group. WT and Cav1 KO mice show no difference in BrdU 
incorporation in vehicle-treated skin. Note that Cav1 KO mice show a significant increase in BrdU incorporation in 
TPA-treated skin. Results are reported as mean ± SEM (p < 0.01 via an unpaired t-test).
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benign tumor development than their wild-type 
counterparts. Specifically, Cav1 KO mice dis-
play an increase in tumor multiplicity through-
out the entire course of the study. After 6 
months of treatment, the tumor burden of Cav1 
KO mice is two-fold higher than that of WT mice. 
In addition, tumor volume is increased in Cav1 
KO mice following 6 weeks of promotion, and 
Cav1 KO display a non-significant trend toward 
increased tumor incidence between 6 and 12 
weeks of treatment. We attribute the increase 
in tumor multiplicity in Cav1 KO mice to their 
increased sensitivity to promoter treatment, as 
evidenced by more proliferation following TPA 
treatment. Finally, keratinocytes isolated from 

Cav1 KO mice display an increased prolifera-
tive ability. Collectively, these results indicate a 
role for Cav1 in the suppression of proliferation 
during benign skin tumor development.

The results discussed herein are in accordance 
with previous work conducted by our laboratory 
demonstrating that Cav1 KO mice are more 
susceptible to benign tumor development fol-
lowing chronic treatment with 7,12- 
Dimethylbenz [a] anthracene (DMBA) [17]. Two-
stage carcinogenesis is a different model in 
which mice are subjected to an initiating dose 
of a carcinogen, most commonly DMBA, fol-
lowed by twice-weekly applications of a growth 

Figure 4. Cav1 ablation increases the proliferative ability of primary murine keratinocytes. A. Primary keratinocytes 
isolated from Cav1 KO mice show a complete absence of Cav1 protein and a concurrent decrease in Cav2 protein. 
K14 and Loricrin, markers for keratinocyte proliferation and differentiation, respectively, are unaffected by loss of 
Cav1. B. Confocal microscopy shows that Cav1 and Cav2 co-localize in WT keratinocytes, but with loss of Cav1 in 
Cav1 KO keratinocytes, Cav2 remains sequestered around the nucleus. Pictures were taken at 600x magnification. 
C. [3H]thymidine incorporation assays show that in both pro-proliferative (0.05 mM calcium) or pro-differentiative 
(1.2 mM calcium) medium conditions, Cav1 ablation in keratinocytes increases proliferation at different plating 
densities. Results are reported as mean ± SEM (n ≥ 3 per group; * p < 0.05, ** p < 0.01, *** p < 0.001 via an un-
paired t-test). D. Phase-contrast microscopy of WT and Cav1 KO keratinocytes plated at the same density. Cav1 KO 
keratinocytes grow to a higher cell density 48 and 72 hours after plating, indicating these cells have a proliferative 
advantage over WT cells. Pictures were taken at 100x magnification.
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promoter, commonly 12-O-tetradecanoyl 
-phorbol-13-acetate (TPA). Tumorigenesis is 
dependent upon the survival of initiated cells, 
their promotion into benign tumors, and the 
progression of these benign tumors into a 
squamous cell carcinomas [25]. The advantage 
of using a two-stage carcinogenesis protocol is 
that it allows for the dissection of the contribu-
tion of protein gain- or loss-of function to the 
different stages of tumorigenesis. The skin can 
be treated separately with each chemical, initi-
ator or promoter, and monitored for the relative 
amount of apoptosis or proliferation, respec-
tively [25, 39]. In the study conducted by 
Capozza and colleagues [17], DMBA was used 
as a complete carcinogen, and therefore the 
contribution of loss of Cav1 to the different 
stages of tumor development could not be 
determined.

Following the observation that Cav1 KO mice 
subjected to a two-stage carcinogenesis proto-
col are more susceptible to benign tumorigen-
esis, these mice were treated separately with 
DMBA and TPA to determine which stage of 
tumor development is more sensitive to loss of 
Cav1. Interestingly, both WT and Cav1 KO mice 
display similar rates of apoptosis following 
treatment with DMBA, indicating that Cav1 loss 
does not affect the survival of cells in the treat-
ed epidermis and consequently the initiation 
phase. In contrast, Cav1 KO mice are more sen-
sitive to TPA treatment, and display increased 
BrdU incorporation in comparison to WT mice. 
These results indicate that the increased sus-
ceptibility to benign tumor development 
observed in Cav1 KO mice is a product of aug-
mented proliferation in the promotion of benign 
skin tumors versus increased initiated cell sur-
vival. In further support of these results, kerati-
nocytes isolated from Cav1 KO mice have a 
proliferative advantage over WT keratinocytes 
in both low- and high-calcium medium. These 
results are especially relevant in light of other 
research demonstrating resistance to calcium-
induced cell cycle inhibition in keratinocytes 
isolated from mouse models with increased 
susceptibility to skin carcinogenesis [42]. The 
two-stage carcinogenesis model is also useful 
for analyzing the progression of benign tumors 
to malignant lesions [25]. It should be noted 
that no difference was observed in the rate of 
conversion to malignancy between WT and 
Cav1 KO mice, due in part to unexpected 

mouse death and the necessity of mouse sacri-
fice due to large tumor size (data not shown). 
Collectively, these results indicate that Cav1 
functions to suppress keratinocyte prolifera-
tion, both in vitro and in vivo.

Caveolin-1 is a major regulator of signaling 
transduction events in the cell, accomplished 
through its scaffolding domain that functions to 
compartmentalize many signaling molecules 
and inhibit their activity [3, 43]. One of the 
major targets of Cav1 signaling suppression is 
the Ras/Erk1/2 mitogen-activated protein 
kinase (MAPK) cascade, and several compo-
nents of this signaling pathway, including EGFR, 
Ras, Mek1/2, and Erk1/2 have been demon-
strated to localize with caveolae and interact 
with Cav1 [44-50]. Furthermore, Cav1 deple-
tion has been shown to hyperactivate Erk1/2 
signaling both in vitro and in vivo [46-48, 51, 
52]. The Erk1/2 signaling cascade is a major 
regulator of proliferation, in part through the 
promotion of cyclin D1 expression [53, 54]. 
Interestingly, Capozza and colleagues demon-
strate that the hyperplastic epidermis of Cav1 
KO mice treated with DMBA have increased 
expression of both activated Erk1/2 and cyclin 
D1 [17]. Although the expression of these pro-
teins was not investigated in the current study, 
it is interesting to speculate that the increased 
proliferation exhibited by Cav1 KO keratino-
cytes both in vitro and in vivo is due at least in 
part to hyperactivation of the Erk1/2 MAPK 
cascade. The results presented herein are also 
in accordance with other work that has demon-
strated a role for Cav1 in suppressing experi-
mentally-induced hyperplasia and epidermal 
proliferation following tape stripping [30]. Taken 
together, Cav1 functions to suppress epidermal 
proliferation under a variety of conditions, 
including chemical treatment and disruption of 
the epidermal barrier.

The function of Cav1 in inhibiting the promotion 
of benign growth has important ramifications 
for human disease. Interestingly, Cav1 loss has 
been implicated in the pathogenesis of two 
benign hyperproliferative disorders of the epi-
dermis, psoriasis and Netherton syndrome [30, 
31, 55]. Specifically, Campbell and colleagues 
demonstrate decreased expression of Cav1 in 
a significant portion of human psoriasis plaques 
[31]. These results correspond to the work dis-
cussed herein in which loss of Cav1 increases 
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benign proliferation following TPA treatment. In 
our model, this increase in proliferation corre-
sponds to an increased susceptibility to benign 
tumor development. Human skin tumor devel-
opment is a multi-stage process characterized 
by the development of pre-malignant lesions 
such as actinic keratoses and keratoacantho-
mas [24]. Although Cav1 expression has been 
shown to be significantly decreased in a subset 
of human squamous cell carcinoma tumors, 
the expression of Cav1 in human pre-malignant 
skin tumors has never been examined. The 
results presented herein provide evidence that 
Cav1 functions to suppress promotion of 
benign tumor growth in mice, and it therefore 
may have a similar function in human tumors. 
Furthermore, the promotion and progression 
stages of human tumor development have the 
most significant consequences for human 
health due to the potential for local disfigure-
ment, invasion, and metastasis [26, 28]; there-
fore, proteins involved in these stages of tumor 
development are important potential targets 
for future therapeutics [29]. As a modulator of 
epidermal proliferation and benign tumorigen-
esis, Cav1 may be an excellent target for thera-
peutic intervention.

In summary, our results demonstrate that the 
increased susceptibility of Cav1 KO mice to 
benign tumor development is due to enhanced 
epidermal proliferation following promoter 
treatment, and is not a function of increased 
initiated cell survival. Indeed, Cav1 ablation 
confers a proliferative advantage to both pri-
mary keratinocytes in vitro and treated epider-
mis in vivo. Further work should assess the rel-
evance of these findings to human premalignant 
tumors.
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