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Abstract

Osteopontin is a secreted, adhesive glycoprotein, whose expres-
sion is markedly elevated in several types of cancer and
premalignant lesions, implicating its association with carci-
nogenesis. To test the hypothesis that induced osteopontin is
involved in tumor promotion in vivo , osteopontin-null and
wild-type (WT) mice were subjected to a two-stage skin
chemical carcinogenesis protocol. Mice were initiated with
7,12-dimethylbenz(a)anthracene (DMBA) applied on to the
dorsal skin followed by twice weekly application of 12-O-
tetradecanoylphorbol-13-acetate (TPA) for 27 weeks. Osteo-
pontin-null mice showed a marked decrease both in tumor/
papilloma incidence and multiplicity compared with WT mice.
Osteopontin is minimally expressed in normal epidermis, but
on treatment with TPA its expression is highly induced. To
determine the possible mechanism(s) by which osteopontin
regulates tumor development, we examined cell proliferation
and cell survival. Epidermis from osteopontin-null and WT
mice treated with TPA thrice or with DMBA followed by
TPA for 11 weeks showed a similar increase in epidermal
hyperplasia, suggesting that osteopontin does not mediate
TPA-induced cell proliferation. Bromodeoxyuridine staining
of papillomas and adjacent epidermis showed no difference
in cell proliferation between groups. However, terminal
deoxynucleotidyl transferase–mediated dUTP nick end label-
ing analyses indicated a greater number of apoptotic cells
in DMBA-treated skin and papillomas from osteopontin-
null versus WT mice. These studies are the first to show
that induction of the matricellular protein osteopontin
facilitates DMBA/TPA-induced cutaneous carcinogenesis
most likely through prevention of apoptosis. (Cancer Res
2006; 66(14): 7119-27)

Introduction

The development of cancer is a multistage process, which has
been operationally divided into three distinct stages: initiation,
promotion, and progression. The initiation stage is defined by
permanent genetic changes, which occur spontaneously or on
exposure to carcinogen(s). Tumor promotion is defined as the stage
in which selective initiated cells in a ‘‘conducive environment’’
acquire proliferative abilities that lead to the generation of benign
tumors, such as papillomas. The tumor progression stage involves

additional mutations and epigenetic changes, resulting in malig-
nant tumor formation.
The mechanisms of tumor promotion are still not fully

understood. Because an initiated cell may die or remain dormant
for an extended period before acquiring proliferative abilities, the
tumor promotion stage is considered the first rate-limiting step to
tumor development. Although deregulation of cellular molecules,
such as proto-oncogenes, and tumor suppressors plays a critical
role in the process of tumorigenesis, recent studies have shown
that the extent to which a specific proto-oncogene contributes to
tumor development is highly dependent on the matrix microen-
vironment (1, 2). Thus, alterations in the microenvironment, such
as increased expression of or changes in the composition of matrix
molecules and/or cell surface receptors, may dictate the fate of an
initiated cell. To further define the importance of matrix protein in
tumor development, we studied the role of a tumor promoter-
inducible protein, osteopontin, in vivo .
Osteopontin is a secreted, acidic, adhesive glycoprotein pos-

tulated to have calcium binding, chemotaxis, cell binding, and
cell-signaling properties (3, 4). Depending on the tissue and/or
the stimulant, osteopontin may be secreted as a minimal to
highly phosphorylated protein (5, 6). One important characteristic
of osteopontin is its ability to bind to surface receptors through
the argininyl-glycyl-aspartic acid (RGD) cell-binding residues and
other specific regions that mediate binding to integrin receptors
and hyaluronic acid receptor CD44 (4, 7). The adhesion of osteo-
pontin with these surface receptors in vitro has been shown to
regulate the expression of genes encoding molecules, such as the
inducible nitric oxide synthase, the a1 integrin subunit, and the
hepatocyte growth factor receptor (MET), to bind and/or activate
pro-matrix metalloproteinase-3 (pro-MMP-3) and pro-MMP-9, and
to activate phosphatidylinositol 3-kinase (PI3K)/protein kinase B
pathway, leading to promotion of cell migration and cell survival
(8–10).
Normally, osteopontin is predominantly expressed in bone and

selective soft tissues, such as kidney, and in some body fluids.
Interestingly, osteopontin-null or osteopontin-deficient mice
(11, 12) show no developmental abnormalities or gross bone
deformities unless intervention studies are done, suggesting pro-
tein redundancy for normal development and differentiation and
that overexpression of osteopontin is more important in pathologic
conditions, such as tumor development. Elevated expression of
osteopontin has been reported in benign (13–15) and malignant
tumors from organs, such as brain, breast, mouth, salivary glands,
thyroid gland, lung, stomach, endometrium, ovary, kidney, colon,
prostate, liver, and pancreas (10, 16, 17). Furthermore, elevated
levels of osteopontin were detected in serum from breast, ovary,
colon, prostate, pancreas, and lung cancer patients (10, 17).
Collectively, these findings suggest that osteopontin may play an
important role in tumorigenesis.
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In previous studies, we used the in vitro ‘‘initiated’’ transforma-
tion sensitive (P+) epidermal JB6 cells and showed that induction
of osteopontin is required for tumorigenic transformation of these
cells (18). In this study, we used the two-stage (initiation-
promotion) skin chemical carcinogenesis protocol to determine
the role of osteopontin in tumor promotion in vivo . Mouse skin is
ideal for studying the role of osteopontin in tumor development
because (a) mouse epidermis expresses minimal levels of
osteopontin (12, 19, 20), (b) osteopontin mRNA expression is
increased by as early as 7 hours after 12-O-tetradecanoylphorbol-
13-acetate (TPA) treatment (21), and (c) osteopontin is expressed
in papillomas and squamous cell carcinomas (SCC) that arise in
wild-type (WT) mice subjected to the two-stage skin chemical
carcinogenesis protocol (19, 22).
Osteopontin-null (12) and WT mice were initiated with the

carcinogen 7,12-dimethylbenz(a)anthracene (DMBA) followed by
repetitive treatment with the tumor promoter TPA to determine
whether the lack of osteopontin expression suppresses papilloma
formation. We found that osteopontin-null mice exhibited a
significant delay in tumor development. Osteopontin-null mice
did not suppress TPA-induced epidermal hyperplasia nor was the
proliferative capacity significantly different in the papillomas when
compared with WT mice. Instead, we observed that osteopontin-
null papillomas have more apoptotic cells than WT papillomas.
Furthermore, DMBA-induced apoptosis study showed more
apoptotic cells in the epidermis of osteopontin-null mice than in
WT mice, implicating a prosurvival role for osteopontin. Thus,
tumor promoter-induced osteopontin may prolong the survival of
dormant initiated cells and thereby facilitate chemically induced
tumor development.

Materials and Methods

Chemicals. TPA, bromodeoxyuridine (BrdUrd), acetone, and DMBA were
purchased from Sigma (St. Louis, MO).

Osteopontin-null mice. Osteopontin-null mice, originally established in

a hybrid of 129/SvJ � Black Swiss line (12), were backcrossed to 129S6/SvEv

(Taconic, Germantown, NY), a subline of 129/SvJ, for four generations.
Speed congenic analyses were used to select for mice with the highest

percentage of 129S6/SvEv genotype. All heterozygous osteopontin-null mice

consisting of at least 95% 129S6/SvEv markers were backcrossed for an
additional five generations followed by expansion and generation of

homozygous osteopontin-null mice. Genotyping was done by PCR as

described previously (12).

Two-stage mouse skin chemical carcinogenesis protocol. All
experimental procedures were done with institutional approval for animal

use. Ten-week-old WT 129S6/SvEv mice (12 male and 12 female), purchased

from Taconic, and homozygous osteopontin-null mice (12 male and

8 female), as described above, were subjected to the initiation-promotion
protocol. Mice were shaved and treated with a chemical depilatory (Nair)

for 1 minute, 4 days before initiation with 43.7 nmol DMBA in 200 AL
acetone applied to the dorsal skin. Beginning 1 week later, 5 Ag TPA in

200 AL acetone was applied twice weekly for 27 weeks. Negative control
groups for both WT and osteopontin-null mice were treated with acetone

the 1st week followed by acetone twice weekly (acetone/acetone) or DMBA

followed by acetone (DMBA/acetone) or acetone followed by TPA (acetone/
TPA). The number of tumors that measured >1 mm in diameter was

counted, and body weight was recorded weekly. The length and width of

each individual tumor were measured with calipers. The experiment was

terminated at 33 weeks when WT mice reached 100% tumor incidence.
Dorsal skin and/or tumors were dissected from euthanized mice and

fixed in 10% neutral-buffered formalin for <24 hours and paraffin

embedded. Sections (5 Am) were stained with H&E for histopathologic

analyses, which were done blinded.

Immunohistochemistry. Tumors and/or skin sectioned to 5 Am were
deparaffinized and hydrated before blocking for endogenous hydrogen

peroxidase. This was followed by blocking with biotin-free Fc receptor

blocker (Innovex Biosciences, San Ramon, CA) and incubation overnight

with 0.5 Ag/mL or 1 hour with 5 Ag/mL of purified anti-osteopontin
polyclonal antibody (18) or preimmune purified rabbit IgG (negative

control). Sections were rinsed and incubated with biotin-conjugated anti-

rabbit antibody (InnoGenex, San Ramon, CA) followed by incubation with

streptavidin conjugated to horseradish peroxidase (streptavidin-HRP;
BioGenex, San Ramon, CA), and positive staining was visualized by

incubation with 3,3¶-diaminobenzidine (DAB) substrate (BioGenex). Slides

were counterstained with hematoxylin and coverslipped.

Western blot analyses. Total protein was obtained by scraping the

dorsal epidermis with a razor blade after treatment of the skin with 200 AL
acetone or 5 Ag TPA in 200 AL acetone. Scraped cells were lysed in a

solution consisting of 50 mmol/L Tris (pH 7.4), 150 mol/L NaCl, 0.5% Triton

X-100, 0.05% NaN3, and protease inhibitors. Protein concentration was

determined by the bicinchoninic acid method. Equal amounts of protein

from each samples were run along with recombinant rat osteopontin (23),

as positive control, and prestained protein markers (Amersham, Piscataway,

NJ) in 10% SDS-polyacrylamide gels and transferred onto polyvinylidene

fluoride membranes (Millipore, Billerica, MA) as described previously (18).

Membranes were incubated with polyclonal anti-rat osteopontin or anti-

glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Primary antibody-

binding sites were detected using secondary antibody coupled to HRP.

Bands were visualized by chemiluminescence (Amersham).

ELISA. To quantify the amount of osteopontin induced by DMBA in the
epidermis, total epidermis protein was analyzed by ELISA (Assay Designs,

Ann Arbor, MI). In brief, microplate wells coated with an anti-osteopontin

monoclonal antibody (mAb) were incubated with protein extract and

washed. This was followed by incubation with a HRP-linked mAb to
osteopontin. After incubation, the plates were washed and color substrate

was added and incubated for 30 minutes. The reaction was stopped with

hydrochloric acid solution. Absorbance values were detected at 450 nm. The

final osteopontin concentration was normalized to 100 Ag protein.
Epidermal hyperplasia. The dorsal skin of 10- to 11-week-old

osteopontin-null and WT mice were shaved and Naired as described above.

Five osteopontin-null mice and five WT mice were randomly selected and
treated with 200 AL acetone or 5 Ag TPA in 200 AL acetone once or every

3 days for a total of three treatments. These mice were sacrificed, and dorsal

skin samples were paraffin embedded. Sections (5 Am) were stained with

H&E, and epidermal thickness was evaluated as described in the figure
legend.

BrdUrd incorporation and detection. At the conclusion of the skin

chemical carcinogenesis study (33 weeks), mice were injected i.p. with 50 Ag
BrdUrd/g body weight 1 hour before sacrifice. Tumors with adjacent skin
were collected, fixed, paraffin embedded, and sectioned to 5-Am sections.

The BrdUrd In situ Detection kit (BD PharMingen, San Diego, CA) was used

to identify proliferating cells. Briefly, slides were blocked for endogenous

hydrogen peroxidase and antigen was retrieved by boiling in citric acid
(pH 6.0) before incubation with anti-BrdUrd mAb conjugated to biotin. The

slides were then incubated with streptavidin-HRP followed by DAB.

Sections were counterstained with hematoxylin.
Terminal deoxynucleotidyl transferase–mediated dUTP nick end

labeling assay. The analyses for apoptotic cells were done using tumors

and skin of mice not injected with BrdUrd. Apoptotic cells were detected

according to the procedure from Roche Diagnostics GmbH (Penzberg,
Germany). Tissue sections were subjected to antigen retrieval using

proteinase K followed by the addition of terminal deoxynucleotidyl

transferase (TdT) enzyme and fluorescein-dUTP. Fluorescein-dUTP was

detected by the addition of HRP-conjugated anti-fluorescein followed by the
addition of DAB. As a positive control, slides were pretreated with DNase

before treatment as described above.

DMBA effects on epidermis. Ten-week-old male WT and osteopontin-
null mice were used. The dorsal skin was shaved and treated with

a chemical depilatory as described above. The skin was treated with

20 Amol/L DMBA in 200 AL acetone and harvested at 100 hours after
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treatment. Excised skin was fixed and paraffin embedded. Sections (5 Am)
were used for TdT-mediated dUTP nick end labeling (TUNEL) analyses. The

treatment of DMBA for 100 hours was determined from preliminary studies

by analyzing epidermis for apoptotic cells at 24, 48, 72, and 100 hours of

DMBA treatment. TUNEL-positive epidermal cells in DMBA-damaged skin
were detected as described above.

Semiquantitative reverse transcription-PCR. Total RNA extracted

from skin samples was transcribed to cDNA by reverse transcriptase using

oligo(dT). Primers specific for mouse spp1 were 5¶-CTTTCACTCCAATC-
GTCCCTA-3¶ ( forward) and 5¶-GCTCTCTTTGGAATGCTCAAGT-3¶ (reverse),
which generated a 305-bp PCR product (24). To normalize expression of

osteopontin, the forward primer 5¶-CTCATGACCACAGTCCATGC-3¶ and
the reverse primer 5¶-CACATTGGGGGTAGGAACAC-3¶ were used to amplify
a 200-bp segment of the housekeeping gene GAPDH (25).

Results

TPA induces osteopontin expression in the epidermis.
Normally, the dorsal epidermis of male and nonpregnant female
mice expresses minimal osteopontin mRNA (12, 20). We did
immunohistochemical analyses on dorsal skin treated with or
without TPA to confirm previous findings and to locate the site of
osteopontin protein expression. Skin sections (5 Am) from
osteopontin-null or WT mice treated with 200 AL acetone or 5
Ag TPA in 200 AL acetone were incubated with a polyclonal
antibody to rat osteopontin or rabbit IgG. Untreated WT or
osteopontin-null dorsal epidermis (Fig. 1, B and D) did not stain
with antibody to osteopontin. Likewise, no staining was observed
in sections incubated with IgG as negative control (Fig. 1, A, C, E ,
and G). Compared with acetone-treated WT skin (Fig. 1F), TPA
induced significant osteopontin protein expression in the epider-
mis (Fig. 1H), consistent with previous studies on osteopontin
transcript level (21).

Lack of osteopontin expression suppresses benign tumor
development. To determine whether the lack of osteopontin
expression affects tumor development in vivo , osteopontin-null and
WT 129 mice were treated topically with a single application of
DMBA followed by treatment with TPA twice weekly for 27 weeks
and sacrificed at 33rd week. Osteopontin-null mice exhibited
delayed tumor development and reduced tumor multiplicity.
Interestingly, male osteopontin-null mice exhibited a delay in

tumor/papilloma appearance compared with WT mice (Fig. 2A,
left), whereas tumors began to appear at the same time in females
mice from both groups (Fig. 2A, right). By 14.5 weeks of promotion,
the WT male mice reached 50% tumor incidence (16 weeks for
female WT mice), whereas osteopontin-null male mice did not
reach 50% tumor incidence until 20 weeks (26 weeks for female
osteopontin-null mice). By 27 weeks of promotion, the number of
tumors per mouse was 2.1-fold higher for male WTmice than male
osteopontin-null mice (Fig. 2B, left) and 3.3-fold higher for female
WT mice than female osteopontin-null mice (Fig. 2B, right). The
percentage of tumor incidence after 27 weeks of promotion was
91.7% for WT male mice compared with 75% for osteopontin-null
male mice (Fig. 2A, left) and 85% for WT female mice compared
with 50% for osteopontin-null female mice (Fig. 2A, right).
The negative control groups (acetone/acetone, DMBA/acetone,

and acetone/TPA) in both WT and osteopontin-null mice did not
develop papillomas (data not shown). The lower percentage
incidence and tumor multiplicity in the osteopontin-null groups
of both genders compared with WT mice were independent of
body weight as there were no significant decreases in the body
weight of osteopontin-null versus WTmice during the course of the
experiment (Fig. 2C). These findings show that tumor promoter-

induced osteopontin expression facilitates the development of
chemically induced papilloma formation.

Histopathology of tumors from WT and osteopontin-null
mice. Histopathologic examination of tumors and adjacent skin
from female osteopontin-null mice at 33 weeks revealed that the
tumors were all papillomas, whereas male osteopontin-null mice
developed mostly papillomas with one keratoacanthoma and one
SCC. The male WT mice developed mostly papillomas with three
papillary hyperplasias, whereas the female WT mice developed
mostly papillomas with two cases of keratoacanthomas.

WT and osteopontin-null mice show no difference in TPA-
induced epidermal thickness or in proliferative capacity of
their papillomas and adjacent epidermis. In an attempt to
determine the mechanism by which the lack of osteopontin
expression delays and suppresses tumor development, we hypoth-
esized that osteopontin may prevent apoptosis and/or increase the
proliferation of DMBA/TPA-treated cells and, therefore, facilitate
the development of papillomas. To determine if osteopontin
stimulates cell proliferation, we questioned whether osteopontin

Figure 1. Expression of osteopontin in mouse skin of WT and osteopontin-null
mice with and without TPA treatment. Sections (5 Am) of dorsal skin from
untreated WT mice (A and B), untreated osteopontin-null mice (C and D ),
and WT mice treated with 200 AL acetone (E and F ) or 5 Ag TPA (G and H )
were incubated with 0.5 Ag/mL rabbit IgG (A, C, E , and G) or 0.5 Ag/mL
anti-osteopontin antibody (B, D, F , and H ). E, epidermis; D, dermis; HF,
hair follicle; S, sebaceous gland. Magnification, �40 [not zoomed (A-D ) and
zoomed (E-H ) before photographing with the Nikon 4500 digital camera;
Nikon, Tokyo, Japan].
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is necessary for TPA-induced epidermal hyperplasia or cell
proliferation (26). Treatment with 5 Ag TPA once or thrice elicited
a significant amount of osteopontin protein expression in WT
mouse epidermis but, as expected, not in nontreated, acetone-
treated, or osteopontin-null mice (Fig. 3A).
There was no significant difference in the epidermal thickness

between osteopontin-null and WT mice treated with TPA thrice as
shown by H&E staining (Fig. 3B) and as assessed by quantifying the
number of epidermal cell layers (Fig. 3C). Likewise, no significant
difference in the epidermal thickness was observed after initiation
by DMBA followed by 11 weeks of TPA (DMBA/TPA) treatment
(data not shown).
Analyses on the proliferative capacity of papillomas and adjacent

epidermis were also done. Mice were injected with BrdUrd before
sacrifice to label the proliferating cells in the papillomas and

epidermis of osteopontin-null and WTmice. BrdUrd staining in the
basal cell layer of papillomas and the adjacent epidermis was not
different in both WT (Fig. 4A, a-c) and osteopontin-null mice
(Fig. 4B, a-c ; Table 1). These studies suggest that osteopontin does
not mediate TPA-induced cutaneous hyperplasia nor affect the
proliferation of papillomas and their adjacent epidermis.

Papillomas from osteopontin-null mice show more apo-
ptotic cells, and osteopontin expression is found in WT
papillomas. Analyses for apoptotic cells by TUNEL assay showed
more prominent apoptotic cells in upper part of the spinous and
granular layers of papillomas from osteopontin-null (Fig. 4C, right,
inset) versus WTmice (Fig. 4C, left, inset). Additionally, the adjacent
epidermis of osteopontin-null papillomas also appeared to contain
apoptotic cells (Table 1). Because there were fewer papillomas in
the osteopontin-null group and most of the osteopontin-null mice

Figure 2. Tumor incidence, multiplicity, and
body weight of osteopontin-null and WT mice
in chemically induced skin carcinogenesis.
WT (OPN+/+; 12 males and 12 females) and
osteopontin-null (OPN�/�; 12 males and
8 females) mice were initiated with DMBA
and, after 1 week, treated topically with TPA
twice weekly for 27 weeks followed by
6 weeks of no treatment. Mice were
sacrificed at 33 weeks. A, tumor incidence
(% of mice with tumors). B, number of
tumors per mouse (multiplicity). C, average
body weight of mice. A to C, left, data for
male OPN+/+ and OPN�/� mice; right, data
for female OPN+/+ and OPN�/� mice.

Cancer Research

Cancer Res 2006; 66: (14). July 15, 2006 7122 www.aacrjournals.org

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/66/14/7119/2550883/7119.pdf by guest on 08 August 2022



with tumors were first used for BrdUrd analyses, we were not able
to assess all the adjacent epidermis surrounding the papillomas for
apoptotic cells.
Because previous studies by Northern blot analyses have reported

osteopontin expression in papillomas (19, 22), we analyzed immuno-
histochemically the localization of osteopontin protein. Osteopontin
was observed in the upper part of the spinous and granular layers
of WT papillomas and adjacent epidermis (data not shown) with
minimal expression found in the tumor stroma (Fig. 4D, a and b).

Osteopontin expression suppressed DMBA-induced apo-
ptosis of epidermal cells. To further determine if osteopontin

promotes cell survival in injured epidermis, we treated mouse skin
with 20 Amol/L DMBA to induce apoptosis. DMBA treatment led to
increased expression of osteopontin by 24 hours, which persisted
for 100 hours (Fig. 5A) as shown by semiquantitative reverse
transcription-PCR (RT-PCR) from RNA samples of mouse skin
and immunohistochemistry analyses (Fig. 5B). Further analyses of
osteopontin protein by ELISA showed significant amounts of
osteopontin in DMBA-treated WT epidermis (3.62 F 1.8 ng/100 Ag
protein; n = 3) compared with acetone-treated (<0.9 ng/100 Ag
protein; n = 3) mice. TUNEL analyses of mouse skin at 100 hours
after DMBA treatment showed markedly increased number of
apoptotic cells in osteopontin-null basal cell layer than in WT
(Fig. 5C and D). Thus, the induction of osteopontin could prevent
apoptosis of both normal and carcinogen-initiated epidermal cells
and, in so doing, can function as a facilitator of tumor
development.

Discussion

Whether a matricellular protein, such as osteopontin, can
influence the microenvironment and thereby facilitate tumorigen-
esis, we first investigated this possibility using the tumor-
promotable JB6 cell line. We and others have shown that the
tumor promoter TPA markedly enhances osteopontin synthesis
and secretion and concomitantly stimulates tumorigenic transfor-
mation of these cells as assessed by colony formation in soft agar
(5, 27, 28). TPA also increases the cell surface affinity or avidity of
integrin (most likely avh5) in JB6 cells for osteopontin, thus
implicating that tumorigenic transformation is facilitated by TPA-
induced secretion of osteopontin localized around the cells when
embedded in soft agar (29). Stable transfection of JB6 with
antisense osteopontin resulted in suppressed expression and
secretion of TPA-induced osteopontin and inhibited TPA-induced
tumorigenic transformation, which was partially rescued on the
addition of exogenous osteopontin (18). Furthermore, the addition
of osteopontin to simulate overexpression also stimulates trans-
formation of JB6 cells. Collectively, these studies support the
requirement of TPA-induced expression of secreted osteopontin in
facilitating tumorigenic transformation in vitro .
To address the role of osteopontin in carcinogenesis in vivo , two

studies have been done. The first study shows that osteopontin-
deficient (11) transgenic mice expressing both c-myc and v-Ha-ras,
which have been shown to partially regulate osteopontin
expression (30, 31), did not reduce mammary tumor development
when compared with transgenic mice expressing osteopontin (32).
The lack of reduction in mammary tumors could be due to the
overexpression of two oncogenes, which stimulate compensatory
proteins leading to robust mammary tumor development. The
second in vivo study used an independently derived osteopontin-
null mouse (12) to address the role of osteopontin in tumor prog-
ression, the second rate-limiting step in carcinogenesis. This one-
stage skin carcinogenesis model requires a weekly application of
the carcinogen N-methyl-N ¶-nitro-N-nitrosoguanidine for 40 weeks,
which leads to multiple mutations and other epigenetic changes
synonymous to the stage defined as tumor progression (33).
Interestingly, this study found that the lack of osteopontin
expression led to almost no papilloma formation but more SSCs
and metastases when compared with WT mice. Whether the lack
of papilloma formation in osteopontin-null mice was due to
carcinogen-induced apoptosis and whether carcinogen treatment
elicited osteopontin expression in WT mice were not addressed.

Figure 3. Osteopontin expression and epidermal hyperplasia in WT and
osteopontin-null mice treated with TPA or acetone. A, osteopontin protein
expression in WT epidermis treated with TPA or acetone. Dorsal skin of WT mice
not treated (WT-No Tx ), treated with 200 AL acetone once (ACE-x1) or thrice
(ACE-x3 ; once every 3rd day), or treated with 5 Ag TPA in 200 AL acetone once
(TPA-x1 ) or thrice (TPA-x3 ; once every 3rd day). Skin was harvested 24 hours
after the last treatment. Dorsal skin from untreated osteopontin-null mice
(OPN�/�) was also harvested. Protein (20 Ag) from each sample and
recombinant rat osteopontin (rOPN ; 24 ng) were run in 10% SDS-PAGE followed
by Western blot analyses. Note that, compared with mouse osteopontin, the
recombinant rat osteopontin consists of an additional 59 amino acid residues.
B, epidermal hyperplasia of WT and osteopontin-null skin. The dorsal skin of WT
and osteopontin-null mice was treated thrice (once every 3 days) with TPA
(5 Ag/200 AL acetone) or acetone (200 AL). Skin was excised, fixed in
formaldehyde, and paraffin embedded. Sections were stained with H&E. a and
b, WT and osteopontin-null mouse skin treated with TPA, respectively. Skin from
WT and osteopontin-null mice treated with acetone did not show epidermal
hyperplasia (data not shown). C, histogram of the number of cell layers in the
epidermis of WT and osteopontin-null mice treated with acetone or TPA thrice
before sacrifice. Epidermal thickness was quantitated by counting number of
layers of cells in the epidermis at intervals of 20 basal cells 10 times for
TPA-treated and 7 times for acetone-treated skin. Two skin sections/slide per
mouse were counted. Columns, average of five slides per group; bars, SD.
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Despite these two studies, no report has directly addressed the
role of osteopontin in the tumor promotion stage in vivo . The
present study uses the two-stage mouse skin chemical carcinogen-
esis protocol (known as the prototype for tumor promotion study)
to determine the function of osteopontin in benign tumor/
papilloma development. We show that the lack of osteopontin
expression in osteopontin-null mice markedly delayed the tumor
incidence and reduced the number of tumors per mouse compared
with WTmice. Additionally, relative to WTmice, an increase in the
latency period of tumor development in osteopontin-null male but
not in osteopontin-null female mice was observed. The reason for
this gender difference in the latency period is not clear. However, it
is also interesting to observe that, in both WT and osteopontin-null
female mice, tumorigenesis seems to be delayed compared with
males of corresponding group. Whether the gender difference is
due to differences in sex hormones or chronic inflammation in
males from persistent fighting remains to be investigated.

The delay in tumor development in both genders of osteopontin-
null mice compared with WTmice occurred independently of body
weight because no significant differences were observed between
the body weights of osteopontin-null and WTmice during the time
of tumor appearance. Consistent with previous reports on
osteopontin transcript levels (12, 20), we observed that the dorsal
epidermis of WT male and nonpregnant female mice expresses a
minimal level of osteopontin protein, but on TPA treatment (once
or thrice), the level of osteopontin protein is substantially increased
(Fig. 3A). Thus, persistent expression of osteopontin in an
initiation-tumor promotion skin carcinogenesis study suggests
that alteration in the microenvironment by elevated osteopontin
synthesis and secretion in the epidermis can facilitate the
development of benign tumors.
To determine the mechanism by which elevated osteopontin

expression might contribute to tumor development, we postu-
lated that TPA-induced synthesis and secretion of osteopontin

Figure 4. Osteopontin expression, proliferating and
apoptotic cells in papillomas, and adjacent epidermis of
osteopontin-null and WT mice. A, proliferating cells in
papilloma (P) and adjacent epidermis (E) from WT mouse.
a, papilloma from a WT mouse at 33 weeks probed with
anti-BrdUrd mAb. Magnification, �10. b and c, enlarged
regions of papilloma and epidermis, respectively, from (a ).
Magnification, �40. B, proliferating cells in a papilloma and
adjacent epidermis of an osteopontin-null mouse.
a, papilloma with adjacent epidermis from an osteopontin-
null mouse at 33 weeks probed with anti-BrdUrd mAb.
Magnification, �10. b and c, enlarged regions of papilloma
and epidermis, respectively, from (a ). Magnification, �40.
A, adipose; D, dermis. C, apoptotic cells in papillomas from
WT (left) and osteopontin-null (right ) mice. Magnification,
�4. Sections of papillomas from WT and osteopontin-null
mice not injected with BrdUrd were used for analyses of
apoptotic cells using a TUNEL assay kit. Insets, enlarged
papilloma regions from WT and osteopontin-null papillomas.
Magnification, �40. K, keratin. D, osteopontin expression in
a papilloma from WT mouse. a and b, same section
stained with polyclonal antibody specific to osteopontin.
Magnifications, �10 (a) and �40 (b ). c and d, consecutive
sections of the same papilloma as in (a ) and (b) probed
with control purified rabbit IgG antibody. Magnifications, �10
(c ) and �40 (d ).

Cancer Research

Cancer Res 2006; 66: (14). July 15, 2006 7124 www.aacrjournals.org

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/66/14/7119/2550883/7119.pdf by guest on 08 August 2022



stimulates cell proliferation and/or prevents cell apoptosis and
thereby facilitates tumorigenesis. In addressing these possibilities,
we focused our studies on the early stages of tumor development
in vivo . Tumor promoter-induced osteopontin expression does
not seem to mediate TPA-induced epidermal hyperplasia/cell
proliferation because osteopontin-null skin treated thrice with
TPA or for 11 weeks in a DMBA/TPA protocol showed a similar
increase in epidermal thickness as WT skin. Likewise, BrdUrd
labeling of osteopontin-null and WT papillomas and their
adjacent epidermis show no differences in proliferative capacity.
Osteopontin expression in WT papillomas was localized in the

upper spinous and granular layers. There seemed to be a greater
number of apoptotic cells in these layers in osteopontin-null
papillomas than in WT mice; however, quantification analyses did
not show a significant difference. The lack of statistical differences
in the number of apoptotic cells could be due to the wide variety of
papilloma morphology, rendering it difficult to assess the
significance of this finding, or that these papillomas are entering
the progression stage where additional mutations and epigenetic
changes are occurring. To more specifically address whether
osteopontin prevents cellular apoptosis, assays for DMBA-induced
apoptosis were done on the epidermis of osteopontin-null and WT
mice. We found that osteopontin-null mice have significantly more
apoptotic cells in the basal layer of dorsal epidermis when
compared with WT mice. Because papillomas are thought to be
derived from the basal cell layer and/or the squamous cell layer
(34), we postulated that induced osteopontin synthesis and
secretion could enhance the survival of both normal and
carcinogen-initiated epidermal cells.
Papillomas derived from initiation by DMBA commonly show

mutation in codon 61 of Ha-ras gene and also high levels of its
transcript (35). Because the promoter of spp1 gene (osteopontin)
contains a ras-activated enhancer shown to mediate ras-activated
expression of osteopontin (30), it is likely that the observed
osteopontin expression in the DMBA/TPA-treated epidermis is
regulated partly through the ras activation. In this scenario,
constitutively activated ras in DMBA-initiated cells would stimulate

synthesis and secretion of osteopontin, which in turn, by an
autocrine route, would inhibit apoptosis of these mutated cells.
Moreover, the repetitive application of the tumor promoter TPA
maintains a persistent presence of osteopontin and possibly
reinforces long-term survival of these initiated cells in the tumor
promotion stage.
Studies by others using in vitro and in vivo models suggest that

osteopontin may prevent apoptosis through integrins and/or
CD44s or its variant forms. Osteopontin has been shown to
enhance cell survival of interleukin-3-dependent pro-B cells and
multiple myeloma cells by engaging with CD44 (9) and CD44v 6,
respectively (36). The prosurvival effect of osteopontin ligating to
CD44 was shown to be mediated through activation of PI3K and
Akt (9). Interestingly, murine epidermis has been reported to
express CD44s and the variant forms, such as CD44v 6 and CD44v
10 (37, 38).
Besides mediating an antiapoptosis effect through CD44s and its

variants, integrin-mediated adhesion of cells to osteopontin has
also been shown to induce a prosurvival effect. Adhesion of
osteopontin to avh3 enhances the survival of melanocytes (39) and
endothelial cells presumably through the nuclear factor-nB path-
way (40, 41). Interestingly, though, murine and human keratino-
cytes normally do not express the h3 integrin subunit (42, 43). This
is consistent with our findings of murine epidermal-like JB6 cells
(29). These cells also express CD44s but do not mediate attachment
to osteopontin. Instead, TPA activates the integrin receptor
(possibly avh5) to increase its affinity or avidity to the RGD cell-
binding region of osteopontin (29). Whether or not TPA activates
or up-regulates integrin and/or CD44s expression and which
receptors interact with osteopontin in murine epidermis remains
to be investigated.
Nevertheless, the ligation of matrix proteins to integrin receptors

has been shown to activate focal adhesion kinases (FAK).
Furthermore, papilloma formation is suppressed in FAK-null mice
in two-stage skin chemical carcinogenesis studies (44). These
findings further support the importance of matricellular protein
interaction with integrins in regulating tumor development.

Table 1. BrdUrd and TUNEL-positive cells in papillomas and epidermis of WT and osteopontin-null mice

Male Female

OPN+/+ (n = 7) OPN�/� (n = 5) OPN+/+ (n = 7) OPN�/� (n = 4)

BrdUrd Papilloma ++* ++ +++ +++

Epidermis 3.68 F 1.86
c

3.13 F 0.67 2.95 F 1.25 2.75 F 2.14

TUNEL Papilloma 9.06 F 7.89
b

28.13 F 6.71 9.81 F 8.62 14.62 F 5.12

Epidermis 0 F 0x 0.20 F 0.20 0 F 0 0.25 F 0.25

*Quantitation of BrdUrd staining in papillomas. The total number of BrdUrd-stained cells from five randomly selected fields at �40 magnification per

papilloma or sample was obtained. The number obtained was then averaged by the number of mice (n) to obtain the number of BrdUrd signals per

sample, which was then scored as follows: +, <20 cells; ++, between 20 and 50 cells; +++, >50 cells per sample.
cQuantitation of BrdUrd staining in the epidermis surrounding papillomas. The average number of BrdUrd-positive cells from 10 fields at �10
magnification per epidermis section or sample was obtained. The number obtained was then averaged by the number of mice (n) to obtain the number

of positive signals F SD per sample.
bQuantitation of TUNEL-positive cells in papillomas. The total number of positive signals from five randomly selected fields at �40 magnification per
papilloma of similar morphology [i.e., finger, such as projections (see Fig. 4)] was obtained. The number obtained was then averaged by the number of

mice (n) F SD as indicated above.
xQuantitation of TUNEL-positive cells in the epidermis. The average number of TUNEL-positive cells from 10 fields per epidermis section or sample was
assessed. The number obtained was then averaged by the number of mice (n) F SD as indicated above.
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Although this study supports the role of osteopontin in enhancing
cell survival, this may not be the only mechanism by which
osteopontin acts to drive tumor promotion. It is also possible
that osteopontin enhances angiogenesis in vivo . However, identifi-
cation of an appropriate animal model to be used without TPA
(a confounding factor in carcinogenesis studies) will be necessary to
address this mechanism. Another important observation is the
specificity of osteopontin deletion in restricting tumorigenesis but
not cell proliferation or hyperplasia. This phenomenon has been
observed in three other studies. First, in the transgenic mice
expressing activator protein-1 inhibitor TAM67, tumor promotion
was inhibited but hyperplasia was unaffected (45). Second, mice
lacking protein kinase Ca show impaired TPA-induced epidermal
hyperplasia with enhanced tumor formation (46). Third, keratin
10-null mice show increase cell proliferation but decrease tumor
development in skin chemical carcinogenesis experiment (47). These
studies suggest that epidermal hyperplasia is not always necessary to
drive tumor promotion.
In conclusion, this is the first in vivo study using the two-stage

skin chemical carcinogenesis protocol to directly address the role

of the matricellular protein osteopontin in tumor promotion. The
lack of osteopontin expression markedly suppressed papilloma
development. Experimental evidence suggests that promoter-
induced osteopontin expression plays a critical role in regulating
the rate-limiting step of tumor promotion, possibly by providing
the initiated cells a conducive environment in which to prolong
their survival and, consequently, facilitate tumor development.
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Figure 5. DMBA-induced apoptosis in the epidermis of
osteopontin-null and WT mice. A, semiquantitative RT-PCR
of osteopontin expression in mouse skin from WT and
osteopontin-null mice treated with DMBA or acetone. Dorsal
skin was treated once with 20 Amol/L DMBA or 200 AL
acetone. Skin samples were harvested at 24 and 100 hours
after DMBA treatment, total RNA was extracted, and
semiquantitative RT-PCR was done to quantify osteopontin
expression. Left and right, lane C, WT mouse skin without
treatment; lanes + and �, TPA- or DMSO-treated mouse
epidermal, such as JB6 Cl41.5a cells, respectively.
B, immunohistochemical analyses of osteopontin
expression in the epidermis. WT skin treated with acetone
(left) or DMBA (right ) was harvested at 100 hours after
treatment. Tissue sections were treated with 5 Ag/mL rabbit
IgG (data not shown) or antibody to rat osteopontin.
C, TUNEL analyses of apoptotic cells in WT and
osteopontin-null mice treated with DMBA. Left, WT skin;
right, osteopontin-null skin. WT and osteopontin-null mice
were treated with DMBA (5 mice per group) or acetone
(4 mice per group), and skin sections were obtained from
the upper dorsal region of each mouse. Tissue sections
from the upper dorsal region were analyzed for apoptotic
cells. Arrows, apoptotic cells. D, graph of the number of
TUNEL-positive cells in the basal cell layer of WT and
osteopontin-null mice treated with DMBA. Upper dorsal
mouse skin was treated with DMBA as described in (C ).
For DMBA-treated WT or osteopontin-null skin (n = 10) with
two samples per mouse from five mice. For acetone-treated
WT or osteopontin-null skin (n = 4) with one sample per
mouse from four mice. Data analyses were done using
paired t test.
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