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Abstract
Background—We have previously reported stromal upregulation of the endogenous
angiogenesis inhibitor thrombospondin-2 (TSP-2) during multistep carcinogenesis, and we found
accelerated and enhanced skin angiogenesis and carcinogenesis in TSP-2 deficient mice.

Goals—To investigate whether enhanced levels of TSP-2 might protect from skin cancer
development.

Methods—We established transgenic mice with targeted overexpression of TSP-2 in the skin and
subjected hemizygous TSP-2 transgenic mice and their wild-type littermates to a chemical skin
carcinogenesis regimen.

Results—TSP-2 transgenic mice showed a significantly delayed onset of tumor formation
compared to wild-type mice, whereas the ratio of malignant conversion to squamous cell
carcinomas was comparable in both genotypes. Computer-assisted morphometric analysis of blood
vessels revealed pronounced tumor angiogenesis already in the early stages of carcinogenesis in
wild type mice. TSP-2 overexpression significantly reduced tumor blood vessel density in
transgenic mice but had no overt effect on LYVE-1 positive lymphatic vessels. The percentage of
desmin surrounded, mature tumor-associated blood vessels and the degree of epithelial
differentiation remained unaffected. The antiangiogenic effect of transgenic TSP-2 was
accompanied by a significantly increased number of apoptotic tumor cells in transgenic mice.
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Conclusion—Our results demonstrate that enhanced levels of TSP-2 in the skin result in reduced
susceptibility to chemically-induced skin carcinogenesis and identify TSP-2 as a new target for the
prevention of skin cancer.

Introduction
In contrast to the plethora of reports on tumor angiogenesis factors, much less is known
about the biological role of endogenous inhibitors of angiogenesis during tumor
development, in particular during the early stages of tumor promotion. Several endogenous
inhibitors of tumor angiogenesis have been identified including thrombospondin-(TSP)-1
[1], TSP-2 [2], angiostatin [3], endostatin [4], vasostatin [5] and tumstatin [6]. Although
TSP-1 and TSP-2 are members of the same family of glycoproteins with considerable
structural similarities [7, 8], the expression of TSP-2 differs spatially and temporally from
TSP-1 during embryonic development [9] [10]. Moreover, the regulation of TSP-2 gene
expression by growth factors is distinct from TSP-1 [7]. Previously, TSP-2 was shown to
diminish the angiogenic activity of basic fibroblast growth factor [11] and the formation of
focal adhesions in aortic endothelial cells [12], indicating its role in controlling
angiogenesis. TSP-2 deficient mice are characterized by increased vascular density in
several tissues including the skin [13] and display accelerated healing of excisional wounds
by virtue of their highly vascularized granulation tissue [14].

Previously, we identified stromal up-regulation of TSP-2 expression as a potential host anti-
tumor mechanism during multistep skin carcinogenesis [15], and we found that stable
overexpression of TSP-2 in human squamous cell carcinoma xenotransplants inhibited
tumor growth and vascularization even more potently than TSP-1 [2]. Furthermore, systemic
treatment with an N-terminal 80 kDa recombinant fragment of TSP-2 inhibited angiogenesis
and tumor growth in squamous cell carcinoma (SCC) bearing mice [16].

However, human cancers arise through a multistep progression pathway, and the role of
TSP-2 in the early stages of cancer development has remained unknown. Based on our
previous observation that TSP-2 deficient mice display enhanced skin carcinogenesis and
angiogenesis, we hypothesized that TSP-2 might play a role in the control of early
tumorigenesis. To directly evaluate the biological effects of TSP-2 in multistep epithelial
tumor development, we established transgenic mice with targeted overexpression of TSP-2
in epidermal keratinocytes of the skin. Hemizygous TSP-2 transgenic mice and their wild-
type littermates were subjected to a standard two-step skin carcinogenesis regimen, using
topical application of 7,12-dimethylbenz (α) anthracene (DMBA) for tumor initiation and
phorbol 12-myristate 13-acetate (PMA) for tumor promotion. This established model of skin
carcinogenesis [17] allows detailed insights into the premalignant as well as the malignant
stages of skin cancer development.

We found that targeted overexpression of TSP-2 in the skin of transgenic mice reduced the
incidence of early, premalignant stages of tumor development as well as the formation of
squamous cell carcinomas. Tumor angiogenesis was significantly inhibited in all stages of
skin carcinogenesis in TSP-2 transgenic mice, but lymphangiogenesis remained unaffected.
Moreover, the number of apoptotic tumor cells in TSP-2 transgenic mice was significantly
increased over wild-type controls, identifying TSP-2 as a potential factor for the prevention
of skin cancer.

Kunstfeld et al. Page 2

J Dermatol Sci. Author manuscript; available in PMC 2015 May 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Materials and Methods
Generation of TSP-2 transgenic mice

We cloned a 4.1-kb mouse TSP-2 cDNA sequence, comprising the full TSP-2 coding
sequence, into a pGEM-3Z vector containing the human keratin 14 (K14) promoter (kindly
provided by Dr. Elaine Fuchs, Chicago) that targets transgene expression to epidermal
keratinocytes of the skin [18]. We have previously used the identical expression vector to
establish transgenic mice overexpressing the mouse VEGF164 gene [19] and the human
TSP-1 gene [20]. The correct sequence and orientation of the TSP-2 insert were verified by
restriction mapping and direct sequencing using the Sanger dideoxy method.

After digestion of the complete construct with the restriction enzymes KpnI and HindIII, the
8.3-kb expression vector (Fig. 1A) was used to generate transgenic mice as described [19].
Transgenic founders were detected by Southern blot analysis of BamHI digested genomic
tail DNA obtained 2 weeks after birth. For rapid identification, genomic tail DNA was
subjected to PCR using an 18-mer primer and a 21-mer primer that bind, respectively, to
positions 321–338 and 650–630 of the human growth hormone gene in the transgene
construct, leading to selective amplification of a 330-bp fragment when the transgene
construct was incorporated into the genome. Transgenic lines were established in the FVB/J
genetic background. Transgene expression was confirmed by Northern hybridization of total
RNA extracted from the skin of mice (Fig. 1B) Northern blot analysis confirmed transgenic
TSP-2 mRNA expression in the skin of TSP-2 transgenic mice whereas TSP-2 mRNA was
not significantly increased above baseline in the liver of transgenic mice demonstrating
selective transgenic expression in the skin. This was further confirmed by in situ
hybridization demonstrating strong TSP-2 overexpression in basal epidermal keratinocytes
and in outer root sheath keratinocytes of hair follicles (Fig. 3B, D).

Western blot analysis
For western blot analyses, murine skin and squamous cell carcinomas (SCCs) were obtained
from four different wild-type and hemizygous TSP-2 transgenic mice and were
homogenized as described [20]. Protein concentrations were determined using the Bio-Rad
protein assay (Bio-Rad, Hercules, CA). Samples were boiled in denaturating Laemmli
sample buffer (Bio-Rad) with β-mercaptoethanol. Thirty microliters of each sample were
electrophoresed on 12% SDS polyacrylamide gels and blotted onto nitrocellulose
membranes (Bio-Rad). Membranes were incubated overnight in phosphate-buffered saline
(PBS) containing 5% skim milk to block nonspecific binding and were then incubated with a
goat anti-mouse VEGF-A antibody (R&D Systems, Minneapolis, MN) or a polyclonal rabbit
anti mouse TSP-2 antibody (kindly provided by Paul Bornstein, University of Washington,
Seattle, WA) After incubation with horseradish peroxidase-conjugated anti-goat IgG or anti-
rabbit IgG (Jackson ImmunoResearch Laboratories, West Grove, PA), immunoreactive
proteins were visualized using a chemiluminescence detection system (ECL; Amersham).
To confirm equal loading, the same membranes were stained with Naphthol Blue Black
solution (Sigma, St. Louis, MO).

Chemical skin carcinogenesis regimen
For tumor initiation, 50 µg of DMBA (Sigma), dissolved in 200 µl acetone, were topically
applied to the shaved back skin of 8-weeks-old female hemizygous TSP-2 transgenic mice
(n=25) and their wild-type littermates (n=25), followed by weekly topical application of 5
µg of the tumor promoter PMA (Sigma) over 20 weeks, as described [21] [22] In addition, 5
wild-type and 5 TSP-2 transgenic mice each were treated either with PMA alone or with a
single application of DMBA. Raised lesions of a minimum diameter of 1 mm which had
been present for at least one week were recorded as tumors. Mice were sacrificed after 32
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weeks or earlier if tumors reached 10 mm in diameter or became ulcerated. The ratio of
malignant conversion was calculated as the total number of squamous cell carcinomas
(SCC) divided by the total number of papillomas, expressed as a percentage. The two-sided
unpaired Student’s t-test was used to analyze differences in the number of tumors per mouse
between the two genotypes. In vivo metastasis data were evaluated using the Mann-Whitney
test and the Alternate Welch test. All animal studies were approved by the Massachusetts
General Hospital Subcommittee on Research Animal Care.

Histology and immunohistochemistry
Immunofluorescence stains were performed on 6 µm frozen sections of biopsies obtained
from normal untreated skin (n=9 for each genotype), small papillomas (1–3 mm in diameter;
n=11), large papillomas (>3 mm in diameter; n=11), and SCCs (n=10), using antibodies
against murine TSP-2 (P. Bornstein), mouse CD31 (Pharmingen, San Diego, CA), mouse
LYVE-1 (kindly provided by Dr. David Jackson, Oxford, UK) or desmin (Chemicon,
Temecula, CA) and with corresponding secondary antibodies labeled with Alexa Fluor 488
or 594 (Molecular Probes, Eugene, Oregon). For immunohistochemical stains, frozen
sections were incubated with antibodies to mouse keratin 6, 10, 14 or loricrin (Babco,
Richmond, CA), followed by biotin-conjugated secondary antibodies. Labeling was
visualized using the ABC kit (Vector Laboratories, Burlingame, CA) and DAB (Zymed
Laboratories Inc., San Francisco, CA) according to the manufacturer’s instructions.
Papillomas and SCC were diagnosed histologically on hematoxylin/eosin stained tissue
sections. Representative micrographs of a small papilloma, a large papilloma and a SCC are
shown in Figure 2 G–I.

In situ hybridization
In situ hybridization was performed on 6 µm paraffin sections obtained from untreated skin
(n=8 for each genotype), small papillomas (n=10), large papillomas (n=8) and SCCs (n=8)
of wild-type and TSP-2 transgenic mice as described [23, 24]. An RNA probe to mouse
TSP-2 was transcribed from a pBluescript II KS+ vector containing a 350-bp fragment of
the coding region that is specific for mouse TSP-2 but not TSP-1 [15]. Antisense and sense
single-stranded 35S RNA probes for VEGF-A were prepared from a 393 bp PCR rat VGF-A
cDNA fragment, cloned into pGEM-3Zf(+) [19]. Transcription reactions were carried out
using the Riboprobe Gemini II kit (Promega) in the presence of (α-35S) UTP. Anti-sense and
control sense probes were evaluated on alternate sections.

Morphometric vessel analyses
Computer-assisted vessel analysis was performed on CD31/LYVE-1 double-stained frozen
sections, obtained from biopsies of normal untreated skin (n=9 per genotype), small
papillomas (n=11), large papillomas (n=11), and SCCs (n=10) as described [20], using the
IPLab software (Scanalytics, Billerica, MA). The extent of pericyte coverage of tumor
vessels was determined on CD31/desmin double-stained sections of small papillomas and
SCC (n=3 for each type of tumor and each genotype). In 5 to 10 representative areas of each
specimen, the number of CD31-positive vessels that were associated with desmin-positive
pericytes was determined and expressed as a percentage of CD31-positive vessels. Values
were expressed as means±SEM. Statistical analysis was performed using the two-sided
unpaired Student’s t-test.

Cell proliferation and apoptosis assays
Two hours prior to sacrifice, mice were injected intraperitoneally with 40 mM
bromodeoxyuridine (BrdU, Sigma) in 200 µl of 0.95% NaCl solution. Papillomas were
obtained from TSP-2 transgenic (n=6) and wild-type (n=6) mice. Proliferating tumor cells
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were visualized by double immunofluorescence stains with an FITC-conjugated anti-BrdU
antibody (Pharmingen) and a rabbit antibody to mouse keratin K14, and were counted in an
area overlying a total length of 43.7 mm of basement membrane in TSP-2 transgenic mice
and of 55.8 mm in wild-type mice as described [15]. Apoptotic cells were identified by
TUNEL staining using the Fluorescein-FragEL DNA fragmentation kit (Oncogene,
Cambridge, MA) according to the manufacturer's instructions. Nuclei were stained with
propidium iodide in PBS (2 µg/ml). Labeled tumor cells were counted in an area overlying a
total length of 14.7 mm of basement membrane in TSP-2 transgenic mice and of 19.5 mm in
wild-type mice. Results are expressed as the mean ± SEM of BrdU- or TUNEL-positive
nuclei per mm basement membrane. The two-sided unpaired Student’s t-test was used to
analyze differences of proliferation and apoptosis rates.

Results
Delayed and reduced skin carcinogenesis in TSP-2 transgenic mice

We subjected hemizygous TSP-2 transgenic mice and their wild-type littermates to a
standard two-step skin carcinogenesis protocol by using topical application of a single dose
of DMBA for tumor initiation, followed by 20 weekly topical applications of PMA for
tumor promotion. TSP-2 transgenic mice showed delayed onset of pre-malignant skin
papillomas, with an average latency period of 18 weeks after the first PMA application, as
compared with 13.5 weeks in wild-type mice (Fig. 2A). The first small papillomas were
visible after 7 weeks in wildtype mice and after 8 weeks in TSP-2 transgenic mice (Fig. 2A).
At 18 weeks, 100% of the wild-type mice but only 52% of the TSP-2 transgenic mice
showed visible tumor formation. The number of epithelial tumors per mouse was
significantly decreased in TSP-2 transgenic mice, as compared with wild-type mice. After
20 weeks of PMA promotion, TSP-2 transgenic mice had developed less than 3 papillomas
per mouse, as compared with more than 6 papillomas in wild-type mice (P<0.001, Fig. 2B).
The evaluation of larger papillomas (>3 mm) revealed that the first large papilloma
developed after 14 weeks of PMA promotion in TSP-2 transgenic mice, 3 weeks later than
in wild-type mice (Fig. 2C). Following 20 weeks of PMA promotion, the incidence of large
papillomas was 73% in wild-type mice, as compared with only 39% in TSP-2 transgenic
mice (Fig. 2C), with a more than 3-fold increased average number of large papillomas in
wild-type mice (2.04 large papillomas per mouse) compared with TSP-2 transgenic
littermates (0.68 large papillomas per mouse, Fig. 2C), indicating that papilloma growth was
significantly delayed in the skin of TSP-2 transgenic mice. Malignant conversion of
papillomas to SCC was first detected at 17 weeks after TPA promotion in wild-type mice
and after 23 weeks in TSP-2 transgenic mice (Fig. 2E). After 32 weeks, 41% of TSP-2
transgenic mice had developed SCC as compared with 55% of wild-type mice. The average
number of SCC per mouse was significantly decreased in TSP-2 transgenic mice (0.45+0.15
at week 32; P<0.01), as compared with wild-type mice (0.86+0.19; Fig. 2F). However, the
ratio of malignant conversion of papillomas to SCC was comparable in wild-type (13.9%)
and TSP-2 transgenic mice (15.6%; Fig. 2G). No tumors were observed in wild-type or
TSP-2 transgenic mice treated with DMBA or with PMA alone (data not shown).
Representative micrographs of H&E stained sections of a small papilloma, a large papilloma
and a SCC are shown in Fig. 2 G–I.

Pronounced TSP-2 expression is maintained in tumors of TSP-2 transgenic mice
In situ hybridization revealed high levels of TSP-2 mRNA expression in the untreated skin
of TSP-2 transgenic mice (Fig. 3B, D) compared with low or undetectable TSP-2 mRNA
expression in the skin of wild-type littermates (Fig. 3A, C). High levels of TSP-2 mRNA
expression were maintained in SCC of TSP-2 transgenic mice (Fig.3F, H). In contrast, little
or no TSP-2 mRNA expression was found in SCC of wild-type mice (Fig. 3E, G).
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Immunofluorescence stains for TSP-2 demonstrated pronounced deposition of TSP-2 protein
in the stroma of TSP-2 transgenic SCC (Fig. 3J) as compared with scarce protein detection
in wild-type SCC (Fig. 3I). In accordance, Western blot analysis revealed high levels of
TSP-2 in the normal skin and SCCs of TSP-2 transgenic mice, whereas only moderate
expression of TSP-2 was detected in the tumors of wild-type mice (Fig. 3 K).

Decreased tumor angiogenesis in TSP-2 transgenic mice
Computer-assisted morphometric analyses of skin sections stained for the panendothelial
marker CD31 and the lymphatic marker LYVE-1 showed comparable vessel density in the
untreated skin of wild-type (Fig.4A) and TSP-2 transgenic mice (Fig. 4B). Evaluation of
papillomas revealed that the ‘angiogenic switch’ from vascular quiescence to induction of
angiogenesis was already detected at the early stages of epithelial tumorigenesis, as
evidenced by the increased vessel density in pre-malignant, small papillomas. As shown by
comparative analysis of CD31-positive vessels in early-stage papillomas, the extent of tumor
angiogenesis was less pronounced in TSP-2 transgenic mice (Fig. 4D) compared to wild-
type mice (Fig. 4C). TSP-2 transgenic mice also showed reduced numbers of large
angiogenic vessels. Morphometric image analysis revealed that both the vessel density and
the average vessel size were decreased in early papillomas in TSP-2-transgenic mice, as
compared with wild-type mice, resulting in a significant reduction of the relative area
occupied by tumor blood vessels (11.7 + 0.46 in wild-type mice, 8.6 + 0.55 in TSP-2
transgenic mice, p< 0.001, Fig. 4G).

Whereas the relative area occupied by tumor blood vessels continuously increased during
tumor progression in wild-type mice (14.7+0.76 in large papillomas and 16.8+0.9 in SCC,
Fig. 4G), the angiogenic response remained at significantly (p<0.001) lower levels in TSP-2
transgenic mice (relative area occupied by tumor blood vessels 7.9+0.6 in large papillomas
and 9.4s+0.4 in SCC, Fig. 4G), indicating that the anti-angiogenic effect of TSP-2 was
sustained during tumor progression. Computer-assisted morphometric analysis of lymphatic
vessels revealed a comparable density of LYVE-1 positive vessels in tumors of TSP-2
transgenic and wild-type mice (Fig.4 H).

Comparable VEGF expression in tumors of both genotypes
To investigate whether TSP-2 overexpression might have resulted in reduced levels of
VEGF-A expression, we next performed in situ hybridization analyses of VEGF-A mRNA
expression. In situ hybridization revealed comparable VEGF mRNA expression levels in
SCCs of wild-type (Fig. 5A,C) and of TSP-2 transgenic mice (Fig. 5 B, D). Moreover,
Western blot analyses of SCCs did not reveal any major differences in VEGF protein levels
between wild-type and TSP-2 transgenic mice. Equal protein loading was confirmed by
blotting for actin (Fig. 5E).

Increased tumor cell apoptosis in TSP-2 transgenic mice
In agreement with our previous results [24], decreased angiogenesis resulted in significantly
increased numbers of apoptotic tumor cells in TSP-2 transgenic as compared to wild-type
mice. Tunel assays revealed a more than 2.8-fold increase of apoptotic keratinocyte nuclei/
mm basement membrane in TSP-2 transgenic papillomas (66+6.9; Fig. 6A), as compared
with wild-type tumors (23+2.8, p<0.001; Fig. 6 B,C). No major differences of tumor cell
proliferation were detected in wild-type (Fig. 6D) and TSP-2 transgenic mice (Fig. 6E, F).
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Comparable pattern of epithelial differentiation in tumors of wild-type and TSP-2
transgenic mice

We next evaluated the expression of epidermal differentiation markers including keratin 6,
10, and loricrin in papillomas and SCC of wild-type and TSP-2 transgenic mice.
Hyperproliferation-associated keratin 6 was abundantly expressed in all tumors of wild-type
and TSP-2 transgenic mice (Fig. 7 A–D). The expression of the early differentiation marker
keratin 10 and the late differentiation marker loricrin was pronounced in papillomas of both
genotypes (Fig. 7 E, F, I, J), whereas in SCC an equally reduced expression of these markers
was observed in wild-type (Fig. 7 G, H) and TSP-2 transgenic mice (Fig. 7 K, L).

Transgenic TSP-2 overexpression does not enhance vessel maturation during tumor
progression

To explore whether transgenic TSP-2 might have effects on tumor vessel maturation, we
evaluated the percentage of blood vessels enveloped by pericytes. Immunohistochemical
double labeling for CD31 and for the pericyte marker desmin confirmed a pronounced
reduction of tumor vessels in papillomas and SCC of TSP-2 overexpressing mice (Fig. 8 B,
D) compared to wild-type littermates (Fig. 8 A, C). Importantly, in both genotypes, more
than 90% of vessels were associated with pericytes in papillomas (95.7%±1 in wildtype,
91.3±1.9 in TSP-2 transgenic mice) and SCCs (Fig. 8 E).

Discussion
It is well established that tumor growth and progression critically depend on angiogenesis,
i.e. the formation of new tumor associated blood vessels. In recent years, several proteins
have been demonstrated to promote or inhibit angiogenic processes in vitro and in vivo [25,
26]. Previously, VEGF has been identified as the major tumor angiogenesis factor in the vast
majority of human malignancies and in experimental tumor models [27, 28]

However, there is increasing evidence that tumors acquire the ability to secrete additional
angiogenic factors which orchestrate the growth of newly formed vessels during tumor
progression. Accordingly, therapies aiming to block VEGF activity have been found to
reduce tumor progression in experimental models [29, 30], but clinical studies with anti-
VEGF therapies have shown relatively modest efficiency in human malignancies [31].
Endogenous inhibitors of angiogenesis are thought to outweigh the pro-angiogenic
stimulators and maintain the vascular quiescence by directly blocking tumor angiogenesis.
One of the first proteins shown to inhibit angiogenesis was thrombospondin, later designated
as TSP-1 upon the discovery of additional members of the TSP family [32]. Of the five
proteins that comprise the family, only TSP-1 and -2 have been shown to exert influence on
vascular development and angiogenesis. TSP-1 and -2 suppress the angiogenic response by
antagonizing VEGF-induced cell survival and by inducing apoptotic pathways in blood
vessels [8, 33]. An inhibitory role of TSP-2 in angiogenesis has been demonstrated by its
effects on sprouting blood vessels in the chick chorioallantoic membrane assay [11].
Targeted disruption of the TSP-2 gene resulted in increased density of blood vessels in
several organs of TSP-2 deficient mice [34], in enhanced angiogenesis induced by foreign
body implantation [13], and in increased vascularization of full thickness wounds [14].
Moreover, TSP-2 deficient mice displayed pronounced inflammatory response in
experimental DTH reactions [35].

There is increasing evidence for the importance of TSP-2 in tumor-associated angiogenesis,
as demonstrated in several in vivo models. Circulating levels of TSP-2 have been increased
by implanting biodegradable polymers containing fibroblasts that were engineered to
overexpress TSP-2. These increased TSP-2 serum levels persisted for up to 5 weeks and
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were sufficient to inhibit experimental squamous cell carcinomas, Lewis lung carcinomas
and melanomas [36]. Moreover, systemic treatment of mice with a recombinant protein that
contains the N-terminal 80 kDa fragment of human TSP-2 inhibited experimental squamous
cell carcinoma [16] and breast cancer growth [37] . Moreover, we previously found a
profound upregulation of TSP-2 during multistep carcinogenesis and an enhanced
susceptibility to skin carcinogenesis in TSP-2 deficient mice, accompanied by accelerated
and increased tumor formation [15].

Our findings reveal that TSP-2 overexpressing mice show a significantly delayed tumor
development and a dramatically reduced incidence of papillomas and squamous cell
carcinomas compared to wild-type mice. The extent of tumor formation in wild-type mice
was comparable to previously reported results in the FVB/J genetic background [15, 21].
Our data reveal that the transgenic overexpression of TSP-2 leads to the delayed onset of
early premaligant tumors in skin carcinogenesis. However, taking into account the higher
number of papillomas in the wild-type mice, the malignant conversion rate of benign lesions
to SCC was almost identical in TSP-2 tansgenic and wild-type mice. This result indicates
that the abundance of an antiangiogenic factor in the skin is not sufficient to prevent the
genetic changes involved in the progression from premalignant to malignant neoplasia.

Our findings indicate that TSP-2 leads to a delayed growth of premalignant tumors but does
not abolish the emergence of malignant cutaneous tumors. In line with the observation that
TSP-2 inhibits early stages of carcinogenesis but not invasive tumors TGF-β (transforming
growth factor beta) was shown to stimulate the synthesis of TSP-2 [38]. It is known to be a
pro-apoptotic and anti-inflammatory agent in early stages of carcinogenesis. In case of late
malignant events, TGF-β may promote transformation, tumor aggressiveness and metastatic
capability [39]. Therefore, one underlying mechanism of the restricted inhibitory role of
TSP-2 in early tumor development might be a mediated by the TGF-β signaling pathway.
Beside endothelial cells, the microenvironment is composed of fibroblasts, pericytes,
leukocytes, and extra-cellular matrix which might provide additional pro-neoplastic effects
[40].

Keratin 14 expression is correlated with the proliferative activity of keratinocytes - there is a
much stronger K14 promoter activity in hyperplastic epidermis, whereas the transgene
expression, driven by K14, is rather low in normal skin. Therefore, the differential
expression of TSP-2 in TSP-2 transgenic versus wildtype skin is much more pronounced in
the hyperproliferative epidermis of papillomas and SCC than in normal skin. This explains
the potent inhibitory effect of TSP-2 on tumor angiogenesis in K14/TSP-2 transgenic mice,
in the absence of major alterations of the cutaneous vasculature in untreated skin. Our data
are in agreement with previous findings that specific overexpression of TSP-1 in the
epidermis preferentially interfered with wound healing associated angiogenesis, rather than
with the angiogenesis associated with normal development and skin homeostasis [24].
Importantly, we found that the induction of angiogenesis occurred already in small
papillomas in both genotypes, indicating that the angiogenic switch is turned on already in
early stages of premalignant neoplastic development. However, TSP-2 overexpression led to
a profound reduction of tumor-associated blood vessels in early premalignant small
papillomas as well as in large papillomas and SCC. Our data demonstrate that despite
reduced angiogenesis, tumor cell proliferation was comparable in wild-type and TSP-2
overexpressing SCCs. The correlation of diminished angiogenesis and retarded onset of
papillomas in our study is in accordance with findings by others, showing that angiogenesis
is a rate-limiting step in multistage carcinogenesis [42]. The significantly enhanced
apoptosis in the tumors of TSP-2 transgenic mice is in line with the observation that
therapeutic antiangiogenesis induces apoptosis [43] and supports the concept that tumor
angiogenesis may act as a paracrine regulator of tumor apoptosis [25].
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Our results demonstrate that the reduced vascularization in tumors of TSP-2 transgenic mice
was not attributable to an interference of transgenic TSP-2 with VEGF, since in situ
hybridization and western blotting revealed comparable VEGF mRNA and protein
expression levels in both genotypes. These results are consistent with previous findings that
overexpression of TSP-2 in SCC xenotransplants maintained VEGF expression at high
levels [2]. It is of interest that transgenic overxpression of TSP-2 did not inhibit tumor-
associated lymphangiogenesis as evidenced by morphometric analysis of immunostains for
the lymphatic-specific marker LYVE-1. These observations are in accordance with
previously published results [20] [16], indicating that thrombospondins have no overt effect
on lymphatic vessels. This is most likely attributable to the scant expression of the TSP
receptor CD36 on lymphatic endothelium.

Pericyte coverage of tumor endothelial cells is an indicator of vessel maturation [44, 45].
Because mature vessels with periendothelial support are a critical determinant for blood
flow in the microvasculature, we addressed the issue of vessel maturation by analyzing
periendothelial cell coverage of tumor endothelial cells. Double immunofluorescence stains
for CD31 and for the pericyte marker desmin revealed a comparable percentage of CD31-
positive blood vessels surrounded by desmin positive pericytes in tumors of both wild-type
and TSP-2 transgenic mice. Our data are in accordance with recently published results
showing a similar amount of desmin decorated blood vessels in the tumors of a murine
melanoma model [46]. They also indicate that transgenic overexpression of TSP-2 in the
skin exerts anti-angiogenic effects without overt influence on vessel maturation. Taken
together, our data demonstrate that transgenic overexpression of TSP-2 in the skin exerts
anti-angiogenic effects leading to the prevention of premalignant skin tumors but has no
significant effect on the conversion into SCCs. With regard to cutaneous malignancies,
angiogenesis inhibition thus appears to be more suitable in the treatment of premalignant
lesions or as an adjuvant treatment in patients with low tumor load. Therefore, anti-
angiogenic treatment likely should be tailored to specific tumor stages and be combined with
other targeted treatment approaches.
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Figure 1. Schematic representation of the K14-TSP2 transgene construct
A 4100 bp mouse TSP-2 BamHI cDNA fragment was ligated into the BamHI restriction site
of the keratin 14 promoter expression cassette (A). Overexpression of TSP-2 mRNA in the
skin of 3-week-old K14-TSP-2 transgenic mice was confirmed by northern blotting. TSP-2
mRNA was not increased above wild-type (wt) levels in the liver of TSP-2 transgenic mice.
Hybridization with a murine b-actin probe served as control for equal loading (B).
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Figure 2. Delayed and reduced skin carcinogenesis in TSP-2 transgenic mice
Delayed and diminished incidence of papillomas (small papillomas, SP, and large
papillomas, LP) in TSP-2 transgenic mice (n=25, filled circles), as compared with wildtype
mice (n=25, open squares). The incidence of papillomas is expressed as percentage of mice
with detectable tumor formation >1mm (A). Significantly decreased frequency of papilloma
formation, expressed as the average number of papillomas (SP and LP) per mouse, in TSP-2
transgenic mice (B). Markedly reduced incidence of large papillomas (LP, >3mm) in TSP-2
transgenic mice (C). Decreased average number of LP per mouse (D). Delayed and
decreased incidence of squamous cell carcinomas (SCC) in TSP-2 transgenic mice (E).
Decreased average number of SCCs per mouse in TSP-2 transgenic mice (F). H&E staining
of representative small papilloma (G), large papilloma (H) and squamous cell carcinoma (I).
The inserts in panel I reveal severe dysplastic cells and invasion of tumor cells through the
basement membrane.
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Figure 3. Differential TSP-2 expression in normal skin, SCC and tumor stroma in wild-type and
transgenic mice
In situ hybridization confirmed moderately enhanced TSP-2 mRNA expression in the
normal skin (B,D) of TSP-2 transgenic mice and a strong TSP-2 expression in the SCC of
TSP-2 transgenic mice (F, H), whereas little or no TSP-2 mRNA was detectable in the
normal skin (A, C) or the SCC of wild-type mice (E, G). Immunofluorescence stains for
TSP-2 (green) demonstrate pronounced deposition of TSP-2 protein predominantly in the
tumor stroma in TSP-2 transgenic SCC (J), as compared to weak TSP-2 protein expression
in wild-type SCC (I). Bar = 100 µm. Western blot demonstrates high levels of TSP-2
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expression in the skin and in tumors of TSP-2 transgenic mice in contrast to low protein
levels in wild-type mice (K).
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Figure 4. Diminished tumor angiogenesis in TSP-2 transgenic mice
Differential immunofluorescence analyses of untreated skin for CD31 (red) and LYVE-1
(green) demonstrate comparable vascularization in wild-type (A) and TSP-2 transgenic skin
(B). Increased density of CD31+ vessels in small papillomas (SP; C, D) and squamous cell
carcinomas (SCC; E, F) in both genotypes is accompanied by insignificant alterations of
LYVE-1+ vessels. Tumor angiogenesis was less pronounced in TSP-2 transgenic mice with
a prominent reduction of enlarged angiogenic vessels. Bar = 100 µm. Quantitative image
analysis of CD31-stained vessels revealed a significant decrease of the average vascular area
in TSP-2 transgenic mice (filled bars) already at early stages of papilloma formation and
throughout the progressive stages of skin carcinogenesis, as compared with wild-type mice
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(open bars, G). Quantitative image analysis of LYVE-1+ lymphatic vessels revealed a
comparable average lymphatic vascular area in untreated skin and throughout the
development of skin tumors in wild type (open bars) and TSP-2 transgenic mice (filled bars,
H). skin; untreated skin (n=9), small papilloma (SP <3mm, n=11), large papilloma (LP
>3mm, n=11), squamous cell carcinoma (SCC, n=11). Data are expressed as mean values
+SEM., ***p<0.001.
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Figure 5. Comparable expression of VEGF-A in wild-type and TSP-2 transgenic mice
In situ hybridization revealed comparable VEGF mRNA expression by SCCs of wild-type
(A, C) and TSP-2 transgenic mice (B, D). Bright-field (A, B) and dark-field (C, D)
micrographs, Bar = 100 µm. Western Blot confirmed comparable VEGF-A protein
expression in SCCs of wild-type and TSP-2 transgenic mice (E). Equal protein loading was
confirmed by staining with Naphthol Blue Black solution (data not shown).
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Figure 6. Increased number of apoptotic cells in TSP-2 transgenic tumors
Tunnel assays demonstrated a significant increase in the number of apoptotic epithelial cells
per mm basement membrane in TSP-2 transgenic papillomas (filled bar, B), as compared
with wild-type tumors (open bar, A). No significant difference was found in the number of
BrdU labeled proliferating tumor cells in wild-type (D) and TSP-2 transgenic mice (E, F).
Data are expressed as mean values+SEM. ***P<0.001. Tunnel assay (n=11), proliferation
assay (n=12).
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Figure 7. Comparable expression of epidermal differentiation markers in wild-type and
transgenic mice
Immunohistochemical stains demonstrated equally strong expression of the proliferation-
associated cytokeratin 6 (K6) in all stages of skin carcinogenesis in wild-type (A, C) and
TSP-2 transgenic mice (B, D). The early differentiation marker K10 and the late
differentiation marker loricrin were abundantly expressed in early, small papillomas of both
genotypes (E, F, I, J) and were comparably decreased in SCCs of wild-type and transgenic
mice (G, H, K, L). Bar = 100 µm.
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Figure 8. Comparable expression of desmin associated CD31-positive vessels both in wild-type
and transgenic mice
Differential immunofluorescence stains for CD31 and the pericyte marker desmin showed
that the majority of vessels were surrounded by pericytes in papillomas (A, B) and SCC (C,
D) of both genotypes. Bar = 50 µm. Quantification of desmin-associated CD31-positive
vessels demonstrated a comparable percentage of desmin-positive vessels (E). Values
expressed as mean+SEM; n.s.: not significant).
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