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Abstract
Syndecan-1 (sdc-1) is a cell surface proteoglycan that mediates the interaction of cells with their
matrix, influencing attachment, migration and response to growth factors. In keratinocytes, loss of
sdc-1 delays wound healing, reduces migration, and increases TGFβ1 expression. In this study we
show that sdc-1 expression is significantly reduced in basal cell, squamous cell, and metastatic
human skin cancers compared to normal human skin. In experimental mouse skin tumor induction,
compared to wildtype (wt) BALB/c mice, papilloma formation in sdc-1 null mice was reduced by
50% and the percent of papillomas converting to squamous cell carcinoma (SCC) was enhanced.
Sdc-1 expression on wildtype mouse papillomas decreased as they converted to SCC.
Furthermore, papillomas forming on sdc-1 null mice expressed suprabasal α3 and β4 integrins;
suprabasal β4 integrin is a marker of a high risk for progression. While the proliferative response
to TPA did not differ among the genotypes, sdc-1 null mice had an enhanced inflammatory
response and retained higher levels of total TGFβ1 within their skin after TPA treatment. Sdc-1
null keratinocytes, transduced in vitro by oncogenic rasHa, expressed higher levels of β4 integrin
and had enhanced pSmad2 signaling and reduced senescence when compared to wildtype rasHa

transduced keratinocytes. When rasHa transduced cells of both genotypes were grafted onto nude
mice, null tumors converted to SCC with higher frequency confirming the skin painting
experiments. These data indicate that sdc-1 is important both early in the development of skin
tumors and in progression of skin cancers suggesting that reduced expression of sdc-1 could be a
useful marker for progression in neoplastic skin lesions.
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INTRODUCTION
Changes in the expression of sdc-1 during carcinogenesis have been reported in various
tissues including breast, prostate, head and neck, uterine, and colon cancer (reviewed in 1,2).
Sdc-1 has been reported to be both up-regulated (breast cancer and head and neck cancers)
or down-regulated (uterine and colon cancers) during carcinogenesis. The loss of sdc-1 can
occur by transcriptional downregulation or constitutive or MMP-induced shedding of the
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sdc-1 ectodomain and in most cases the mechanism of loss of sdc-1 has not been
determined.

We have shown previously that the loss of sdc-1 impacts dermal and corneal wound healing
in vivo and alters migration and integrin functions of epidermal keratinocytes (3) and dermal
fibroblasts (4) in vitro. Sdc-1 null keratinocytes are more adhesive and less migratory as
they rely primarily on α6β4 to mediate their migration. In contrast, sdc-1 null fibroblasts
show increased rates of cell migration. In null keratinocytes and fibroblasts, the differences
in integrin function and expression are accompanied by altered TGFβ1 signaling.

Expanded expression of α6β4 within papillomas undergoing premalignant progression
arising from 2-stage chemical carcinogenesis is associated with differences in the interaction
of cells with laminin in their matrix (5,6). Otiz-Urda and colleagues (7) showed that the
development of human epidermal squamous cell carcinomas required the interaction
between the two extracellular matrix molecules laminin 332 (LM332) and type VII collagen
and recent studies show that this interaction is mediated by signaling through integrin
mediated adhesions. Sdc-1 associates with the α3 chain of LM332 via α3β1 integrin (8) and
with the short arm of the laminin γ2 chain via α6β4 integrin (9).

The region of sdc-1 that associates with α3β1 and α6β4 integrins is called the co-receptor
binding domain. Sdc-1 can also activate αv integrin function in mouse mammary tumor
cells (10); sdc-1 null fibroblasts have reduced activation of αv integrins on their surface (4)
which may contribute to delayed wound healing in sdc-1 null mice since several αv integrin
heterodimers including αvβ5, αvβ6, and αvβ8 mediate TGFβ1 activation. The latent
domain of TGFβ1 has an αv integrin binding site and studies have suggested that αv
integrins sequester latent TGFβ1 to the cell surface and control its activation locally (11).

TGFβ1 is known for its ability to function as a pro-oncogenic factor late in cancer
development and also function to inhibit tumor formation early in cancer development (12–
15). Evidence for the importance of sdc-1 in epithelial homeostasis is shown by the fact that
sdc-1 expression in epithelial cells is regulated via TGFβ1 mediated cell signaling (16). It is
critical that we develop a more complete understanding of the dual nature of the cell
signaling events regulated by both sdc-1 and TGFβ1 in epithelial cells.

Given the association between sdc-1 and integrin activation, binding of α3 integrin to
LM332 and its role in carcinoma development (2, 6), and the altered regulation of integrin
and TGFβ1 signaling in sdc-1 null keratinocytes (3,17), we hypothesized that sdc-1 null
mice would show altered susceptibility to skin cancer. Here we report that human skin
cancers lose sdc-1 and confirm that similar events occur in the mouse using 2-step chemical
carcinogenesis protocols. The loss of sdc-1 in mice reduces the number of papillomas
forming after 2-step chemical carcinogenesis yet the malignant conversion frequency to
squamous cell cancers (SCCs) is greater. Additional data are presented that assess the
response of sdc-1 null skin to TPA treatment and the ability of rasHa transduced sdc-1 null
keratinocytes to convert to SCCs when grafted onto the backs of nude mice. Taken together,
our data add needed insight into sdc-1-integrin mediated cell signaling during skin
carcinogenesis and indicate that sdc-1 is important both early in the development of skin
tumors as well as in progression of skin cancers.

MATERIALS AND METHODS
Antibodies used

For immunoblots, the following antibodies were used: actin (MAB1501R; Chemicon
International, Temecula, CA), LM332 (Jonathan Jones, Northwestern University, Chicago,
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IL), polyclonal antibody #3101S against the pSmad2 465/467 phosphorylation sites and
polyclonal antibody #3102 for total Smad2 (Cell Signaling Technology Danvers, MA). The
β4 and α3 antibodies used for blotting were rabbit polyclonals against cytoplasmic domain
peptides (18). For immunofluorescence microscopy, the same antibodies listed above were
used except for 346-11A for β4 integrin (BD Pharmingen). Other antibodies used include
K8 TROMA-I (Developmental Studies Hybridoma Bank, University of Iowa, Iowa City,
IA), α5 integrin polyclonal (AB1928; Chemicon International), 281-2 for mouse sdc-1 (BD
Pharmingen) and MCA2459GA (AbD Serotec.IS) for sdc-1 staining of human tissues.

Human skin tumor array
Human sdc-1 was detected in a human skin cancer and normal tissue macroarray (US
Biomax, Inc. Cat# SK208) and immunostained with mouse anti-human CD138. The tissue
array was baked for 2 hours at 60°C for paraffin removal and underwent 7 minutes of high
heat citrate bath for antigen retrieval (Vector Laboratories). Bound antibody was detected
with biotinylated antimouse secondary antibody and the Vectastain Elitekit (Vector
Laboratories).

Mouse procedures and treatments
Mouse 2-stage chemical carcinogenesis and grafting experiments were performed under a
protocol approved by the National Cancer Institute (NCI) and the NIH Animal Care and Use
Committee. Experiments using acute and chronic TPA treatments were conducted under
IACUC protocols approved by the GWUMC. The backs of age matched (8 wk old) wildtype
and sdc-1 null mice were shaved and the following day TPA (#524400; phorbol-12-
myristate-13 acetate, Calbiochem, SanDiego, CA), dissolved in acetone, was applied to the
backs of mice at a concentration of 5 μg/200 μl.

Tumor induction experiments
The backs of age matched wildtype and sdc-1 null mice backcrossed 7 generations onto the
BALB/cJ genetic background were shaved 2 d prior to initiation with a single topical
application of 5 μg DMBA in 100 μl acetone. Promoter treatments with TPA [5 μg/100 μl
once per week] was started 1 week after initiation and continued for 20 weeks. Mice were
sacrificed at 52 weeks after initiation and skin tumors induced by the initiation protocol
were bisected and either placed in tissue embedding medium for frozen section or fixed in
formalin. Chemical carcinogenesis experiments were repeated twice. Tumor type [squamous
papilloma or SCC] was verified by examination of H&E stained sections of each tumor.

Nude mouse grafts
Primary keratinocytes from wt or sdc-1 null mice were placed in culture and on day 3 were
infected with the v-rasHa retrovirus and used for grafting on day 8 as described previously
(19). After trypsinization, 2 ×106 wt or sdc-1 null ras-transduced keratinocytes were mixed
with 6 ×106 BALB/c primary dermal fibroblasts cultured for 1 week, and the mixture was
grafted onto the backs of nude mice on a prepared skin graft site.

v-rasHa retroviral construct
The v-rasHa replication defective ecotropic retrovirus was prepared using ψ2 producer cells
as previously described (19). Retrovirus titers were routinely 1×107 virus particles per ml.
Keratinocytes were infected with the v-rasHa expression vector on day 3 at a multiplicity of
infection of 1 in medium containing 4 μg/ml Polybrene (Sigma Aldrich). For time lapse and
immunoblot experiments studying cell migration, v-rasHa transduced keratinocytes were
used on day 5.
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MPO activity assay
8 mm skin punch biopsies were obtained from skin after treatment with acetone and/or TPA
and stored frozen at −80°C. MPO activity was assessed as described in Cataisson and
colleagues (20). No fewer than 5 mice were used per time point for studies involving MPO
analyses.

BrdU cell proliferation analyses
For BrdU analyses after TPA treatment of mouse back skin, mice were injected with 25 μl
per gm of body weight with a 1 mg/ml solution of BrdU 2 hrs prior to sacrifice. BrdU
positive cells were determined in skin sections that had been fixed in 100% MeOH, paraffin
embedded, sectioned, and subjected to staining using the in situ BrdU labeling kit
fluorescence (Roche, # 11 296 736 001) as per the manufacturers instructions.

Cellular senescence assay
For the measurement of senescence, we used the Senescence β-Galactosidase Staining Kit
(#9860; Cell Signaling Technologies) with the following modifications: To increase the
intensity of the β-gal staining, fixed, stained cells were left in a dry 37°C oven for 48 h.
Three independent sets of wt and sdc-1 null mock and rasHa-transduced keratinocytes were
assayed and the number of total cells and the % of blue cells per field in 3 separate fields per
well with 3 wells were counted per experimental variable.

Primary mouse keratinocyte cell culture
Wild type (wt) mice were obtained from NCI-Frederick (Frederick, MD). Tissue culture
media, stocks, and buffers were obtained from Gibco/Invitrogen (Carlesbad, CA) unless
otherwise indicated. Construction of sdc-1 deficient mice was described previously (18);
mice have been backcrossed into a BALB/c genetic background (22,23). Primary mouse
keratinocytes were grown as described (3). For studies of pSmad2, 500 pg/ml TGFβ1 was
added per well and cells were extracted and used for determination of pSmad2 levels as
described (21).

Immunoblotting and immunofluorescence
Wt or sdc-1 null keratinocytes were cultured for 3 days, ras transfected at day 3, and
extracted for immunoblotting at day 5. For immunofluorescence microscopy, unfixed frozen
sections were stained as described previously (17) except that TBST was substituted for PBS
in the blocking buffers and for all antibody dilutions. Images were taken on a Nikon Eclipse
600 fluorescent microscope using a SPOT RT Slider cooled CCD camera (Diagnostic
Instruments, Inc) and processed using Adobe Photoshop 7.0. No-primary antibody controls
were included in each immunofluorescence experiment to assure specificity of antibody
staining.

Statistics
Data were subjected to statistical analysis using Graphpad Instat software. ANOVA was
used unless otherwise indicated in the text. For the data on skin painting studies, a Chi-
squared analysis was used and for the grafting experiments, data were subjected to the
Mann-Whitney test. Data were deemed to be statistically significant if the p values were <
0.05.
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RESULTS
Sdc-1 is lost in human skin cancers

We used a human skin cancer tissue macroarray to determine the expression of sdc-1 in a
series of phenotypically different non-melanoma cancers. Presented in Figure 1A are
representative images showing sdc-1 in normal skin and in tumors identified as squamous
cell carcinoma (SCC), basal cell carcinoma (BCC), and metastatic adenocarcinoma. In
normal human skin, sdc-1 is abundant in the stratum spinosum and granulosum, less
abundant in the basal cell layer, and absent in the stratum corneum. Sections from 75
individual human skin tumors or normal skin were assessed for sdc-1 staining based on a
scale of 0 to 3 (3 being the maximum level observed in normal skin). Sdc-1 was reduced or
absent in SCCs, BCCs, and metastatic adenocarcinomas as quantified in Figure 1B showing
the mean value for all tumors analyzed of a particular phenotype.

Sdc-1 null mice develop fewer papillomas after chemical carcinogenesis but the frequency
of conversion of papillomas to SCCs is higher

To determine how sdc-1 might influence tumor formation, we used a 2-step carcinogenesis
protocol with DMBA as initiator and TPA as promoter. Given the delayed skin wound
healing phenotype in sdc-1 null mice (18), care was taken to use low concentrations of
DMBA and TPA to prevent the development of overt skin lesions in sdc-1 null mice during
long term promotion with TPA. No such lesions developed. Figure 2A and B show the
tumor frequency and burden data respectively from two independent experiments. The
tumor incidence in the sdc-1 null mice is reduced to approximately 50% that of the wt mice
in both experiments. While this reduction was not quite statistically significant for
experiment 1 (p=0.06), for experiment 2, the number of mice used was increased and the
results were highly significant (p=0.01). The tumor burdens are similar for both genotypes
and range between 1 and 2 tumors per mouse.

In this model on a BALB/c genetic background, tumors develop as benign papillomas with
generally low risk to progress to malignancy (22). The conversion frequency is then
calculated on the number of carcinomas developing from the total tumor burden. Data
presented in Figure 2C show that for sdc-1 null mice for experiment 1, there was a 2-fold
increase whereas experiment 2 showed a slight increase in the % conversion which was not
significant. Tumors (or squamous papilloma only) were also stained for Keratin1 and
Keratin13, markers of benign or progessing papillomas respectively (Figure 2D), but these
showed no difference among the genotypes.

Sdc-1 is lost from wildtype papillomas as they convert to SCC
Figure 3A and B show that sdc-1 is expressed on the suprabasal cells of the papillomas that
form from wt mice in regions that do not overlap with those that express α3 or β4 integrin
or LM332. The localization of both α3 and β4 is enhanced within the suprabasal cells
present above the LM332-rich basement membrane in the absence of sdc-1. In wt SCCs
(Figure 3C and D), sdc-1 is lost but α3 and β4 integrins retained while these integrins are
reduced in SCC from sdc-1 null mice. The expression of α5 integrin was increased in wt
SCCs as was K8, a marker upregulated in mouse and human SCC. K8 was also seen in sdc-1
null SCC.

Chronic TPA treatment promotes cell proliferation, inflammation, and TGFβ1 accumulation
in wt and sdc-1 null skin

To determine the comparative response of sdc-1 null mouse skin to TPA treatment, we
exposed age-matched wildtype and sdc-1 mice to a single or 3 weekly TPA treatments.
Since data for cell proliferation and MPO-activity were similar after both single and multiple
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TPA treatments, results are presented in Figure 4 only for multiple TPA treatment studies.
As shown in Figure 4A, BrdU incorporation into the interfollicular epidermis of wt and
sdc-1 null skin was similar after multiple TPA treatments. To assess whether TPA induced
inflammation in sdc-1 null skin, MPO activity was measured in extracts from skin biopsies
taken from TPA-treated mice. MPO activity was higher in sdc-1 null mice at all time points
assessed and was statistically significant at 48 hr and 72 hr after treatment (Figure 4B).

TGFβ1 reporter assays and pSmad2 immunoblot studies have shown that sdc-1 null
keratinocytes produced more TGFβ1 in culture and that null cells had high endogenous
levels of secreted TGFβ1 and elevated TGFβ1 signaling (3). Figure 4C shows enhanced
suprabasal cell localization of α3 integrin in both wt and sdc-1 null skin 48 h after a 3rd TPA
application; however, suprabasal α3 integrin is more persistent in sdc-1 null skin, remaining
elevated for up to 72 h. TGFβ1 is increased in the more differentiated cell layers of sdc-1
null skin seven days after the second and prior to the third application of TPA and increased
in both wt and sdc-1 null skin within 48 h of the 3rd TPA application and was detected in the
dermis of null mouse skin at 72 h. While quantitation of TGFβ1 in total skin extracts failed
to show a difference between the genotypes within 72 h of the last TPA exposure, the
growth factor had persisted in the skin of sdc-1 null mice for a considerable time, here
shown for 7 days after the second application of TPA (Figure 4D).

In vivo grafts of rasHa transduced sdc-1 null keratinocytes convert to SCC with high
frequency

To confirm and extend the skin painting data, wt and sdc-1 null keratinocytes were
transduced with an oncogenic rasHa retrovirus and grafted onto the backs of nude mice along
with primary wt BALB/c fibroblasts. By this method approximately 75–85% of
engraftments developed into papillomas. Data from three separate grafting experiments are
summarized in Table 1 and reveal that 36% of tumors derived from sdc-1 null keratinocytes
converted to SCC compared to 19% of wildtype tumors, a difference which was not quite
statistically significant. Immunostaining revealed that tumors generated using sdc-1 null
cells displayed extended suprabasal expression of both α3 and β4 integrins and an expanded
basement membrane zone (BMZ) compared to papillomas generated from wt cells (Figure
5A); localization of LM332 confirmed that the BMZ in the sdc-1 null papillomas was
thicker (Figure 5B). Using IHC, we confirmed that sdc-1 was lost as papillomas formed
from grafted wt ras-activated keratinocytes progressed to SCCs (Figure 5C). SCCs derived
from both wt and sdc-1 null ras-transduced keratinocytes showed downregulation of
epithelial integrins within tumor cells (Figure 5D) but staining was retained in blood vessels.

rasHa-transduced primary sdc-1 null keratinocytes differ from their wildtype counterparts
in vitro

To examine the impact of rasHa activation in vitro, we assessed integrin expression by
immunoblots in normal and ras-transduced keratinocytes. As detected in tumors, total α3
and β4 integrin expression are elevated in wt and sdc-1 null keratinocytes by ras
transformation with higher expression detected in sdc-1null keratinocytes (Figure 6A).
Previously, we reported in time lapse studies that sdc-1 null cells were more adhesive, less
migratory, and increased their migration to wt levels upon treatment with GoH3 (α6IgG), an
α6 integrin function blocker (3). Figure 6B indicates that ras-activated sdc-1 null cells are
less migratory compared to wt cells and ras activation renders them resistant to the effect of
the α6 integrin function blocker. In contrast, the α6 integrin function blocker reduces
migration of ras-transduced wt cells. Thus, ras-transduction of wildtype keratinocytes
converts α6β4 from an integrin that reduces cell migration into one that enhances cell
migration whereas α6β4 functions are not altered in ras transduced sdc-1 null keratinocytes.
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Since TGFβ1 upregulates integrin expression in keratinocytes (3), we assessed TGFβ1
activity by looking at pSmad2 expression in serum starved, TGFβ1-treated, ras-transduced
primary wt and sdc-1 null keratinocytes. Data presented in Figure 6C show that pSmad2 is
increased 1 and 6 h after TGFβ1 treatment in keratinocytes from both genotypes but the
levels are higher and sustained longer in sdc-1 null keratinocytes whether or not they are
expressing oncogenic ras.

Elevated TGFβ1 expression and activation in keratinocytes are known to have a cytostatic
impact reducing cell proliferation and inducing senescence; yet, the trend was for sdc-1 null
ras-transduced cells to convert more readily to SCC. To assess whether the ablation of sdc-1
altered senescence of keratinocytes, we measured the numbers of senescence associated β-
galactosidase positive cells. Both constitutive and ras-transduced sdc-1 null keratinocytes
are significantly more resistant to senescence than wt cells (Figure 6D).

DISCUSSION
Although sdc-1 null mice do not demonstrate a constitutive skin phenotype, the importance
of sdc-1 in cutaneous homeostasis has been clearly shown by experimental studies in mice.
In vivo, skin wound healing is substantially delayed by the absence of sdc-1 (17). Further,
cultured sdc-1 null keratinocytes have reduced migration rates, enhanced matrix adhesion,
altered expression of cell surface integrins and elevated TGFβ1 expression and signaling (3)
when compared to wildtype keratinocytes of the same genetic background. We now show
that sdc-1 contributes to the development and progression of skin tumors both in mice and
man. Previous reports of sdc-1 expression in human skin tumors have suggested a
correlation between loss of the proteoglycan with increasing invasiveness (23–25).
Remarkably, the loss is detected in both BCC and SCC, tumor types with a markedly
different molecular pathogenesis, suggesting that sdc-1 plays a general role in suppressing
cancer development. This is not likely to simply represent a relation to proliferation rate, as
sdc-1 is not lost in hyperproliferative epidermis after TPA treatment of wildtype mouse skin
(not shown). Although more study is needed, particularly of premalignant skin lesions, sdc-1
could serve as a marker for malignant progression in human skin cancer.

The results presented here show that sdc-1 loss has a biphasic influence on experimental
skin cancer development, reducing the frequency of benign tumors but enhancing malignant
conversion of the benign tumors that erupt after initiation and promotion. Enhanced
malignant conversion was also seen after grafting of rasHatransduced keratinocytes onto
nude mice. Similar results from experimental models involving distinct mechanisms of
initiation suggest that sdc-1 does not act on the earliest mutagenic events in cancer
induction. This is consistent with previous work indicating that the metabolism of DMBA
by mouse liver from sdc-1 null and wildtype mice are equivalent (26). The limited number
of studies on tumor induction in sdc-1 null mice have yielded mixed results (26, 27), likely
due to differences in the background mouse strain or agex of tumor induction. For example,
DMBA exposure of perinatal sdc-1 null BALB/c mice resulted in a reduced tumor incidence
in several organ sites that was not reproduced with DMBA exposure to adult mice (26). This
was interpreted to suggest that genetic ablation of sdc-1 in a multipotential tumor precursor
cell type may have an influence on tumor outcome. Such an idea could also underlie the
common influence of sdc-1 loss in disparate tumor types such as BCC and SCC.

α6 integrin can form heterodimers with either β1 or β4 integrin. In epithelial tissues and
carcinomas, α6 has been shown to complex with β4 integrin (28, 29); no convincing
evidence has been presented for the existence of α6β1 integrin heterodimers in skin
carcinomas (29) although α6β1 has been convincingly shown to be present in prostate (30)
and breast (31) cancers. A study by Witkowski and colleagues used mouse cell lines derived
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from papillomas and SCCs to look for the presence of α6β1 heterodimers in cells derived
from skin tumors using surface biotinylation and found only α6β4 heterodimers (32).
Whether α6β1 is expressed in vivo in advanced skin SCCs remains to be determined.

As far as we can tell, our study is the first to test the contribution of sdc-1 in tumor
formation in a multistep model involving initiation and promotion. Given equivalent
initiation, the reduced papilloma yield would suggest that sdc-1 contributes to tumor
promotion. Sdc-1 is known to enhance tumor angiogenesis (10) and our studies suggest that
in the absence of sdc-1, neutrophilic infiltrate and cutaneous TGFβ increase relative to
wildtype skin after TPA application. Together these changes would produce an unfavorable
promoting environment and contribute to the reduced papilloma yield.

Examination of sdc-1 null papillomas and rasHa transduced keratinocytes in vitro has given
some insight concerning potential mechanisms underlying their greater propensity to
undergo malignant conversion. In vitro, transformed sdc-1 null keratinocytes are more
resistant to senescence than their transformed wildtype counterparts and this property is
linked to malignant progression in multiple cell types (33). Both in vitro and in vivo, ras-
transduced sdc-1 null keratinocytes or carcinogen-induced or grafted papillomas display
increased expression and suprabasal localization of β4 integrin. This has been linked
previously with high risk of premalignant progression and malignant conversion in mouse
skin studies (5, 6, 34). Direct evidence of this linkage was provided by Owens and
colleagues (34) who transgenically targeted α6β4 integrin to suprabasal epidermis, thereby
increasing malignant conversion of initiation/promotion induced skin tumors. Furthermore
these studies indicate that disruption of TGFβ signaling contributes to these biological
results. Earlier studies had indicated that increased expression of TGFβ1 targeted to the
epidermis of transgenic mice subjected to chemical carcinogenesis reduced the yield of
papillomas but enhanced malignant conversion (35). The similarity of this result to our study
in sdc-1 null mice suggests that the increase in TGFβ signaling observed after oncogenic ras
transduction in sdc-1 null keratinocytes could also contribute to the higher conversion
frequency. Together these results suggest several pathways associated with sdc-1 loss that
require further exploration. Even in the absence of full understanding of the mechanisms
involved, loss of sdc-1 now serves as a marker to monitor progression in the major non-
melanoma human skin cancers.
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Abbreviations

BCC basal cell carcinoma

BMZ basement membrane zone

BrdU bromodexyuridine

DMBA 7,12-Dimethylbenz(a)anthracene

LM332 laminin molecule composed of the Lm-α2, Lm-β3, and Lm-γ2 chains;
previously called laminin 5

MMP Matrix metaloproteinases
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SCC squamous cell carcinoma

Sdc-1 Syndecan-1

Smad2 a regulatory protein that controls TGFβ signaling; SMAD proteins are
homologs of both the Caenorhabditis elegans protein SMA protein and the
drosophila protein, mothers against decapentaplegic (MAD)

TBST Tris-buffered saline-Tween-20 buffer

TGFβ Transforming growth factor β

TPA Phorbol-12-myristate-13-acetate

v-rasHa transforming gene originally isolated from Harvey murine sarcoma virus

wt wildtype
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Figure 1. Sdc-1 is reduced in human skin tumors of several phenotypes
A human tumor array was used to assess the expression of sdc-1 in human cancers. A.
Shown are representative IHC images showing sdc-1 in normal skin and in tumors identified
as SCC, BCC, and metastatic adenocarcinomas. B. Values assigned to sdc-1 positive tumors
were averaged for the human tumor macroarray. Sdc-1 is significantly reduced in SCCs,
basal cell carcinomas, and metastatic adenocarcinomas. Bar = 60 μm.
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Figure 2. Sdc-1 null mice develop fewer tumors than wildtype mice after chemical carcinogenesis
Age matched (8 wk old) mice of sdc-1 null and wildtype genotypes were used for skin
painting studies. A. The numbers of mice with tumors and the total numbers of tumors
generated for both genotypes of mice were determined and the percentages of mice with
tumors shown for 2 independent experiments. Experiment 1 utilized 30 wt and 23 sdc-1 null
mice; experiment 2 utilized 33 wt and 43 sdc-1 null mice. Statistical significance was
determined by the Chi-square test and found to be not quite significant at p=0.06 for
experiment 1 and highly significant for experiment 2 at p=0.01.B. The tumor burden per
mouse was determined by dividing the total numbers of tumors formed by the number of
mice with tumors. C. The percentage of tumors that converted from papilloma to either CIS
or SCC was determined by dividing the number of CIS carcinoma in situ/SCC tumors as
determined by histopathology by the total number of tumors; too few SCCs were generated
and results were not significant D. The percentage of tumors that were positive for either K1
or K13 was determined by immunohistochemistry.
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Figure 3. Integrin and laminin localization is altered in sdc-1 papillomas
Unfixed frozen sections from wt and sdc-1 null mouse tumors were evaluated by
immunoflourescence microscopy. Images from serial frozen sections of representative
papillomas are presented in A and B whereas C and D show representative wt and sdc-1 null
SCCs. The asterisks in the merged images in A and B indicate the region shown below after
3-fold magnification. Bars in A–D = 60 μm.
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Figure 4. Response of wildtype and sdc-1 mice after 3 weekly treatments to topical TPA
Shown are 3 timepoints after the last application of TPA. A. BrdU incorporation (2 hours
IP), n=6. B. MPO activity in 8mm skin punch biopsies, n=6 C. Unfixed frozen sections were
used to localize α3 integrin and TGFβ1. White dashed white lines demarcate the apical
margin of the epidermis and arrows indicate TGFβ1 localization within the epidermis. D.
Total epidermal and dermal TGFβ1 levels determined by ELISA assay at 3 timepoints after
the third TPA treatment or 7 days after the second TPA treatment, n=6. Bar in C = 15 μm.
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Figure 5. Integrin and laminin localization in tumors developing from grafts of oncogenic ras
transduced sdc-1 null and wildtype keratinocytes
Images from serial frozen sections of representative tumors from nude mice grafted with wt
or sdc-1 null rasHa-transduced keratinocytes. Indirect immunofluorescence for α3 and β4
integrins (A) and LN332 (B) are presented. Asterisks indicate areas shown below after 3-
fold magnification and arrows indicate suprabasal localization in sdc-1 null tumors. C. IHC
showing the loss of sdc-1 in tumors from grafted rasHa transduced wildtype keratinocytes as
they progress from benign to malignant D. Typical wt and sdc-1 null SCCs from nude
mouse grafts stained for α3 and β4 integrins or LM332 and β4 integrin Bar in A and B = 60
μm, Bar in C = 100 μm and the Bar in D = 15 μm.
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Figure 6. Comparative analysis of cultured rasHa-transduced primary sdc-1 null and wildtype
keratinocytes
Isolated primary keratinocytes from both genotypes were cultured in 0.05 mM Ca2+-medium
to select for basal cells, mock or rasHa transduced on day 3, and analyzed 5 days later. A.
Immunoblots of integrin expression before and after rasHa transduction. B. Time lapse
studies to quantify relative migration in the presence or absence of functional α6 integrin
using a blocking antibody. C. Immunoblot for pSmad2 and total Smad2 in the presence or
absence of TGFβ1 for the indicated time. D. Senescence associated β-galactosidase positive
cells were counted as a function of time. Shown are results for wt and sdc-1 null mock and
rasHa-transduced primary keratinocytes at day 15 in culture.
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Table 1

Tumorigenicity of sdc-1 deficient keratinocytes expressing oncogenic ras in nude mouse skin grafts.

Experiment Genotype rasHA-keratinocytes Genotype dermal fibroblasts # of mice Tumor incidence % papilloma* % carcinoma*

1 wt wt 6 5 80% 20%

sdc-1 null wt 7 6 83% 17%

2 wt wt 7 6 83% 17%

sdc-1 null wt 10 9 56% 44%

3 wt wt 7 6 83% 17%

sdc-1 null wt 14 10 60% 40%

total: wt wt 20 17 82% 18%

sdc-1 null wt 34 25 64% 36%

*
Data were not significant by the Chi-squared or Fisher's Exact tests (p=0.3).
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