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Abstract
Desmocollin 3 (DSC3) is a desmosomal cadherin that is required for maintaining cell adhesion in
the epidermis as demonstrated by the intra-epidermal blistering observed in Dsc3 null skin.
Recently, it has been suggested that deregulated expression of DSC3 occurs in certain human
tumor types. It is not clear whether DSC3 plays a role in the development or progression of
cancers arising in stratified epithelia such as the epidermis. To address this issue, we generated a
mouse model in which Dsc3 expression is ablated in K-Ras oncogene-induced skin tumors. Our
results demonstrate that loss of Dsc3 leads to an increase in K-Ras induced skin tumors. We
hypothesize that acantholysis-induced epidermal hyperplasia in the Dsc3 null epidermis facilitates
Ras-induced tumor development. Further, we demonstrate that spontaneous loss of DSC3
expression is a common occurrence during human and mouse skin tumor progression. This loss
occurs in tumor cells invading the dermis. Interestingly, other desmosomal proteins are still
expressed in tumor cells that lack DSC3, suggesting a specific function of DSC3 loss in tumor
progression. While loss of DSC3 on the skin surface leads to epidermal blistering, it does not
appear to induce loss of cell-cell adhesion in tumor cells invading the dermis, most likely due to a
protection of these cells within the dermis from mechanical stress. We thus hypothesize that DSC3
can contribute to the progression of tumors both by cell adhesion-dependent (skin surface) and
likely by cell adhesion-independent (invading tumor cells) mechanisms.
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INTRODUCTION
Desmocollins (DSC) are type-1 transmembrane glycoproteins localized in desmosomes, cell
adhesion junctions that are formed in epithelial cells. The three Dsc genes expressed in
mammals show cell- and tissue-type specific expression patterns (e.g. [1]). In mouse
epidermis, all three isoforms are expressed; DSC3 is present throughout the epidermis, with
higher levels in the suprabasal cell layers. DSC1 is restricted mainly to the granular layer.
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The distribution of DSC2 is unknown since mouse-specific antibodies do not exist. In
humans, weak DSC2 expression is found in the basal layer of the epidermis [2].

DSC3 is a component of the transmembrane core of desmosomes and is thought to engage in
homophilic as well as heterophilic adhesive interactions in the intercellular space [3], thus
contributing to desmosome-mediated cell-cell adhesion. The cytoplasmic domain of this
protein interacts with the armadillo proteins plakoglobin (JUP) and plakophilin(s) (PKP), in
particular PKP3 [4]. These proteins link DSC3 to the intermediate filament cytoskeleton
(keratin intermediate filaments in keratinocytes) via the adaptor protein desmoplakin (DSP).
In addition to their role as cytoskeletal adapter molecules, both PKP and JUP can also
function as signal transducing molecules (see references in [5,6]).

DSC3 is crucial for mouse development as demonstrated by the embryonic lethality of mice
carrying a germline Dsc3 null mutation [7]. More important for the current study is the
observation that DSC3 is essential for maintaining epidermal integrity. We recently
generated mice with a conditional Dsc3 null mutation in stratified epithelia [8]. Dsc3 null
keratinocytes showed normal proliferation and migration abilities in vitro and developed
morphologically normal desmosomes. However, loss of DSC3 led to desmosomes that did
not maintain cell adhesion when exposed to mechanical stress. Newborn mutant mice
developed skin erosions caused by acantholysis (loss of cell adhesion) in the deep layers of
the epidermis. Histologically, these lesions were indistinguishable from those previously
observed in Dsg3 null mice [9,10] and were similar to the lesions observed in the skin of
pemphigus vulgaris patients. We thus hypothesized that impaired DSC3 function, either
caused by mutations or induced by autoantibodies, could lead to blistering skin diseases, a
hypothesis supported by several recent studies (see references in [11]).

Down-regulation or loss of Dsc3 gene expression has been linked to breast cancer
progression [12–14]. In oral squamous cell carcinoma (SCC), DSC3 down-regulation
correlates with loss of differentiation markers and consequently more aggressive tumors
[15]. Nevertheless, Kurzen and colleagues did not observe a correlation between DSC3
expression and tumor progression in human skin SCC [16]. However, the authors observed
cytoplasmic DSC3 localization in some tumors, which is suggestive of a loss of protein
function.

As demonstrated by this short summary of contradictory findings, the role of DSC3 in tumor
development is not well understood. Further, the studies published thus far relied on
immunostaining of tumor material and did not provide functional data to address the
question of whether DSC3 loss can effect tumor development or progression in vivo.

To address this question, we designed a mouse model that allows for the inducible ablation
of Dsc3 gene function and simultaneous activation of an oncogenic K-Ras allele (K-
RasG12D; [17]) in the epidermis. Our results indicate that Dsc3 loss facilitates Ras-induced
tumor development, most likely due to a cutaneous wounding response caused by
acantholysis. Nevertheless, the difference in the tumor development between mutant and
control mice was smaller than anticipated, prompting us to determine whether DSC3 is
spontaneously lost in control tumors during tumor progression (i.e. tumors in which we did
not inactivate both copies of the Dsc3 gene). This was indeed the case. Focal loss of DSC3
expression occurred early during skin tumor progression in tumor cells that had penetrated
the dermis. These DSC3-negative cells appear to be protected from mechanical stress-
induced acantholysis. If DSC3 plays a major role in the progression of invading tumor cells,
cell adhesion – independent mechanisms have to be considered. Consequently, we propose
that DSC3 might play two different roles in tumor development and progression. Loss of
cell adhesion can facilitate tumor progression on the stress-exposed skin surface, while
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adhesion-independent DSC3 function are likely to play a role in tumor progression in the
dermis. We further demonstrate that loss of DSC3 occurs during human tumor progression,
indicating that our findings are relevant for the understanding of human skin cancer
progression.

MATERIALS AND METHODS
Animal Experimentation

Animal experiments were conducted in compliance with all applicable local and federal
requirements, and were approved by the Institutional Animal Care and Use Committee
(IACUC) of the University of Colorado Denver.

Generation of Dsc3fl/fl; K-RasG12D; K5.Cre*PR1 Mice
We generated trigenic mice carrying a conditional Dsc3 null allele (Dsc3tm2PKo; referred to
as Dsc3fl/fl; [8]), an inducible K-Ras oncogene (LSL K-Ras G12D, referred to as K-
RasG12D; [17]) and an RU486-inducible version of Cre (Cre*PR1). The Cre transgene is
expressed under the control of the keratin 5 promoter (K5.Cre*PR1); [18]), which is
transcriptionally active in the basal layer of stratified epithelia. We will refer to Dsc3fl/f; K-
RasG12D; K5.Cre*PR1 mice as mutants and to Dsc3fl/+; K-RasG12D; K5.Cre*PR1 mice as
controls.

Induction of Skin Tumors
The back skins of newborn mutant and control mice were treated with 1mg/ml of RU486
dissolved in 50% ethanol and 50% DMSO once a day for five consecutive days. At the age
of four weeks, we started to treat the back skin of the RU486-induced mice with the tumor
promoter TPA (12-O-tetradecanoylphorbol-13-acetate; Sigma; 10ug/200ul in acetone). The
TPA treatment was repeated once a week for 25 weeks. A total of 34 mutant and 25 control
mice were used in this experiment.

Immunofluorescence Microscopy, Histology, In Situ Hybridizations and Quantification of
Immunofluorescence Signals in Tissue Sections

Immunofluorescence microscopy and histology (H&E staining) were done following
standard protocols. In situ hybridizations with Dsc3 sense and antisense mRNA probes
(covering positions 1–500 of the cDNA; ATG, position 1–3) were done essentially as
described [19]. Antibody staining and histology were documented with a Nikon Eclipse 90I
microscope equipped with a Coolsnap HQ2 and a DS-Fi1 camera using the NIS Elements
3.10 imaging software package from Nikon. The following antibodies were used: Gp2280
(DSC3; [7,8]), U114 (human DSC3; Fitzgerald), DSG3 [9,10], ITGA6 (α6 integrin;
Chemicon), collagen IV (Progen, Germany), keratin 13, keratin 14, keratin 5 (KRT13,
KRT14, KRT5; generous gifts from Dennis Roop, University of Colorado Denver), PKP3 (a
generous gift from James Wahl III, UNMC College of Dentistry, Lincoln, NE), desmoplakin
(DSP, Research Diagnostics), plakoglobin (JUP, clone PG5.1; Research Diagnostics), and
PCNA (Santa Cruz Biotechnology). Secondary (Alexa Fluorochrome-labeled) antibodies for
immunofluorescence microscopy were purchased from Invitrogen.

Immunofluorescence microscopy signals were quantified using the ZEN 2009 software
package (Carl Zeiss MicroImaging GmbH, Germany). Seven areas of approximately 6000
pixels in size were selected in both the hyperplastic epidermis and in the tumor tissue
(within the same tissue section) to determine fluorescence signal strengths (i.e. 14
measurements were done in each tumor section shown in Figure 4). Averages, standard
deviations and p values were determined based on these measurements.
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Human Tissue Arrays
The human skin cancer tissue array was purchased from US Biomax (Rockville, MD. Cat#:
SK208) and stained with antibodies against human DSC3 (U114) and against KRT5 (see
above). The tumor classification as indicated in Figure 5 was provided by the manufacturer
of the array (Grade1, well-differentiated; Grade 2, moderately-differentiated). Grade 1–2
tumors were counted as being grade 2. Three independent observers evaluated antibody
staining. The results shown in Figure 5E are based on the consensus findings of three
observers. Only KRT5-positive cells were evaluated for DSC3 expression. Tumors were
classified as either DSC3-positive or as showing reduced or absent staining.

PCR Analysis
Recombination of the Dsc3 and K-RasG12D alleles was detected by PCR as described [8,18].

RESULTS
Generation of a New Skin Tumor Model

To test whether loss of the Dsc3 gene can facilitate tumor development or progression, we
utilized a mouse model that carries a conditional Dsc3 null allele (Dsc3fl/fl). We have
previously shown that upon Dsc3 gene ablation in the skin, these mice develop skin blisters
with a pemphigus vulgaris-like histo-pathology [8]. To assess the role of Dsc3 in skin
cancer, we generated mice that carry the conditional Dsc3fl/fl allele as well as a conditional
oncogenic K-Ras allele (K-Ras G12D; [17]). Upon activation of a Cre recombinase, exon 1
and the proximal Dsc3 promoter are deleted thus rendering the gene inactive (Dsc3−/− allele;
Figure 1A,B). Simultaneously, Cre activation also removes a floxed stop-cassette from the
K-RasG12D allele thus activating oncogenic K-RasG12D expression (Figure 1C,D). We
created trigenic mice (Dsc3fl/fl; K-Ras G12D; K5.Cre*PR1; referred to as mutant mice) that
expressed an inducible version of Cre under the control of the keratin 5 promoter
(K5.Cre*PR1; [18]), which directs transgene expression to the basal layer of stratified
epithelia. Mice heterozygous for the conditional null Dsc3 allele were used as controls in the
following experiments (Dsc3fl/+; K-Ras G12D; K5.Cre*PR1). The Cre transgene was
activated in newborn mice by topical application of RU486 to the back skin. Once the
animals reached four weeks of age, we began to treat the back skin once a week with TPA
(12-O-tetradecanoylphorpbol-13-acetate), a phorbol ester, that is commonly used to
facilitate skin tumorigenesis in the mouse. Both mutant and control mice developed skin
tumors in this protocol. Mutant tumors showed both Dsc3 gene inactivation and K-RasG12D

activation as demonstrated by PCR (Figure 1B, D). By immunofluorescence microscopy, we
observed mutant tumors that had completely lost Dsc3 expression (Figure 2B, 2D; see
Figure 2A for an example of normal DSC3 expression in mouse skin). Loss of Dsc3 was
often associated with induction of keratin 13 (KRT13) expression, an early marker for tumor
progression [20] (Fig. 2C). DSC3-negative tumor tissue maintained expression of other
desmosomal proteins, such as desmoplakin (DSP; data not shown), suggesting that DSC3 is
not required for forming or maintaining desmosomes, which is consistent with previously
published results [8]. We also observed superficial skin blistering and epidermal hyperplasia
in mutant tumors (Figure 2F). This observation is consistent with our previous finding that
inactivation of the Dsc3 gene in the epidermis of mice leads to acantholysis and hyperplasia
([8]; and Supplemental Figure S1). We did not observe acantholysis in mutant tumor tissue
that penetrated the deep dermis, i.e. acantholysis was always restricted to the epidermal
tissue on the body surface. Of note is the fact that the Cre transgene showed mosaic
activation. Only 20% of the tumors examined by immunostaining showed homogeneous loss
of DSC3 throughout the tumor tissue, an indication of successful gene inactivation. Most
mutant tumors (80%) showed mosaic Dsc3 gene inactivation (data not shown).
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Dsc3 Ablation Increases the Incidence of Skin Tumors in Mice Expressing an Oncogenic
K-Ras Allele in the Epidermis

As shown in Figure 3A, mutant mice showed an increase in tumor incidence. The difference
between mutants and controls was noticeable after 15 weeks of TPA promotion and reached
statistical significance (p<0.05) by 20 weeks of treatment. At 20 weeks, 91% of the mutant
mice had developed tumors whereas only 68% of the controls carried tumors. Mutants also
showed a slight increase in the tumor load (number of tumors per tumor-bearing mouse).
This phenomenon was transient with a significant difference observed only until 15 weeks
of treatment (Figure 3B). We did not observe a statistically significant difference in the
volume of mutant and control tumors (data not shown). We analyzed tumors from 71 mutant
and 32 control mice by histology. 41% of the mutant mice developed tumors classified as
moderate SCC, low grade SCC or SPCC. In the control group, only 27% of the mice
developed tumors that fell into these categories suggesting accelerated de-differentiation of
tumors developed by mutant mice (data not shown). Nevertheless, we did not observe an
increased rate of metastasis in mutant mice. In fact, we identified only two mice (one mutant
and one control) that developed metastases. This resistance to metastasis in both genotypes
might be due to the C57Bl genetic background of our lines, a strain that is resistant to
carcinogenesis (e.g. [21]).

DSC3 Loss is an Early Marker for Tumor Progression in Skin Tumorigenesis
Mutant mice developed a higher percentage of low-grade tumors than control mice did.
However, the difference between the two was smaller than anticipated. This led to the
question of whether DSC3 was spontaneously lost in control animals during tumor
progression, effectively generating Dsc3 null tumors in the control group. To address this
question, we analyzed control tumors (Dsc3fl/+; KrasG12D; K5.Cre*PR1; n=23) by
immunofluorescence microscopy for the expression of DSC3 and other desmosomal
markers such as desmoglein 3 (DSG3), plakophilin 3 (PKP3), desmoplakin (DSP),
plakoglobin (JUP), adherens junction markers (E-cadherin (CDH1), β-catenin (CTNB1);
data not shown) and marker proteins for the basement membrane zone (α6 integrin
(ITGA6), collagen IV (COLIV)). We noticed that DSC3 expression disappeared, often at the
transition from papillomas to SCC. Of the 23 control tumors analyzed, 17 (74%) showed
loss or reduced expression of DSC3 while 6 tumor samples (26%) maintained DSC3
expression as judged by immunofluorescence microscopy. The chimeric nature of the
tumors analyzed (areas with and without DSC3 expression) prevented us from assessing
DSC3 loss by Western Blotting.

Nevertheless, we measured and compared the immunofluorescence signals generated from
hyperplastic epidermis and tumor tissue in the same tissue sections (see MATERIAL AND
METHODS) to assess expression levels of DSC3 and other epithelial marker proteins (see
below). Hyperplastic epidermis adjacent to tumor tissue showed normal expression of DSC3
while tumor tissue invading the dermis gradually lost expression, often showing a patchy
DSC3 expression pattern (see example in Figure 4A, L). Interestingly, loss of DSC3 often
coincided with the onset of keratin 13 (KRT13) expression, an early marker for tumor
progression (Figure 4F; [20]). In fact, 82% of the control tumors with loss of DSC3
expression showed concomitant induction of KRT13. Cells with loss or a reduction in DSC3
staining were morphologically indistinguishable from surrounding keratinocytes expressing
normal levels of DSC3. Our immunofluorescence signal quantification shown in Figure 4L
suggested a twofold reduction of DSC3 staining in tumor tissues when compared to
hyperplastic epidermis. Nevertheless, this most likely represents an underestimate due to the
presence of unspecific diffuse cytoplasmic and perinuclear staining when labeling tumors
with the DSC3 antibody, suggesting that most cells within the tumor tissue were effectively
Dsc3 null (Figure 4A). This conclusion is consistent with the observed loss of Dsc3 mRNA
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expression in control tumor tissue as demonstrated by in situ hybridizations (Figure 4J, K).
We also observed a slight reduction in the expression of PKP3 in the tumor tissue, a
structural and signaling protein that directly binds to DSC3 (Figure 4C)[4,5]. This
observation might reflect the reduced availability of the transmembrane protein (DSC3) that
serves as a membrane anchor for PKP3. The expression of DSG3, a transmembrane receptor
co-expressed with DSC3, and of JUP were not significantly affected in tumor tissue (Figure
4).

To ensure that the observed loss of DSC3 in control tumors was not caused by the fact that
we used Dsc3fl/+ heterozygous mice as controls, we also stained archival tumors (papilloma
and SCC) sections derived from wild type mice that had been subjected to a chemical
carcinogenesis protocol (DMBA/TPA protocol; see [22] for references and protocols). As
expected, these tumors, which are usually caused by H-Ras mutations, showed focal loss of
DSC3 in tumor cells invading the dermis (data not shown).

DSC3 is an Early Marker for Tumor Progression in Human Skin SCCs
Next, we tested whether loss of DSC3 expression is also a feature of human skin SCCs. To
that end, we co-stained a human skin tumor tissue array with antibodies against DSC3 and
keratin 5 (KRT5; Figure 5). KRT5 is expressed in the basal layer of stratified epithelia, such
as the epidermis, and can thus be used as a marker for keratinocytes. Only KRT5-positive
cells were evaluated for the presence or absence of DSC3. As expected, all normal human
skin samples in the array (n=9) stained homogenously for DSC3 (Figure 5A). We observed a
gradual loss of DSC3 expression concomitant with tumor cell dedifferentiation. The
percentage of SCCs that showed patchy, weak or absent DSC3 expression (see examples in
Figure 5B-D) increased significantly in tumors that showed impaired keratinocyte
differentiation (Grade 2 tumors). None of the grade 2 SCC showed homogeneous DSC3
expression (Figure 5E). These results suggest that loss of DSC3 expression occurs early
during tumor progression and becomes more prevalent in tumors with lower differentiation
grade.

DISCUSSION
The role of desmosomal proteins in cancer development and progression is not well
understood. Both tumor-promoting as well as tumor-suppressing functions have been
assigned to desmosomal proteins [23], often to the same protein. Loss of DSC3, for
example, has been observed in a high percentage of breast cancer cell lines [12–14]. In this
system, promoter silencing appears to cause loss of Dsc3 expression. Changes in DSC3
synthesis have also been observed in oral SCC, where reduced expression is predominantly
observed in mid- to low-grade tumors [15]. Nevertheless, Wang et al. also reported reduced
expression of other desmosomal proteins (e.g. DSG3), suggesting the possibility that a
general desmosomal defect occurred in the tumors analyzed. Conversely, increased DSC3
expression has been observed in certain types of lung cancer [24], and ectopic DSC3
expression was observed in colorectal adenocarcinomas [25].

The hypothesis emerging from the data summarized above is that desmosomal genes have
cell type-specific functions that determine whether deregulated expression promotes or
prevents tumor progression. These effects might not always be related to altered cell
adhesion. Ectopic expression of DSC3 in colon cancer cells, for example, is not likely to
impair cell adhesion. It is thus likely that abnormal cell signaling triggered by changes in
DSC3 expression might contribute to carcinogenesis. DSC3 binds the cytoplasmic armadillo
proteins plakoglobin and plakophilin at the plasma membrane. These molecules have been
shown to modulate key cell biological properties important for cancer development and
progression, such as cell migration and the cellular response to stress (e.g. [5,26–29]). It is
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thus tempting to speculate that DSC3 loss might affect the signaling pool of these molecules,
thus facilitating cancer progression. In this context it is noteworthy that we observed
reduced expression of PKP3 in DSC3-negative tumor cells invading the dermis (Figure 4L).
Nevertheless, further experiments are required to establish a mechanistic link between the
loss of DSC3 and changes in the signaling pool of armadillo proteins in tumor cells.

In the present study, we focused on a possible role of DSC3 in skin cancer. Previous studies
did not provide evidence in support of a causal link between changes in DSC3 expression
and skin cancer development; although a correlative link between DSC3 loss and oral SCC
progression has been described. To test whether loss of DSC3 would affect cancer
development or progression in the skin, we designed a trigenic mouse system that allows for
the inducible Cre-mediated inactivation of the Dsc3 gene and the simultaneous activation of
a K-Ras oncogene. We have previously shown that Dsc3 ablation in the skin leads to intra-
epidermal blistering with pemphigus vulgaris like histopathology [8]. To avoid extensive
skin blistering in our trigenic system, which would have made long-term cancer studies
impossible to conduct, we utilized an RU486-inducible Cre transgene (K5.Cre*PR1) with
weak activity in the basal layer of the epidermis [18]. As expected, our trigenic mice did not
develop extensive skin blistering, although we did observe micro-blisters as shown in Figure
2F. Of note is the observation that we did not detect acantholysis in the tumor tissue that
penetrated deep into the dermis. It is likely that this failure to observe loss of cell-cell
adhesion might be due to a protection of this tissue from mechanical forces, which
contribute to blistering on the body surface. Nevertheless, our histological analysis did not
exclude the possibility of subtle cell adhesion defects at the submicroscopic level.

Unfortunately, the weak Cre activity also resulted in mosaic recombination activity, i.e. the
development of tumors that expressed the K-Ras oncogene but also maintained Dsc3
expression. Tumors were defined as Dsc3 null only if the tumor tissue was homogenously
negative for DSC3 expression. We concluded that only 20% of the RU486-treated Dsc3fl/fl;
K-RasG12D; K5.Cre*PR1 tumors were truly Dsc3 null.

Mutant mice showed an increased tumor incidence with 97% of these mice developing
tumors within the 25 weeks observation period. Only 68% of the control mice developed
tumors in this period, pointing towards a tumor promoting effect of the Dsc3 null mutation.
As indicated above, due to the mosaic activity of the Cre recombinase used, it is likely that
the true difference between mutant and control mice in terms of tumor susceptibility is even
greater than what we have observed. It is noteworthy that more aggressive tumors (mid to
low grade SCCs and SPCC) were more prevalent in the mutant group. Based on published
evidence summarized below, we hypothesize that the increased frequency of tumor initiation
and the acceleration of tumor tissue dedifferentiation in mutants are due to a cutaneous
wound healing response (epidermal hyperplasia) induced by intraepidermal blistering.

Argyris and colleagues have shown that DMBA treated mice develop tumors at sites of skin
injury [30]. DMBA is a chemical carcinogen that induces Ras mutations, suggesting that Ras
initiation and skin injury can act synergistically to promote tumor induction. Similarly,
Leder et al showed that transgenic mice expressing a v-HA-Ras oncogene develop skin
tumors at sites of abrasion [31]. Furthermore, it has recently been shown that activation of
the Ras pathway in mice expressing RASGRP1 can induce tumors in injured skin, even in
the absence of Ras mutations [32]. All of these studies point towards skin wound-induced
epidermal hyperplasia as a trigger for tumor initiation in cells with an activated Ras
pathway. Epidermal hyperplasia is a typical consequence of acantholysis in Dsc3 null skin
as shown in Supplemental Figure 1 [8,11] and is thus predicted to act as a tumor promoter.
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Given the increase in tumor incidence that we observed, it was surprising that we observed a
higher tumor load of mutant mice (average number of tumors per mice) only 15 weeks after
TPA promotion (Figure 3B). At later time points, in particular at the conclusion of our
experiments at 25 weeks of tumor promotion, mutants and controls showed similar tumor
loads. We hypothesize that TPA-induced inflammation and hyperproliferation, a necessary
step in the skin tumor protocol used, might have covered up the more subtle effects of
acantholysis-induced hyperplasia. Nevertheless, the higher tumor incidence documented in
Figure 3A combined with the higher initial tumor load shown in Figure 3B strongly support
our hypothesis that loss of DSC3 drives tumor development in our experimental system.

We also observed spontaneous loss of Dsc3 expression in control tumors, generally in
papillomas or well-differentiated SCCs. If Dsc3 is eventually lost in both genotypes, why do
we observe a difference in the tumor incidence between mutants and controls? Induced loss
of Dsc3 occurs early during tumor development in the epidermis, leading to acantholysis
and regenerative hyperplasia. The spontaneous loss of Dsc3 in control tumors on the other
hand was detected at later stages of tumor progression, usually in well-differentiated SCCs
that had begun to grow into the dermis. This tissue did not show acantholysis by histological
analysis, probably because this tissue is protected from mechanical forces prevalent on the
body surface, and thus would not be predicted to induce hyperplasia and accelerated tumor
development.

Future experiments, designed to prevent spontaneous loss of Dsc3 gene expression are
required to elucidate its role during tumor progression.

Does epidermal hyperplasia, triggered by acantholysis, play a role in human tumor
development and progression? A subgroup of SCC (ASCC, acantholytic squamous cell
carcinoma) and actinic keratosis (acantholytic actinic keratosis) of the skin is associated
with suprabasal acantholysis (see examples in Supplemental Figure S2; e.g. [33–37]). The
mechanisms that trigger acantholysis in these tumors are not known. However, a survey of a
small number of ASCC indicated that loss of desmosomal gene expression occurs in these
tumors (own unpublished observations). Based on our animal study, we would predict that
acantholysis-induced epidermal hyperplasia might contribute to tumor progression in ASCC.

In summary, we have shown that Dsc3 gene ablation increases the incidence of Ras-induced
skin tumors in mice. The synergistic effects of intra-epidermal blistering and oncogene
activations might be the underlying mechanism driving tumor development in a subclass of
human tumors, namely ASCC. Further, the spontaneous loss of DSC3 expression in tumor
cells invading the dermis might also contribute to tumor progression. This loss of DSC3
does not appear to be the result of a general desmosomal defect, since other desmosomal
marker proteins are still expressed in these cells. It is tempting to speculate that loss of
DSC3 might affect adhesion-independent tumor cell functions, such as signaling. Further
experiments will be required to elucidate this point.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

DSC Desmocollin

DSG Desmoglein

DSP Desmoplakin

JUP Plakogobin

KRT Keratin

CDH1 E-cadherin

ITGA6 α6 integrin

COLIV Collagen IV

SCC Squamous Cell Carcinoma
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Figure 1.
Generation of an animal model to study the role of Dsc3 in skin tumorigenesis. A
conditional Dsc3 null allele (Dsc3 fl/fl; [8]) was introduced into a mouse line carrying a
conditional oncogenic K-RasG12D allele [17]. Inducible expression of Cre recombinase
(K5.Cre*PR1 transgene; [18]) in the basal layer of mutant (Dsc3fl/f; K-RasG12D;
K5.Cre*PR1) epidermis leads to Dsc3 ablation (Dsc3−/− alleles) and K-RasG12D activation.
Note that the Cre recombinase is only active after topical application of the inducer RU486.
(A) Schematic representation of the 5′ end of the Dsc3 gene. LoxP sites (triangles) were
inserted in the proximal promoter and in the first intron of the gene (ATG demarcates the
start codon in exon 1). Cre-mediated recombination leads to the excision of promoter
elements and exon 1, rendering the gene nonfunctional. Successful recombination between
the loxP sites can be detected with primers P1 and P2, which amplify a DNA fragment only
after successful deletion of the floxed sequence (see [8] for details). (B) PCR analysis of
genomic DNA isolated from two RU486-induced Dsc3fl/f; K-RasG12D; K5.Cre*PR1 tumors
(Tumor 1, Tumor 2). Note that both tumors demonstrated successful recombination at the
Dsc3 gene locus as demonstrated by the presence of the P1/P2 PCR product. Tail DNA
(Tail) from a mutant mouse served as a negative control. Since the tail was not treated with
the inducer RU486, recombination did not occur. (C) Activation of the conditional K-
RasG12D allele. Cre-mediated recombination removes a stop-flox sequence thus allowing
expression of the oncogene from the endogenous promoter. Primers P3 and P4 are used in
PCR to distinguish between the activated oncogene and the K-Ras wild type allele. The star
demarcates the position of the mutant sequence in Exon 1 (modified from [38]). The arrow
with hatched lines symbolizes a silent K-Ras locus, while the arrows without the hatched
lines symbolize transcriptionally active loci. (D) The genomic DNA samples used in (B)
were subjected to PCR using primers P3 and P4. As expected, the mutant tail DNA only
showed the wild type allele whereas the tumor samples showed both the wild type and the
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recombined (activated) oncogene allele. The size difference between the two products is due
to the presence of the LoxP sequence in the product amplified from the recombined locus.
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Figure 2.
Tumor induction and Dsc3 ablation in mutant mice. Immunofluorescence microscopy (A-D)
using antibodies against DSC3, keratin 13 (KRT13) and the basement membrane markers
α6 integrin (ITGA6) and collagen IV (COLIV). (A) DSC3 (green) and COLIV (red)
staining of newborn epidermis. Bar, 50μm (B) DSC3 (green) and ITGA6 (red) staining of a
tumor from a RU486-treated mutant mouse. Note the strong DSC3 staining in the epidermis
(E) and the absence of DSC3 staining in the tumor tissue (T) that has penetrated the dermis.
Bar, 100μm (C) KRT13, an early marker for tumor expression [20], was frequently induced
in DSC3-negative tumor tissues (Bar, 50μm). (D) DSC3 staining of the section shown in (C)
and in the boxed area of panel (B). Note the complete absence of DSC3 staining in the
tumor cells. (E) Histological staining of the tumor section shown in (B and C). (F)
Histological section of a mutant tumor. Note the suprabasal acantholysis (*) in the tumor
tissue. Bar, 100μm
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Figure 3.
Comparison of tumor development in mutant and control mice. (A) Kaplan-Meier graph
showing the percentage of tumor-free mice over time (weeks of TPA treatment). Note that
mutant mice showed a significant increase in tumor incidence which reached statistical
significance at the 20 week time point (p<0.05). At this time point, 32% of the control mice
were free of tumors while only 9% of the mutants had not developed visible tumors. (B)
Average number of tumors in tumor-bearing mice. Note that mutants showed a slightly but
statistically significant higher number of tumors by 15 weeks of TPA treatment.
Nevertheless, control animals eventually caught up and both genotypes yielded similar
average tumor loads at the end of the observation period (25 weeks of TPA treatment).
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Figure 4.
Loss of DSC3 expression in control mouse skin tumors. (A-G) Immunofluorescence
microscopy staining of sections through a well-differentiated control (Dsc3fl/+; K-RasG12D;
K5.Cre*PR1) tumor. The tumor sections were stained with the antibodies indicated on the
left. (A) Note that DSC3 is present at cell-cell borders in the hyperplastic epithelium (HE)
overlaying the tumor tissue (T). The tumor has lost DSC3 staining at the cell-cell borders.
The remaining weak signal in the cytoplasm most likely represents background staining. (B-
E) Other desmosomal markers, such as desmogleins 3 (DSG3), plakophilin 3 (PKP3; a
cytoplasmic binding partner for DSC3), desmoplakin (DSP) and plakoglobin (JUP) show
normal expression patterns in the tumor tissues. Note that desmosomal proteins normally
show a cell type specific expression patterns. For example, DSG3 expression is restricted to
the basal and first suprabasal cell layers in normal epidermis and in the tumor tissue (arrow
in (B)). (F) The tumor progression marker KRT13 is expressed in tumor tissue that has lost
DSC3 expression (compare consecutive tissue sections in (A) and (F)]. (G) Staining with
normal guinea pig IgG (negative control staining for section (A)). Counterstaining with an
antibody against α6 integrin (ITGA6) demarcates the basement membrane (red). Bar, 50μm.
(H) Histological section through the tumor shown in (A) – (G). (I) Histological section
through the tumor shown in (J-K). In situ hybridization with Dsc3 (J) anti-sense and (K)
sense probes on control tumor sections. The basement membrane zone of the overlaying HE
is marked with a dashed line. Note that the hyperplastic epithelium (HE) is positive for Dsc3
mRNA while part of the tumor tissue (T) is negative (arrow in J), indicating loss of Dsc3
gene expression. The sense probe did not hybridize to the tissue section, demonstrating
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specificity of the ani-sense hybridization for Dsc3 mRNA. Bar, 50μm. (L) Quantification of
the immunofluorescence signals obtained with the antibodies shown in A-E. As outlined in
MATERIAL AND METHODS, the fluorescence signals in hyperplastic and tumor areas of
the same tumor were determine and compared to each other. Expression levels of DSC3
were significantly reduced in the tumor tissue. Note that due to the diffuse background
staining in the tumor portion of A, we are likely to overestimate residual DSC3 staining.
Note the small but statistically significant reduction in PKP3 expression in the tumor tissue
when compared to the hyperplastic epithelium.
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Figure 5.
DSC3 expression in human skin SCCs. A human skin tumor tissue array (see MATERIAL
AND METHODS) was co-stained with antibodies against keratin 5 (KRT5, red) and DSC3
(green). (A) As expected, both antibodies stained normal human skin. (B-D) Skin SCC
sections showed a range of DSC3 expression patterns including (B) strong homogeneous
expression (Grade 1 SCC), (C) patchy expression pattern (DSC3-positive and DSC3-
negative tumor areas within the same section; Grade 2 SCC), (D) a complete loss of DSC3
expression in KRT5-positive cells (Grade 2 SCC). Note that the DSC3-stained sections were
photographed with the same exposure time. Tumor tissues were classified by the provider of
the array (see MATERIAL AND METHODS). Bar, 50μm. (E) Percentage of tissue sections
showing either homogeneous or reduced/absent staining for DSC3 in KRT5-positive cells.
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