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MicroRNA-203 functions as a tumor suppressor in basal
cell carcinoma
E Sonkoly1,6, J Lovén2,6, N Xu1, F Meisgen1, T Wei1, P Brodin2, V Jaks3, M Kasper3, T Shimokawa3, M Harada4, J Heilborn1, M-A Hedblad1,
A Hippe5, D Grandér4, B Homey5, PG Zaphiropoulos3, M Arsenian-Henriksson2, M Ståhle1 and A Pivarcsi1

Basal cell carcinoma (BCC) of the skin represents the most common malignancy in humans. MicroRNAs (miRNAs), small
regulatory RNAs with pleiotropic function, are commonly misregulated in cancer. Here we identify miR-203, a miRNA
abundantly and preferentially expressed in skin, to be downregulated in BCCs. We show that activation of the Hedgehog (HH)
pathway, critically involved in the pathogenesis of BCCs, as well as the EGFR/MEK/ERK/c-JUN signaling pathway suppresses
miR-203. We identify c-JUN, a key effector of the HH pathway, as a novel direct target for miR-203 in vivo. Further supporting
the role of miR-203 as a tumor suppressor, in vivo delivery of miR-203 mimics in a BCC mouse model results in the reduction
of tumor growth. Our results identify a regulatory circuit involving miR-203 and c-JUN, which provides functional control over
basal cell proliferation and differentiation. We propose that miR-203 functions as a ‘bona fide’ tumor suppressor in BCC, whose
suppressed expression contributes to oncogenic transformation via derepression of multiple stemness- and proliferation-related
genes, and its overexpression could be of therapeutic value.
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INTRODUCTION
MicroRNAs (miRNAs) are B22 nt RNAs that regulate the expres-
sion of coding genes by binding imperfectly with their
30-untranslated region (30UTR), thereby causing target mRNA
destabilization and degradation.1,2 The ability of individual
miRNAs to regulate hundreds of coding transcripts simultaneously
enable these RNAs to control global gene expression programs
and, ultimately, cellular physiology. Accordingly, biochemical and
genetic studies have revealed that miRNAs function as key
regulators in a wide variety of biological processes, including
proliferation, differentiation, cell fate determination, apoptosis,
signal transduction and organ development.3,4 Moreover, the
deregulation of miRNA expression contributes to human diseases,
including developmental disorders, inflammation and cancer.5 -- 8

While tumors frequently overexpress specific ‘oncogenic’
miRNAs (oncomiRs, e.g., miR-155, miR-21 and miR-17B92 miRs)
that afford cancer cells with potent protumorigenic activity, tumor
suppressor miRNAs are consistently downregulated in cancers
(e.g., let-7, miR-16).7,9 Deregulated expression of miRNAs has been
associated with increased proliferation and migratory capacity,
decreased apoptosis and a stem-cell-like phenotype, all prototypic
features of cancer cells.10 Thus, modulation of miRNA activity
represents an attractive therapeutic strategy that could be used in
the treatment regimens of a majority of cancers.11,12

Basal cell carcinoma (BCC) represents the most common
malignancy in the Caucasian population, with a total of 1.3 million
new cases in the year 2000 in the United States alone, posing a

significant threat to public health.13 -- 15 BCCs are keratinocyte
tumors that histologically resemble proliferating epidermal
progenitor cells derived from the basal cell layer of the
interfollicular epidermis.13 Although the precursor cell from which
BCC derives is thought to reside in the hair follicle, the precise cell-
of-origin is still unclear.16 -- 19 The formation of BCCs is based on
inherited factors combined with environmental factors, mainly,
ultraviolet irradiation through long-term sun exposure. Family-
based linkage studies of patients with basal cell nevus syndrome,
a rare syndrome characterized by the susceptibility to develop
multiple BCCs, identified mutations in the Patched 1 (PTCH1) gene,
an inhibitor of the Hedgehog (HH) signaling pathway.13 The HH
signaling pathway is currently thought to be of vital importance
for the maintenance of cell growth in BCC.20 -- 23 Sporadic BCCs in
human predominantly develop due to deregulation of HH
pathway by inactivation of PTCH1 and subsequent activation of
the GLI transcription factors.24 Despite recent advances in
understanding the molecular alterations contributing to BCC, the
pathogenesis is only partially understood. To date, all investiga-
tions on the onset and development of BCC have focused on
mutations and/or expression of protein-coding genes, and a
comprehensive molecular description detailing BCC pathogenesis
is still lacking. At present, the role of miRNAs in the onset and
progression of BCC is not known.
The work provided herein demonstrates that BCC tumors

display a deregulated expression pattern of miRNAs compared
with healthy human skin. We show that the ‘skin miRNA’ miR-203
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is the most downregulated miRNA in BCCs and that over-
expression of the c-JUN proto-oncogene, as well as activation of
the HH and the epidermal growth factor receptor (EGFR) pathway
may contribute to its reduced expression. We further demonstrate
that miR-203 suppresses keratinocyte proliferation and directly
targets c-JUN.

RESULTS
MicroRNA expression profiling reveals major alterations in the BCC
miRNAome
To explore the potential involvement of miRNAs in BCC, we
compared the expression of 365 miRNAs in healthy skin and BCC.
Using the Significance Analysis of Microarrays (SAM) algorithm, we
identified 64 high-confidence, differentially expressed miRNAs in
BCC relative to healthy skin that were significantly altered (false
discovery rate: 2%; minimum fold-change: 2.0; Figure 1a and
Supplementary Table 1). Unsupervised hierarchical clustering based
on miRNA expression clearly separated BCC samples from healthy
skin (Figure 1a). In accordance with previous reports relating to
miRNA expression in solid tumors, the majority of differentially
expressed miRNAs detected (62 out of 64) were suppressed in BCC
(Figure 1a and Supplementary Table 1). These findings suggest that
the altered expression of miRNAs may participate in the pathogen-
esis of BCC. The miRNA with the most significantly reduced

expression in BCC was miR-203 (Supplementary Table 1), one of
the most abundant miRNAs in skin (Supplementary Figure 1) that is
preferentially expressed in keratinocytes and promotes epidermal
differentiation by repressing stemness.25,26

Activation of the HH pathway results in suppressed mir-203
expression in BCC
To validate our findings from the TaqMan MicroRNA Low Density
Array (TLDA), we analyzed miR-203 levels in a larger number of
samples obtained from healthy skin (n¼ 21) and in BCCs (n¼ 22)
by quantitative real-time PCR (qPCR). In accordance with our
previous data, miR-203 was present at high levels in healthy skin,
while its expression was significantly reduced in BCCs (4.8-fold
downregulation, P¼ 8.5� 10�9; Figure 1b).
Next, we performed in situ hybridization to visualize miR-203

expression in normal skin and BCC using specific locked nucleic
acid probes designed to detect its abundance. In situ hybridization
demonstrated that miR-203 was preferentially expressed in the
suprabasal layers of healthy skin, while in BCCs, miR-203
expression was largely absent (Figure 1d), in line with our data
obtained by qPCR. Moreover, scoring of in situ hybridization
performed on a tissue microarray containing 8 healthy and 14 BCC
samples showed a significant decrease of miR-203 expression in
BCC (Po0.001, Figure 1c).

Figure 1. miR-203 is downregulated in BCC. (a) Unsupervised hierarchical clustering was performed on a subset of 64 genes that were
differentially expressed between healthy skin (H) and basal cell carcinomas (BCC) as determined by significance analysis of microarrays.
Heatmap colors represent relative miRNA expression. A median expression value equal to 1 was designated black; red, increased expression;
and green, reduced expression. Note that the color scale is logarithmic (that is, 2 means fourfold change, 0 means no change). (b) Quantitative
PCR analysis of the biologically active, mature form of miR-203 in healthy human skin (n¼ 21) and BCC (n¼ 22). The expression of miR-203 was
normalized to U48 RNA. Data are expressed as arbitrary units. ***Po0.001, Mann--Whitney test. (c --d) In situ hybridization was performed on
paraffin-embedded samples obtained from healthy skin and BCC using miR-203-specific locked nucleic acid (LNA) detection probes or
scrambled LNA sequences. (c) Scoring was performed on a 0--6 scale, 0 indicating no discernible expression and 6 indicating strong
expression in 480% of cells. ***Po0.001, Mann--Whitney test. (d) Representative image of miR-203 expression in healthy skin and BCC. Blue-
purple color indicates miRNA expression.
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Upregulation of the HH pathway is currently assumed as the key
molecular anomaly in all BCCs, and evidence suggests that
aberrant activation of HH signaling is sufficient to initiate BCC
carcinogenesis.27,28 To explore the potential association between
the downregulation of miR-203 and the activation of the HH
pathway, we analyzed the expression of PTCH1 and the down-
stream HH effector GLI1 in BCC and healthy skin. Quantitative real-
time PCR results showed that both PTCH1 and GLI1 were
significantly overexpressed in BCC compared with healthy skin
(Po0.001 for both, Figures 2a and c), in line with previously
published data.13 A significant negative correlation was observed
between miR-203 expression and GLI1 (Po0.0001, r¼�0.81,
Figure 2b), as well as between miR-203 and PTCH1 (Po0.0001,
r¼�0.74, Figure 2d), suggesting a causal relationship between
HH activation and suppression of miR-203. To investigate whether
activation of the HH pathway suppresses miR-203 in skin, we used
a transgenic mouse model of BCC, in which human GLI1 is
expressed in the skin under the control of the keratin 5 (K5)
promoter (K5tTA/TREGLI1) in an inducible manner.29 These mice
develop skin tumors closely resembling human BCCs and
represent a highly relevant experimental model of spontaneous
BCC having the same pathogenetic background as in humans.

To examine whether tumors in the K5tTA/TREGLI1 mice
resemble human BCCs also in their miRNA expression pattern,
we performed miRNA expression profiling in keratinocytes
isolated from K5tTA/TREGLI1 and wild-type mice, using TLDA
arrays. Overexpression of GLI1 resulted in the upregulation of 8
and the downregulation of 48 miRNAs in keratinocytes (Supple-
mentary Table 2). Out of the 48 downregulated miRNAs, including
miR-203, 15 have human orthologs that were also found to be
significantly downregulated in human BCC (Supplementary
Table 1). Thus, the miRNA profile of tumors developing in the
K5tTA/TREGLI1mouse model closely resembles that of human BCCs.
We further confirmed a marked decrease in the levels of miR-

203 in keratinocytes isolated from the skin of K5tTA/TREGLI1 mice
in comparison with wild-type animals by qPCR (Figure 2e).
Moreover, in situ hybridization using specific locked nucleic acid
probes for miR-203 demonstrated that miR-203 was expressed in
the suprabasal epidermal layers both in wild-type and K5tTA/
TREGLI1mice, but lost in the basal layer and BCC-like lesions of the
K5tTA/TREGLI1 animals (Figure 2f). These results indicate that
activation of the HH pathway suppresses miR-203 expression in the
skin in vivo. As the miR-203 promoter region does not contain any
predicted GLI1 transcription factor binding sites, the suppression

Figure 2. Activation of the HH pathway suppresses miR-203 expression. Quantitative PCR analysis of Hedgehog genes GLI1 and PTCH1 in
healthy human skin (n¼ 18) and BCC (n¼ 19). The expression of GLI1 (a, b) and PTCH1 (c, d) were normalized to 18S RNA. Data are expressed
as arbitrary units. ***Po0.001, Mann--Whitney test. (b) and (d) Correlation of miR-203 expression with GLI1 and PTCH1 expression, respec-
tively. MiR-203, GLI1 and PTCH1 expressions were measured by qPCR. Spearman correlation on log-transformed values. (e) Quantitative PCR
analysis of miR-203 in wild-type (healthy) and K5tTA/TREGLI1 transgenic (BCC) mouse skin. (f ) Detection of miR-203 in wild-type and K5tTA/
TREGLI1 transgenic mouse skin by in situ hybridization.
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of miR-203 expression by the HH pathway is likely to be mediated
by indirect mechanisms.

Activation of the EGFR pathway suppresses miR-203 expression
We have previously shown that miR-203 is regulated by the
protein kinase C/activator protein 1 (AP-1) pathway and sup-
pressed by growth factors such as keratinocyte growth factor and
epidermal growth factor (EGF) in keratinocytes.25 Moreover,
in silico transcription factor binding site analysis identified several
AP-1 binding sites in the miR-203 promoter. Recently, it was
shown that the EGFR signaling pathway synergizes with HH/GLI1
in oncogenic transformation via activation of the MEK/ERK/JUN
pathway, indicating a possible mechanism for downregulation of
miR-203 in BCCs.30,31 To explore whether activation of the EGFR
pathway is involved in human BCC, we analyzed the expression of
EGF and EGFR in BCC and healthy skin. Immunohistochemical
analyses confirmed that EGFR is expressed in BCC, as it is localized
to the tumor cells (Figure 3a). Quantitative PCR results showed
that both EGF and EGFR mRNA were upregulated in BCCs (n¼ 9)
as compared with healthy skin (n¼ 10) (Figures 3b and c, Po0.01
for both). These results showed that activation of the EGFR
signaling may have a role in a subset of BCCs.
Therefore, we set out to further explore the role of EGFR

signaling in the regulation of miR-203 by measuring its expression
in primary human keratinocytes treated with inhibitors of MEK1/2
(UO126), JNK (SP600125) and Akt (Wortmannin), together with

EGF or dimethylsulfoxide vehicle control (Figure 3d). Quantitative
real-time PCR results showed a significant suppression of miR-203
in EGF-treated keratinocytes, which was reversed by SP600125
and UO126 (Figure 3d). By contrast, suppression of miR-203 by
EGF was not reversed by the nonspecific Akt inhibitor Wortman-
nin, indicating that miR-203 is suppressed by the EGFR-mediated
activation of the MEK/ERK but not by the PI3K/Akt pathway.
The oncoprotein c-JUN, part of the AP-1 transcription factor

complex, has been shown to synergize with HH/GLI1 in oncogenic
transformation via activation of the MEK/ERK/JUN pathway.30,31 To
investigate the involvement of c-JUN in the regulation of miR-203,
we analyzed miR-203 expression in primary human keratinocytes
transfected with a construct overexpressing c-JUN. Quantitative
real-time PCR results showed that transient overexpression of
c-JUN significantly suppressed miR-203 expression (Figure 3e,
Po0.05), in accordance with our previous data in HaCaT cells.25

These results indicate that activation of the EGFR/MEK/ERK/JUN
signaling pathway is a possible mechanism underlying reduced
miR-203 expression in a subset of BCCs. A simplified scheme of the
suggested mechanism of miR-203 regulation by the HH and EGFR
signaling pathways is shown in Figure 3f.

c-JUN is a miR-203 target with deregulated expression in BCC
In order to gain further insight into the function of miR-203, we
performed bioinformatic searches to identify putative miR-203-
target interactions. Our previous analyses indicated that genes

Figure 3. Activation of the EGFR/MEK/ERK/JUN pathway suppresses miR-203 expression. (a) Immunohistochemical analysis of EGFR in healthy
skin and human BCC. (b) Quantitative real-time PCR analysis of EGF in healthy skin (n¼ 10) and human BCC (n¼ 9); **Po0.01. (c) Quantitative
real-time PCR analysis of EGFR in healthy skin (n¼ 10) and human BCC (n¼ 9); **Po0.01. (d) The expression of miR-203 in primary human
keratinocytes cultured in the presence of dimethylsulfoxide vehicle control (CON), epidermal growth factor (EGF) alone, or in combination
with inhibitors of MEK1/2 (UO126); JNK (SP600125); or of Akt (Wortmannin). The expression of the functionally active, mature form of miR-203
was analyzed using quantitative real-time PCR. Meanþ s.d. of three independent experiments is shown. Expression data were normalized
to U48 RNA; *Po0.05, **Po0.01. (e) Quantitative PCR analysis of miR-203 expression in c-JUN overexpressing keratinocytes; *Po0.05.
(f ) Schematic representation of the regulation of miR-203 by the EGFR/AP-1 and the Hedgehog pathway. n.s., nonsignificant.
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involved in the regulation of cell proliferation and cell cycle are
particularly enriched among predicted miR-203 targets.32 Among
several cell cycle -- related targets, we identified c-JUN, a potent
proto-oncogene commonly deregulated in a wide range of
cancers,33 including skin tumors.34

To ascertain if miR-203 directly regulates c-JUN expression, we
used luciferase reporter assays and demonstrated that c-JUN
30UTR expression was significantly reduced (Po0.01) by miR-203
(pre-miR-203) co-transfection compared with scramble control
(Figure 4a). Moreover, mutation in the predicted miR-203 binding
site within the c-JUN 30UTR relieved this reduction (Figure 4a),
demonstrating a sequence-specific interaction between the
miRNA and the c-JUN transcript. Furthermore, qPCR results
showed that overexpression of miR-203 significantly suppressed
c-JUN mRNA in primary keratinocytes (Po0.01, Figure 4b). In line
with this, c-JUN protein levels diminished considerably in primary
human keratinocytes 48 and 72 h after transfection with miR-203
precursors (Figure 4c).
Next, we performed immunohistochemical analysis of c-JUN

protein in healthy human skin and in BCC. Similar to other
miR-203 targets previously identified, such as p63,26 c-JUN was
preferentially expressed in the basal, proliferative layer of healthy
human epidermis. The suppression of miR-203 in BCC tumors was
associated with a marked increase of c-JUN expression, evidenced
by the intense and uniform distribution in BCC tumor nests
(Figure 4d). Similar to c-JUN, p63, a key regulator of keratinocyte
stemness, was also upregulated in BCCs (Figure 4d). Moreover,
immunohistochemical analysis on the skin of K5tTA/TREGLI1 mice
showed strong and uniform staining for both c-JUN and p63 in the
BCC-like lesions of this model, similar to human BCC (Supplemen-
tary Figure 2). These results establish c-JUN as a novel target of
miR-203 and show that loss of miR-203 may lead to derepression
of its targets (c-JUN and p63) in BCC.

Overexpression of miR-203 reduces proliferation and causes a
delay in G1- to S-phase transition
To further explore the functional role of miR-203 in BCC
progression, we studied its effect on keratinocyte proliferation.
To this end, we transiently overexpressed miR-203 by transfection
of a synthetic precursor (pre-miR-203) into primary human
keratinocytes and measured cell proliferation and cell cycle
progression by EdU labeling and subsequent cell cycle analysis
by flow cytometry (Figures 5a and b). Overexpression of miR-203
resulted in a fourfold reduction in the percentage of EdU-positive
cells, in comparison with keratinocytes transfected with scrambled
miRNAs (Figure 5b), indicating that miR-203 suppresses
cell proliferation. More detailed analysis of the cell cycle
distribution revealed that overexpression of miR-203 led to a
significant increase in the percentage of cells in G1 phase and a
decreased percentage of cells in S phase (Figure 5b). These
results show that overexpression of miR-203 interferes with cell
cycle progression from G1 to S phase. Hence, miR-203 acts to
dampen mitogenic signals, presumably by targeting genes
interconnected with keratinocyte-associated cell cycle progression
and proliferation.35,36

Therapeutic delivery of miR-203 reduces the growth of BCC-like
lesions in transgenic mice
We next investigated the effect of miR-203 overexpression on BCC
growth in vivo. For this purpose, we used the K5tTA/TREGLI1
mouse model described above. To study the impact of miR-203 on
the formation of BCC-like lesions, we administered miRIDIAN
miR-203 mimics, or a negative non-targeting control, subcuta-
neously into mouse skin once every 48 h, starting 3 weeks after
the induction of GLI1 (Figure 6a). Efficient delivery of miR-203
mimics was confirmed by qPCR (Supplementary Figure 3).
Immunohistochemical analysis of SOX9, a marker for BCC and

outer root sheath, which is not found in normal interfollicular
epidermis, revealed robust morphological changes in mice treated
with miR-203 mimics, with smaller number and decreased area of
BCC-like lesions (Figure 6b). Moreover, overexpression of miR-203

Figure 4. miR-203 directly targets c-JUN. (a) Luciferase activity was
measured 24 h after co-transfection of constructs containing the
wild-type (WT) or mutant (MUT) 30UTR of c-JUN gene together with
transient overexpression of miR-203 or scramble miRNAs; **Po0.01.
(b) qPCR analysis of c-JUN in primary human keratinocytes trans-
fected with miR-203 precursor (pre-miR-203) or scramble control, or
mock-transfected; **Po0.01. (c) Western blotting was used to ana-
lyze the expression of c-JUN protein in primary human keratinocytes
48 and 72 h after transfection with a pre-miR-203 or scrambled oli-
gos. Tubulin served as a loading control. (d) Expression of miR-203,
c-JUN and p63 in healthy human skin and in basal cell carcinoma
were visualized by in situ hybridization and immunohistochemical
staining, respectively.
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led to decreased c-JUN and p63 expression (Figure 6c), indicating
effective suppression of target genes in vivo by miR-203 mimics.
These results show that therapeutic restoration of miR-203
interferes with BCC growth in vivo.

DISCUSSION
MiRNAs are important regulators of gene expression at the
posttranscriptional level and are involved in basic biological
processes, including cell proliferation, differentiation and apopto-
sis.3,4,37 Accordingly, deregulated miRNA expression has been
implicated in diseases, such as cancer.3,4,8,10 Here we show that
miRNAs are deregulated in BCC and identify miR-203 as the most
significantly and consistently downregulated miRNA. MiR-203 is an
epidermal-specific miRNA, expressed preferentially in skin.26,32

Moreover, of all the cellular constituents present in skin, miR-203 is
predominantly expressed in keratinocytes, highlighting its im-
portance in this cell type.32 Indeed, recent reports have shown
that miR-203 is involved in skin morphogenesis, and promotes
epidermal differentiation by repressing stemness of murine
keratinocytes.38 We recently confirmed this finding in primary
human keratinocytes, suggesting a conserved role for miR-203
function in the skin.25 Thus, low levels of miR-203 in BCC may be a
prerequisite for tumor progression and the maintenance of an
undifferentiated, stem-cell-like phenotype.
As miRNAs function as regulators of hundreds of distinct genes,

the functional effects observed for miR-203 expression cannot be
attributed to the regulation of a single target gene. SOCS-3 and
p63 have previously been identified as miR-203 targets in
keratinocytes.26,32,39 Our bioinformatic predictions suggested that

genes involved in the regulation of cell proliferation are over-
represented among the targets of miR-203.32 Here we identify the
c-JUN proto-oncogene as a novel target for miR-203, whose
suppression may partially account for the observed reduction of
cell proliferation by miR-203. c-JUN is a potent proto-oncogene
commonly deregulated in a wide range of cancers,33 and has been
implicated in the development of skin cancers.34 By virtue of its
oncogenic origin, c-JUN has a crucial role in controlling home-
ostasis of cell growth. c-JUN belongs to the AP-1 family of
transcription factors (which include protein members from the
JUN, FOS, ATF and MAF families), which homo- or heterodimerize
in order to exert a range of cellular and regulatory functions.33 By
and large, the overall functional outcome of increased c-JUN
activity is positive regulation of cell proliferation.40 Upon
activation, c-JUN-containing AP-1 complexes induce transcription
of positive regulators of cell cycle progression, such as cyclin
D1,35,41 while repressing negative regulators, such as p53 and
INK4A. In accordance with the known regulatory role of c-JUN in
cell transformation and cell cycle transition, we observed a
miR-203-dependent block of the G1- to S-phase transition of the
cell cycle, suggesting that suppression of c-JUN contributes to the
observed antiproliferative effects of miR-203.
In agreement with our earlier results obtained with HaCaT

cells,25 we demonstrate here that c-JUN suppresses miR-203
expression in primary keratinocytes. These data suggest the

Figure 5. Overexpression of miR-203 suppresses keratinocyte pro-
liferation by blocking G1- to S-phase cell cycle transition. (a) Primary
human keratinocytes were transfected with a synthetic precursor
molecule for miR-203 (pre-miR-203) or scrambled oligos as negative
control (control, ctr). Cell proliferation and cell cycle progression was
measured by EdU labeling and subsequent cell cycle analysis by
fluorescence-activated cell sorting (FACS). Representative FACS plot
from three independent experiments. (b) Bars depict mean±s.d. of
the three independent experiments: percentage of cells in the G1, S
and G2/M phase of the cell cycle and percentage of EdUþ cells are
shown. ***Po0.001, Student’s t-test.
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Figure 6. Subcutaneous administration of miR-203 mimics reduces
BCC-like lesions in mice. (a) Experimental setup and timeline of the
microRNA delivery experiments in the K5tTA/TREGLI1mice. miRIDIAN
miR-203 mimics (miR-203) or control nontargeting miRNA (Ctr) were
delivered by subcutaneous injections. (b) Immunostaining of BCC-
like lesions for SOX9, a general marker of BCC. Arrowheads indicate
BCC-like lesions with SOX9-positive cell clusters. (c) Immunostaining
of BCC-like lesions for the miR-203 targets c-JUN and p63 reveals
decreased expression after delivery of miR-203 mimics.
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existence of a regulatory circuit, in which miR-203 and c-JUN
mutually inhibit each other (Figure 7). This may represent a critical
step in the regulation of basal cell fate commitment during
differentiation. Keratinocyte differentiation is promoted upon the
induction of miR-203 through the protein kinase C pathway,25

which in turn suppresses proliferative cues mediated by mitogenic
proteins, such as c-JUN. As c-JUN is a negative regulator of
miR-203, the circuit constitutes a feedback loop, whereby
differentiating keratinocytes experience increasing levels of miR-
203, resulting in a switch from proliferation to differentiation
(Figure 7). Indeed, c-JUN mRNA levels have been shown to
decrease significantly during human keratinocyte differentiation,42

while miR-203 is the most upregulated miRNA during this
process.25 In support of this model, c-JUN in healthy skin is
mainly expressed in the proliferative basal compartment of the
interfollicular epidermis with little detectable immunoreactivity in
differentiating suprabasal layers. In contrast, miR-203 expression is
confined to suprabasal keratinocytes and is not expressed in the
basal cell layer. Moreover, in BCC, suppressed miR-203 expression
and function was accompanied by high c-JUN levels, with a level
of expression similar to that of basal keratinocytes. This suggests
that low levels of miR-203 contribute to the maintenance of a
basal phenotype in BCC.
Indeed, c-JUN has recently been described as a major down-

stream effector of the HH pathway, whose direct activation by GLI
in synergism with the EGFR/MEK/ERK/JUN pathway is essential for
oncogenic activity of HH signaling in skin.30,31 Our results showing
that miR-203 is significantly suppressed by activation of the HH
pathway as well as the EGFR pathway indicate an oncogenic
mechanism by which suppression of miR-203 is sustained in
transformed cells (Figure 7). Inappropriate activation of the HH
and MAPK pathways in BCCs contributes to cancer progression via
severely reduced expression of miR-203, which facilitates the
misexpression of genes involved in the regulation of cell
proliferation and cell cycle, including c-JUN, p63 and presumably
other targets.
Taken together, our results indicate a complex molecular

network, involving regulatory interactions between potent signal-
ing pathways/oncoproteins and miR-203, which function in
opposition to allow the precise spatial and temporal expression
of genetic programs essential to basal and suprabasal proliferation
and differentiation. The suppressed expression of miR-203 in BCC
may thus cause the reiteration of molecular programs that
normally govern skin development and homeostasis, ultimately

leading to tumors that phenotypically resemble immature hair
follicles.
In conclusion, we propose that miR-203 functions as a tumor

suppressor miRNA in BCC. Similar to keratinocytes in the basal
layer of the epidermis, where miR-203 expression is consistently
low,32 severely reduced levels of miR-203 expression in BCCs is
likely to sustain an undifferentiated phenotype with high
proliferative capacity. Importantly, our results indicate that
miR-203 along with its targets forms a regulatory circuit, which
acts as a balance between proliferation and differentiation, under
physiological conditions in the epidermis. In BCC, miR-203
functions as a downstream effector of the HH and the EGFR
pathways, and its loss contributes to oncogenic transformation via
derepression of multiple stemness- and proliferation-related
genes. Finally, our results indicate that miRNA-203 may be a
potential therapeutic target for the treatment of BCC.

MATERIALS AND METHODS
Clinical samples
Skin biopsies were taken, after obtaining informed consent, from healthy
individuals and from patients with BCC, at the Department of Dermatology,
Heinrich Heine University Dusseldorf, Germany, and at the Dermatology
and Venerology Unit, Karolinska University Hospital, Stockholm, Sweden.
The clinical diagnosis was made by a dermatologist and was confirmed by
histopathological evaluation. All studies were approved by the Regional
Committees of Ethics. Isolation of total RNA was performed as described.43

Skin cancer tissue array SK801 was purchased from US Biomax (Rockville,
MD, USA).

MicroRNA expression profiling
MiRNAs were reverse transcribed and amplified (PCR) using the multiplex
RT TaqMan MicroRNA Low Density Array (Applied Biosystems, Foster City,
CA, USA). TLDAs were run on the ABI7900 HT analyzer with TLDA upgrade
and analyzed with RQ Manager software provided by Applied Biosystems.
All the quality control tests were validated: blanks and reproducibility
(standard deviation of cycle threshold (Ct) o1) of the two small nucleolar
housekeeping RNAs RNU48 (SNORD48) and RNU44 (SNORD44). The
amount of RNA from each sample was calibrated to the more stable
(between the different arrays) housekeeping RNA, RNU48. To find
consistently differentially expressed genes, the data were subjected to
significance analysis of microarrays as described.42 Genes showing at least
twofold regulation and a q-valueo2% were considered to be differentially
expressed.

Quantitative real-time PCR
Quantification of miRNAs by TaqMan Real-Time PCR was carried out as
described previously.42 Target gene expression was normalized between
different samples based on the values of U48 small nucleolar RNA.
Quantification of mRNAs was carried out according to standard
procedures.19 Specific primers and probes were obtained from Applied
Biosystems, except for 18S (18S-F: 50-CGGCTACCACATCCAAGGAA-30 , 18S-R:
50-GCTGGAATTACCGCGGCT-30 , 18S TaqMan probe: 50-FAM/TGCTGGCACCA
GACTTGCCCTC-30).

In situ hybridization
In situ hybridization analyses for miR-203 were performed as described.42

Briefly, sections were fixed in 4% paraformaldehyde for 10min, acetylated
for 10min, washed, and prehybridized for 1 h at 46 1C. Hybridization with
digoxygenin-labeled miRCURY locked nucleic acid probes (Exiqon,
Vedbaek, Denmark) was performed for 1 h at 45 1C. Slides were then
washed at 45 1C and incubated with horseradish peroxidase -- conjugated
sheep anti-DIG Fab fragments (1:1000; Roche, Mannheim, Germany) for
30min at room temperature. Sections were visualized by using BM purple
substrate together with 2mM levamisole (Vector Laboratories, Burlingame,
CA, USA). The color reaction was performed over night at room

Figure 7. A simplified model of the interactions of miR-203, its
regulators and targets in the context of BCC. The balance between
miR-203 and its targets in undifferentiated cells can be shifted to-
ward differentiation (under physiological conditions) and toward
transformation (in BCC) by calcium (Ca2þ )/protein kinase C (PKC) or
Hedgehog (HH) signaling, respectively. The autoregulatory loop
between c-JUN and miR-203 stabilizes the phenotype of cells once
differentiation has been initiated, while lack of its upregulation
allows sustaining an undifferentiated state with high proliferative
capacity in BCC.
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temperature. Scoring of the in situ hybridization on the tissue array was
performed on a scale 0 --6 (intensity: negative: 0, weak: 1, moderate: 2,
strong: 3, percentage of positive cells: 0%, 0, 1 --25%, 1; 26 --50%,
2; 51 --100%, 3).

Transfections
Human adult skin epidermal keratinocytes (obtained from Cascade
Biologics, Portland, OR, USA) were cultured in EpiLife serum-free
keratinocyte growth medium, including Human Keratinocyte Growth
Supplement at a final Ca2þ concentration of 0.06mM (Cascade Biologics).
Third passage keratinocytes at 70% confluence were transfected with
10 nM Pre-miR 203 miRNA Precursor (Ambion Applied Biosystems, Austin,
TX, USA) or 10 nM Pre-miR miRNA Precursor Negative Control #1 (Ambion)
using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA), following the
manufacturer’s instruction. The c-JUN cDNA44 was cloned into the CSII-
CMV-MCS-IRES2-Bsd vector and transiently transfected into human
keratinocytes using Fugene6 (Roche), according to the manufacturer’s
instructions.

Immunoblots
Keratinocyte lysates were analyzed for protein expression by western
blotting with anti-human c-JUN antibody at a concentration of 1:500
(Santa Cruz Biotechnology, Santa Cruz, CA, USA). The protein levels were
visualized by enhanced chemiluminescence (GE Healthcare, Niskayuna, NY,
USA) using horseradish peroxidase -- conjugated anti-rabbit antibody at a
concentration of 1:2000 (Cell Signaling Technology, Beverly, MA, USA).

Growth factors and inhibitors
Primary human keratinocytes were treated with 10 ng/ml EGF (Sigma, St
Louis, MO, USA) in the presence of various inhibitors or dimethylsulfoxide.
c-JUN NH2-terminal kinase-inhibitor SP600125 (Santa Cruz Biotechnology),
mitogen-activated protein kinase kinase 1 and 2 (MEK1/2) inhibitor, UO126
(Calbiochem, Darmstadt, Germany), and Akt inhibitor, Wortmannin
(Calbiochem), were applied to primary human keratinocytes at the
following concentrations: SP600125 (10mM), UO126 (10mM) and Wortmannin
(1mM).

30UTR luciferase assays
Luciferase reporter plasmids containing the wild-type 30UTR and the 30UTR
with mutated miR-203 binding site of c-JUN were obtained from
Genecopoeia (Rockville, MD, USA) and Genscript (Piscataway, NJ, USA),
respectively. HEK293 cells were transfected with the luciferase constructs
(100 ng per 24-well) and pre-miR-203 or pre-miR-Control (10 nM, Applied
Biosystems) using Lipofectamin 2000 (Invitrogen). Luciferase activity was
measured after 24 h using Dual Luciferase Reporter Assay according to the
manufacturer’s instructions (Promega, Madison, WI, USA).

Immunohistochemistry
Paraffin-embedded normal skin and BCC sections (5mm thickness) were
baked at 60 1C for 1 h. Sections were deparaffinized in 1� Aqua de Par
(Biocare Medical, Walnut Creek, CA, USA) at 80 1C for 10min. Slides were
then transferred to 1� DIVA decloaker reagent or 1� EDTA decloaker
reagent (Biocare Medical) and antigen retrieval was performed using a
pressure boiler (Biocare Medical) as heat source. Sections were washed in
Tris-buffered saline, blocked in peroxidaze 1 for 10min, washed again,
pretreated for 10min in Background Sniper (Biocare Medical) and
incubated with the following primary antibodies at 4 1C overnight: c-JUN
(1:100, clone E254, Epitomics Burlingame, CA, USA); and p63 (1:500, clone
BC4A4, Santa Cruz Biotechnology), EGFR (ready to use, clone 31G7;
Invitrogen, Camarillo, CA, USA). After washing in TBS, slides were incubated
with labeled polymer (mouse or rabbit) for 10min using the MACH 3
AP-Polymer Detection Kit (Biocare Medical). Antibody staining was
visualized using the Vulcan Fast Red Chromogen Kit (Biocare Medical)
and the slides were counterstained with Tacha’s Automated Hematoxylin
(Biocare Medical).

Cell cycle analysis
Click-iT EdU Flow Cytometry Assay (Invitrogen) was carried out according
to the manufacturer’s instructions, and analyzed by flow cytometry on a
FACScan (Becton Dickinson, Franklin Lakes, NJ, USA).

Mouse model of BCC
The mouse model of human BCC was generated by crossing mice
expressing tetracycline-dependent transactivator under control of bovine
cytokeratine 5 promoter (K5tTA) and mice harboring human GLI1
transgene under control of tetracycline response element (TREGLI1).29

GLI1 expression was induced by withdrawal of doxycycline (2mg/ml) from
the drinking water at postnatal day 16. Mouse keratinocytes were purified
as described.44 Total RNA was extracted by RNA-Bee (TEL-TEST,
Friendswood, TX, USA). After DNase treatment (Qiagen, Valencia, CA,
USA), RNAs including short RNAs were isolated by RNeasy kit (Qiagen)
according to the manufacturer’s instructions.

In vivo delivery of miRNA mimics
MiRIDIAN miR-203 mimics and MiRIDIAN negative control sequence based
on cel-miR-67 (Dharmacon, Lafayette, CO, USA) was complexed with
in vivo-jetPEI (Polyplus Transfection, Strasbourg, France) in 400ml of 5%
glucose solution and injected subcutaneously into dorsal skin of K5tTA/
TREGLI1mice (n¼ 4 each), once in every 48 h, starting at P35, 3 weeks after
induction of GLI1 expression. The protocol was approved by the local
ethics committee. At p58, 48 h after the last injection, mice were killed, skin
samples were collected and snap-frozen for RNA isolation or paraffin-
embedded for immunohistochemical staining. Successful delivery of the
miRNA mimics was confirmed by qPCR (Supplementary Figure 3). SOX9
staining was performed, as described,29 on sections from skin stripes
including the site of injection and adjacent skin.

Statistics
Statistical significance for experiments was determined by Mann--Whitney
U-test or Student’s t-test. Correlation between the expressions of different
genes in the same samples was analyzed using Spearman correlation test
on log-transformed data.
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