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MiR-130a Acts as a Tumor Suppressor
MicroRNA in Cutaneous Squamous Cell
Carcinoma and Regulates the Activity of the
BMP/SMAD Pathway by Suppressing ACVR1

Warangkana Lohcharoenkal'?, Chen Li'*, Kunal Das Mahapatra', Jan Lapins’, Bernhard Homey",

Eniké Sonkoly'*” and Andor Pivarcsi'~*"

Cutaneous squamous cell carcinoma (cSCC) is a malignant neoplasm of the skin resulting from the accumu-
lation of somatic mutations due to solar radiation. cSCC is one of the fastest increasing malignancies, and it
represents a particular problem among immunosuppressed individuals. MicroRNAs are short noncoding RNAs
that regulate the expression of protein-coding genes at the post-transcriptional level. In this study, we identify
miR-130a to be downregulated in cSCC compared to healthy skin and precancerous lesions (actinic keratosis).
Moreoever, we show that its expression is regulated at the transcriptional level by HRAS and MAPK signaling
pathway. We demonstrate that overexpession of miR-130a suppresses long-term capacity of growth, cell
motility and invasion ability of human cSCC cell lines. We report that miR-130a suppresses the growth of cSCC
xenografts in mice. Mechanistically, miR-130a directly targets ACVRT (ALK2), and changes in miR-130a levels
result in the decreased activity of the BMP/SMAD pathway through ACVR1. These data reveal a link between
activated MAPK signaling and decreased expression of miR-130a, which acts as a tumor-suppressor microRNA
in cSCC and contribute to a better understanding of the molecular processes during malignant transformation
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of epidermal keratinocytes.
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INTRODUCTION

Cutaneous squamous cell carcinoma (cSCC) is one of the
most common human malignancies affecting more than
500,000 new patients per year throughout the world. The
incidence of cSCC is increasing fast in the Caucasian popu-
lation (Alam and Ratner, 2001; Que et al., 2018). The primary
risk factor for cSCC is chronic exposure to solar UVR, which
induces somatic mutations and epigenetic alterations result-
ing in the malignant transformation. cSCC can arise from
actinic keratosis (AK), which are precancerous lesions
commonly seen on sun-damaged skin, and patients diag-
nosed with AK have a 10% lifetime risk to develop cSCCs
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(Salasche, 2000). Although AKs are not malignant, multiple
cSCC-associated genetic alterations are already present in
them, including mutations in tumor suppressor TP53 (Ashton
et al., 2003). An additional risk factor for ¢SCC is immune
suppression: organ-transplant recipients receiving life-long
immunosuppression have approximately 65—250 times
increased risk to develop cSCCs (Que et al., 2018). Moreover,
¢SCCs in organ-transplant recipients are often multiple,
develop at a younger age, and are more aggressive, high-
lighting the importance of the immune system in controlling
the expansion of transformed cell clones in the epidermis
(Wells and Shirai, 2012). The massive incidence of ¢SCC
makes this cancer type a major health concern. Although
most of cSCCs are cured with surgical resection, prognosis is
generally poor in patients who develop metastases, with an
expected 5-year survival of 26—34%, indicating that devel-
opment is needed in the treatment and management of pa-
tients with ¢SCC (Alam and Ratner, 2001; Li et al., 2015;
Wells and Shirai, 2012).

Recent exome sequencing studies have shown that cSCC
harbors a mutation burden greater than any other known
cancer with metastatic potential (mean somatic mutation rate
of 50 mutations per megabase pair of DNA) with key driver
mutations in TP53, CDNK2A, NOTCHI1, NOTCH?2, and
HRAS genes as well as frequent copy number gains in EGFR,
CCND1, and MYC regions (Dotto and Rustgi, 2016). These
genomic alterations ultimately lead to a transformed pheno-
type and drive cSCC growth and progression. However, to
date, little is known about the association between the driver
genes in cSCC and alterations in noncoding RNA expression.
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MicroRNAs (miRNAs) are approximately ~22 nt non-
coding RNAs that regulate gene expression at the post-
transcriptional level primarily by sequence-specific base
pairing to the 3’ untranslated region (UTR) of their target
genes (Bartel, 2004). To date, more than 2,000 miRNAs have
been identified in the human genome, and most protein-
coding genes are thought to be regulated by miRNAs.
Because one miRNA can regulate dozens if not hundreds of
target genes, miRNAs can effectively regulate signaling
pathways and play key roles in virtually every biological
process, including stemness, development, inflammation,
proliferation, and apoptosis (Alvarez-Garcia and Miska,
2005; Bartel, 2009). MiRNAs are frequently deregulated in
cancer and may function as oncogenes (oncomiRs) or tumor
suppressors (Calin and Croce, 2006; lorio and Croce, 2012).
We and others have identified several miRNAs whose
expression is altered in ¢SCC, such as miR-203 (Benaich
et al., 2014; Lohcharoenkal et al., 2016), miR-125b (Xu
et al., 2012), and miR-31 (Wang et al., 2014). The func-
tional characterization of these cSCC-associated miRNAs in
in vitro and in vivo cancer models revealed their importance
in the context of cancer-associated phenotypes such as pro-
liferation, impaired terminal differentiation, invasiveness,
colony formation, and angiogenesis-inducing capacity.

In this study, we aimed to investigate the function of miR-
130a-3p in cSCC. We report that miR-130a expression is
suppressed in invasive cSCCs but not in precancerous skin
lesions. Moreoever, we find that activated MAPK pathway
and increased HRAS expression can suppress miR-130a
expression at the transcriptional level. Ectopic over-
expression of miR-130a in ¢SCC cell lines resulted in the
suppression of their long-term capacity of growth, cell
motility, and invasiveness. In vivo, overexpression of miR-
130a suppressed cSCC tumor growth on immunocompro-
mised mice. Mechanistically, we identified ACVRT as a
direct target of miR-130a and showed that miR-130a regu-
lated the BMP/SMAD pathway through ACVR1. Taken
together, our study identifies miR-130a as a tumor sup-
pressor in cSCC, which can be suppressed by the activation
of the MAPK pathway. Our results identify a potential cross-
talk between MAPK and BMP/SMAD pathway in cSCC
through miR-130a—mediated regulation of ACVRT.

RESULTS

MiR-130a is suppressed by the MAPK pathway in cSCC
Previously, we performed a global miRNA expression anal-
ysis in ¢SCC and found miR-130a to be downregulated in
tumor tissues compared with healthy skin (Xu et al., 2012). To
validate this observation, we performed TagMan quantitative
real-time reverse transcriptase—PCR (qRT-PCR) analysis of
miR-130a in RNA isolated from a larger, independent cohort
of healthy human skin, precancerous skin lesions (AK), and
cSCC samples. Results from the gRT-PCR-analysis demon-
strated that miR-130a expression was significantly decreased
in ¢SCCs compared to both normal skin (Figure Ta) and AK,
suggesting that decreased miR-130a expression is associated
with the malignant phenotype. In situ hybridization analysis
using locked nucleic acid probes in an independent cohort of
healthy skin samples and cSCCs showed that the expression
of miR-130a in normal skin was evenly expressed in all cell
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layers of the epidermal compartment (Figure 1b). In contrast,
miR-130a expression was virtually undetectable in cSCC
samples, suggesting the involvement of miR-130a in cuta-
neous squamous cell tumorigenesis.

Because HRAS is one of the driver genes for aggressive
cSCC (Pickering et al., 2014), we hypothesized that the
modulation of HRAS could affect the level of miR-130a. To
test this hypothesis, we performed small interfering RNA—
mediated knockdown of HRAS in UT-SCC-7 human cSCC
cell line, which, as expected, resulted in decreased HRAS
protein level and decreased phosphorylation of extracellular
signal—regulated kinase (ERK), a downstream effector of
HRAS (Figure Tc). qRT-PCR analysis demonstrated that the
depletion of HRAS resulted in increased miR-130a expres-
sion in UT-SCC-7 cells (Figure 1c). In contrast, the transient
overexpression of HRAS resulted in decreased miR-130a
level in UT-SCC-7 cells (Figure 1d). To further investigate
the potential involvement of the HRAS/MAPK/ERK kinase
(MEK)/ERK1/2 pathway in the regulation of miR-130a
expression, UT-SCC-7 cells were treated with U0126 (a se-
lective inhibitor of MAPK kinases, MEK1 and MEK2 [Favata
et al., 1998]) or SCH772984 (a specific inhibitor of ERKT
and 2 [Morris et al., 2013]), and the expression level of the
primary transcript of miR-130a was measured by qRT—PCR.
As expected, both treatments with MEK inhibitor and ERK
inhibitor led to decreased phosphorylation of ERK (Figure Te).
gRT-PCR results demonstrated an increase in the miR-130a
primary transcript following these treatments, strengthening
the association between the MAPK pathway and the
expression of miR-130a (Figure Te). Taken together, these
findings establish the decreased expression of miR-130a in
invasive cSCC but not in precancerous skin lesions and
suggest that the activation of MAPK pathway could provide a
plausible explanation for decreased miR-130a in cSCC cells.

miR-130a suppresses primary tumor growth in vivo and
long-term capacity of growth in vitro

Because miR-130a expression was decreased in cSCC but not
in precancerous skin lesions, we hypothesized a role for it in
cSCC. We therefore set out to explore the effect of miR-130a
on ¢SCC tumor growth in in vivo xenograft model. To this
end, UT-SCC-7 cells with stable miR-130a-overexpression
were established by lentiviral transduction (Supplementary
Figure Sla) and were subcutaneously injected into
immunodeficient NOD SCID gamma mice. We observed that
overexpression of miR-130a led to a significant reduction in
tumor volume by week 4 and 5 (Figure 2a). cSCC cells with
high miR-130a expression formed significantly smaller tu-
mors as measured by tumor weight than the tumors formed
by control cell line overexpressing a scrambled sequence
(Figure 2b). Moreover, we observed a significant decrease in
the number of Ki-67 positive cells in the xenografts formed by
miR-130a—overexpressing c¢SCC cells (Supplementary
Figure STb). Thus, these in vivo results demonstrated the
tumor-Suppressor potential of miR-130a in cSCC.

The ability of a single cell to grow into a colony is a
critical characteristic of tumor cells, which is required for
the expansion of transformed clones and for the establish-
ment of metastases. Because miR-130a suppressed tumor
growth in vivo, we hypothesized that it may regulate these
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Figure 1. MiR-130a expression is decreased in ¢SCC and suppressed by the MAPK pathway. (a) TagMan qRT-PCR analysis of miR-130a expression in H (n =
11), AK (n = 13), or ¢SCCs (n = 28). Mann—Whiney U-test. *P < 0.05, ****P < 0.0001. (b) Representative images of LNA in situ hybridization analysis of miR-
130a expression in tissues obtained from H and cSCCs. The positive signal for miR-130a is purple. Scrambled probe was used as a control. Scale bar = 100 um.
(c) The expression level of miR-130a in UT-SCC-7 cells after transfection with siHRAS or siCtrl. Transfection efficiency was confirmed by qRT-PCR and western
blot (n = 3). **P < 0.01, Student’s t-test. (d) The expression of miR-130a in UT-SCC-7 cells was analyzed by qRT-PCR after transfection with pcDNA-HRAS or
empty vector (pcDNA). HRAS overexpression was confirmed by qRT-PCR and western blot (n = 3). *P < 0.05, **P < 0.01, Student’s t-test. (e) The expression
level of miR-130a primary transcript in UT-SCC-7 cells on the treatment with chemical inhibitors for MEK (U0126, 10 uM) or ERK (SCH772984, 0.1 pM). The
effect of chemical inhibitors on ERK-phosphorlyation was confirmed by western blot (n = 3). **P < 0.01, ***P < 0.001, Student’s t-test. Data are presented as
mean £ SEM. AK, actinic keratosis; cSCC, cutaneous squamous cell carcinoma; ERK, extracellular signal—regulated kinase; H, healthy human skin; LNA, locked
nucleic acid; MEK, MAPK/extracellular signal—regulated kinase; p-ERK, phosphorylated extracellular signal—regulated kinase; qRT-PCR, quantitative real-time
reverse transcriptase—PCR; siCtrl, small interfering RNA control; siHRAS, small interfering RNA HRAS.

processes in cSCC. To test this, we performed a colony
formation assay using UT-SCC-7 and A431 cell lines.
Ectopic overexpression of miR-130a (Supplementary
Figure S2a) decreased the colony-forming ability of both
UT-SCC-7 cells and in A431 cells (Supplementary
Figure S2c¢ and d). Furthermore, a sphere formation assay
was performed to evaluate the role of miR-130a on cell
long-term capacity of growth. We found that overexpression
of miR-130a led to decreased sphere size in both UT-SCC-7
and A431 cells (Figure 2c and d). Conversely, inhibition of
endogenous miR-130a in UT-SCC-7 and A431 cells resulted
in the formation of larger spheres (Figure 2e and f and
Supplementary Figure S2b). These results suggest that miR-
130a modulates cSCC growth by regulating the long-term
capacity of growth.

MiR-130a suppresses the motility and invasiveness of cSCC
cells

Next, we investigated the effect of miR-130a on cell motility
and invasiveness, which are essential features of a metastatic
disease. To this end, a scratch wound-healing assay was
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performed using miR-130a—overexpressing UT-SCC-7 and
A431 cell lines. Measurement of the wound area revealed
that miR-130a inhibited wound closure in scratch wound
healing assays (Figure 3a). In line with this result, we
observed that the overexpression of miR-130a inhibited both
cell migration (Figure 3b) and the invasive capacity of cSCC
cells (Figure 3¢) in transwell migration and invasion assays.

In contrast to miR-130a-overexpression, the inhibition of
endogenous miR-130a increased wound closure rate in
comparison with control locked nucleic acid sequences in
both cSCC cell lines (Figure 3d). Inhibition of miR-130a also
greatly increased the migratory (Figure 3e) and invasive
(Figure 3f) potential of cSCC cells. These results demonstrated
that miR-130a can suppresse the motility and invasiveness of
¢SCC cells in vitro.

miR-130a regulates the BMP/SMAD signaling pathway by
targeting ACVRT in ¢SCC

We next sought to determine the molecular basis for the
observed effects of miR-130a in cSCC and to identify the
biological pathways it regulates. To identify the functional
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Figure 2. Overexpression of miR-130a
suppresses primary tumor growth and
long-term capacity of growth of
cSCC. (a) Xenograft experiment was
performed in NSG mice by
subcutaneous injection of lentiviraly
transduced stable miR-130a—
overexpressing UT-SCC-7 cells (Lv-
miR-130a) or control UT-SCC-7 cells
(Lv-Scramble) into each flank of the
mice (n = 6). *P < 0.05, **P < 0.01,
ANOVA. Tumors were monitored, and
> tumor volume was calculated weekly.
3{50 (b) At the end of the experiment,
é\q' tumors were excised and weighed
O \;\' (n = 6). *P < 0.05, Student’s t-test. (c,
d) Tumor sphere formation assay was
performed in miR-130a—
overexpressing UT-SCC-7 and A431
cells (n = 3). **P < 0.01, ***P <
0.001, Student’s t-test. Scale bar =
100 pm. (e, f) Tumor sphere formation
assay was performed using UT-SCC-7
and A431 cells transfected with miR-
130a-inhibitor (anti-miR-130a) or
control ODN (anti-miR-Ctrl; n = 3).
kP < (0.0001, Student’s t-test. Data
are presented as mean £ SEM. Scale
bar = 100 pm. ¢SCC, cutaneous
squamous cell carcinoma; Ctrl,
control; Ly, lentiviral; NSG, NOD
SCID gamma mice; ODN,
oligodeoxyribonucleotide; Wk, week.
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metastasis (Kim et al., 2017; Romero et al., 2010). Western
blot analysis demonstrated decreased expression of ACVR1
protein on ectopic overexpression of miR-130a both in UT-
SCC-7 cells and in A431 cells (Figure 4b). Furthermore,
consistent with in vitro results and patient data, we observed
a decreased ACVR1 abundance both at mRNA and protein
level in miR-130a—overexpressing tumor xenografts
(Figure 4c). The decreased expression of ACVR1 on over-
expression of miR-130a was further confirmed by the
immunohistochemical analysis of ACVR1 in tumor tissues
from the xenograft experiment (Supplementary Figure S3c).
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Figure 3. MiR-130a inhibits cell motility of cSCC cell lines. (a) Scratch wound healing experiments were performed with UT-SCC-7 (left) and A431 (right) cell
lines upon ectopic overexpression of miR-130a or scramble ODNs. Wound closure was calculated relative to the wound size at 0 h (n = 3). ***P < 0.001, ****p
< 0.0001, ANOVA. Scale bar = 1 mm. (b) Transwell migration and (c) Transwell invasion experiment of miR-130a-overexpressing or control UT-SCC-7 and
A431 ¢SCC cell lines (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001, Student’s t-test. Scale bar = 1 mm. (d) Scratch wound-healing experiments were performed
with UT-SCC-7 (left) and A431 (right) cell lines on transfection with miR-130a inhibitor or negative Ctrl. Healing percentage was calculated on the basis of the
wound size at 0 h (n = 3). *P < 0.05, ****P < 0.0001, ANOVA. Scale bar = 1 mm. (e) Transwell migration and (f) Transwell invasion experiment of UT-SCC-7
and A431 SCC cell lines transfected with miR-130a inhibitor or negative control (n = 3). *P < 0.05, **P < 0.01, ****P < 0.0001, Student’s t-test. Data are
presented as mean + SEM. Scale bar = T mm. ¢SCC, cutaneous squamous cell carcinoma; Ctrl, control; h, hour; ODN, oligodeoxyribonucleotide.

Because of the presence of a predicted miR-130a—binding
site in the 3’'UTR of ACVRT and because miR-130a regulated
ACVR1 expression both in cSCC cell lines and in tumor xe-
nografts, we hypothesized that ACVRT may be a direct target
of miR-130a. To test this hypothesis, we next performed a
3’UTR luciferase assay with wild-type and mutated ACVR1
3’UTR sequences (Figure 4d). We found that miR-130a sup-
pressed the luciferase activity of wild-type ACVRT 3'UTR
plasmid significantly both in normal human epidermal ker-
atinocytes (NHEKs) and in UT-SCC-7 cells (Figure 4e and
Supplementary Figure S3d). In contrast, the effect of miR-
130a was abolished by the site-specific mutation of the pre-
dicted miR-130a—binding site within the ACVRT 3'UTR
construct, demonstrating a sequence-specific interaction
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between miR-130a and ACVRI and
Supplementary Figure S3d).

Because ACVRI1 elicits its cellular effects by activating
specific SMAD proteins, including SMAD1, SMADS5, and
SMADS8 (Omi et al., 2019), we next investigated the effect of
miR-130a on SMAD1, SMADS5, and SMADS signaling by
detecting nuclear translocation of phosphorylated SMAD (p-
SMAD) 1 in primary human epidermal NHEKs. NHEKs were
treated with 100 ng/ml recombinant human BMP7 for 45
minutes. Western blot analysis revealed that miR-130a
overexpression decreased ACVR1 protein level and sup-
pressed SMAD1 and SMADS5 phosphorylation in NHEKs,
whereas its inhibition increased the level of ACVR1 and
augmented SMAD1 and 5 phosphorylation (Figure 4f).

(Figure  4e
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Figure 5. Knockdown of ACVRT phenocopies the effect of miR-130a-overexpression on cSCC motility. (@) Western blot analysis of ACVR1 protein level in
¢SCC cell lines after siACVRT1 transfection (n =3). (b) Scratch wound-healing experiments were performed with UT-SCC-7 and A431 cell lines after siACVR1-
transfection. Percentage of wound closure was calculated relative to the wound size at 0 h (n = 3). **P < 0.01, ****P < 0.0001, ANOVA. Scale bar = 1 mm. (c)
Transwell migration experiment with UT-SCC-7 and A431 cSCC cell lines transfected with sSiACVR1 or control (siCtrl). The number of migrated cells (mean +
SEM) is shown (n = 3). *P < 0.05, ***P < 0.001, Student’s t-test. Scale bar = 1 mm. cSCC, cutaneous squamous cell carcinoma; h, hour; p-SMAD,
phosphorylated SMAD; siACVR1, small interfering RNA ACVRT1; siCtrl, small interfering RNA control.

Consistent with these findings, immunofluorescence analysis
demonstrated that miR-130a overexpression inhibited the
translocation of p-SMADT1 into the nucleus (Figure 4g). In
contrast, depletion of miR-130a resulted in an increased
nuclear p-SMADT1 staining (Figure 4g). To analyze whether
miR-130a can modulate SMAD-dependent DNA-binding
activity in cells, we next performed a luciferase reporter assay
using pGL3-BRE-luc plasmid, a BMP-responsive luciferase
reporter construct known to respond to p-SMAD1, p-SMADS5,
and p-SMADS8 (Korchynskyi and ten Dijke, 2002). Results of
promoter-luciferase reporter assays demonstrated that over-
expression of miR-130a significantly decreased SMAD-
dependent promoter activity in NHEKs. In contrast, deple-
tion of miR-130a resulted in a significantly increased SMAD-
dependent promoter activity (Figure 4h), thus demonstrating
that miR-130a can regulate BMP/SMAD signaling in NHEKSs.
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To further corroborate this conclusion and to determine
whether ACVR1 can mediate the effects of miR-130a in
¢SCC, scratch wound-healing and cell-migration assays using
UT-SCC-7 and A431 cells were carried out after small inter-
fering RNA-mediated knockdown of ACVR1. Knockdown of
ACVR1 was confirmed by western blot (Figure 5a), which
resulted in a decrease in the level of p-SMAD1/5 (Figure 5a).
Furthermore, similar to the effect of miR-130a-over-
expression, knockdown of ACVRT significantly inhibited
migration ability of both UT-SCC-7 and in A431 cells
(Figure 5b). Moreover, recapitulating the effect of miR-130
overexpression, silencing of ACVR1 significantly reduced
the number of migrating cells through Transwell inserts

(Figure 5c).
Next, we investigated whether the ectopic expression of
ACVR1 could counteract the effect of miR-130a-
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Figure 6. Schematic model about the
regulation and mode of action of miR-
130a in cSCC. Activation of the MAPK
pathway can suppress miR-130a
transcription through HRAS—MEK
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overexpression. To this end, cSCC cell lines were transfected
with miR-130a and an ACVR1-plasmid containing ACVRT1
open reading frame without its 3’UTR (pCMV-ACVR1), which
we refer to as miR-130a-resistant ACVR1. Ectopic expression
of miR-130a—resistant ACVR1 (Supplementary Figure S4a)
could reverse miR-130a—mediated suppression of SMAD1/5
phosphorylation in  UT-SCC-7 cells (Supplementary
Figure S4b) and reverse the miR-130a—mediated suppres-
sion of cell migration and invasion both in UT-SCC-7 and in
A431 cells (Supplementary Figure S5a and b).

Taken together, our data suggest that activation of the
MAPK signaling pathway in c¢SCC results in suppression of
miR-130a expression through HRAS—MEK—ERK1/2. In turn,
decreased level of miR-130a may lead to increased ACVR1
protein level and increased activity of the BMP/SMAD
pathway, which may contribute to the malignant phenotype
of cSCC (Figure 6).

DISCUSSION
In this study, we report that miR-130a is downregulated in
cSCC and is involved in key cellular functions related to long-
term capacity of growth, cell motility, and cell invasion of
¢SCC in vitro as well as in impaired primary tumor growth
in vivo. Our results suggest that decreased miR-130a
expression may be a consequence of the activated MAPK
pathway in cSCC. We identify ACVRT as a target of miR-130a
and demonstrate that through regulating ACVR1, it regulates
BMP/SMAD?1 signaling pathway and acts as a tumor sup-
pressor in cSCC.

Our results showing that miR-130a is suppressed in c¢SCC
but not in precancerous skin lesions suggested that it may be
related to the malignant phenotype of cSCC. Interestingly,

activation of the MAPK pathway was recently identified as
one of the key molecular differences between AKs and
cSCCs (Lambert et al.,, 2014), and we found that the
expression of miR-130a was regulated by the MAPK
pathway. Aberrant activation of driver genes and loss-of-
function alterations in tumor suppressor genes have been
reported in cSCC pathogenesis. MAPK pathway is one of the
most commonly activated pathways that contribute to cSCC
pathogenesis (Di Nardo et al., 2020). It can be activated by
overexpression of growth factors and amplification or mu-
tations of receptor tyrosine kinases such as EGFR as well as
mutation of RAS guanosine triphosphatases (Braicu et al.,
2019; Katz et al., 2007). This pathway is also the molecu-
lar target of drugs that are used to treat cSCCs (Maubec et al.,
2011). In humans, cSCCs harbor activated mutations in
HRAS at a frequency of 3—20% (Li et al., 2015; Pickering
et al., 2014) and HRAS has been demonstrated to both
directly and indirectly contribute to cSCC initiation and
progression (Maurelli et al., 2016; Pickering et al., 2014;
White et al., 2011). The impact of oncogenic HRAS on the
miRNA landscape of NHEKs has been previously reported by
Riemondy et al. (2015) who by performing quantitative
miRNA sequencing in HRAS®'?V-transformed murine
NHEKSs could identify 15 differentially expressed miRNAs on
HRAS™?Y expression. However, to our knowledge, the
regulation of miR-130a by HRAS oncogene has not been
reported before our study. Further studies will be needed to
clarify whether the suppression of miR-130a by oncogenic
MAPK pathway acts as a downstream effector of Ras-
mediated transformation and whether drugs targeting the
MAPK pathway can also regulate miR-130a-expression in
cSCC.
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Our findings suggest that miR-130a acts as a tumor sup-
pressor miRNA in cSCC. We observed decreased tumor
growth in vivo after miR-130a-overexpression, which was
in accordance with our in vitro findings about that miR-
130a suppressed several important cancer hallmarks,
including the long-term capacity of growth, cell migration,
and cell invasion. Altered miRNA expression has been
implicated in the initiation and progression of virtually all
human cancers (Peng and Croce, 2016). In particular, miR-
130a has been reported as a tumor suppressor in several
cancer types, such as in hepatocellular carcinoma, prostate
carcinoma, breast cancer, and non—small cell lung cancer
cells, and it has been shown to suppresses cell viability,
apoptosis, migration, and invasion in these diseases (Li
et al.,, 2014; Pan et al., 2015; Wang et al., 2018a). Inter-
estingly, decreased miR-130a level has been linked to
docetaxel resistance in head and neck squamous cell car-
cinoma (Dai et al., 2011).

In our study, we identified ACVRT as a direct target of miR-
130a. ACVR1, a member of BMP type-l receptors, has been
implicated in multiple types of cancers, including breast
cancer (Wang et al., 2018b) and diffuse intrinsic pontine
glioma (Taylor et al., 2014). Of note, a clinical trial of oral
ACVRT1 inhibitor is currently being conducted in patients
with advanced solid tumors. The BMP signaling cascade
regulates diverse processes across multiple organ systems,
including cell proliferation, tissue stem cell dynamics,
organogenesis, tissue remodeling, and physiologic homeo-
stasis (Waite and Eng, 2003). Dysregulation of this signaling
pathway has been implicated in a variety of human diseases,
including vascular disorders, skeletal defects, congenital
heart disease, and cancers (Massagué, 2008). BMP ligands
transduce their signals through type-I and type-ll serine-
threonine kinase transmembrane receptors. Activated BMP
type-I receptors initiate intracellular signaling through phos-
phorylating specific SMAD proteins, including SMADT,
SMAD?5, and SMADS (Korchynskyi and ten Dijke, 2002; Omi
et al.,, 2019). In this study, we showed that miR-130a regu-
lated the phosphorylation and nuclear translocation of
SMAD1/5 by regulating ACVR1 expression. No miRNA func-
tions through the regulation of a single target gene, and miR-
130a probably also regulates several target genes in cSCC in
addition to ACVR1. Of relevance to our study, miR-130a has
also been reported to regulate the SMAD pathway by directly
targeting SMAD4 and mediate gemcitabine sensitivity in
hepatoma cells (Liu et al., 2016). Furthermore, miR-130a has
been shown to suppress migration and invasion by targeting
RAB5B in human breast cancer stem cell-like cells (Kong
et al., 2018). Moreover, miR-130a has been shown to regu-
late cell growth by targeting TNF-a. and forms a feedback loop
with NF-kB in cervical cancer (Zhang et al., 2014).

Collectively, our results suggest that miR-130a acts as a
tumor suppressor in cSCC and that it regulates the activity of
the BMP/SMAD pathway. In conclusion, we report that miR-
130a expression is suppressed by the activation of the MAPK
pathway. Thus, this study reveals an important role for miR-
130a in c¢SCC tumorigenesis and suggests that the restora-
tion of miR-130a, by modulating miRNAs or by modulating
the activity of the MAPK pathway, may be relevant for the
treatment of cSCC.
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MATERIALS AND METHODS

Clinical samples

After obtaining written informed consent, biopsies were taken from
the skin of healthy donors and the skin of patients with ¢SCC at the
Dermatology and Venereology Unit, Karolinska University Hospital,
Stockholm, Sweden and at the Department of Dermatology, Hein-
rich Heine University, Dusseldorf, Germany. The clinical diagnosis
was made by a dermatologist and confirmed by histopathological
evaluation. The formalin-fixed, paraffin-embedded normal skin and
cSCC biopsies were obtained from Karolinska University Hospital
Biobank. The study was approved by the Regional Ethics Committees
and was conducted according to the Declaration of Helsinki Prin-
ciples. RNA was extracted from frozen biopsies or formalin-fixed,
paraffin-embedded tissue sections using the method described pre-
viously (Xu et al., 2011) or miRNeasy FFPE Kit (Qiagen, Sollentuna,
Sweden), respectively.

Further details for cell culture, transfections and transductions,
gRT-PCR, locked nucleic acid in situ hybridization, tumor xenograft
experiment, immunostaining, western blot, in vitro functional assay,
luciferase reporter assay, and statistical analysis are available in
Supplementary Materials and Methods online.

Data availability statement

Data sharing is not applicable to this article because no data sets
were generated or analyzed during the study. Data supporting the
findings of this study are available within the article and in its
Supplementary Materials.
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