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Purpose: DNA-dependent protein kinase catalytic subunit (DNA-PKcs) has attracted exten-
sive attention in various types of malignant tumors. However, the role of DNA-PKcs in
cutaneous squamous cell carcinoma (¢cSCC) development has not been elucidated. In this
study, we investigated the role of DNA-PKcs in ¢SCC and the molecular mechanisms of
TGF-B1-induced cSCC progression mediated by DNA-PKecs.

Methods: We performed bioinformatic analysis and RT-PCR to examine the DNA-PKcs
expression level in ¢cSCC. Then, we downregulated DNA-PKcs using a DNA-PK-specific
inhibitor or small interfering RNA (siRNA) to explore the effects of DNA-PKcs on SCL-1
cell migration and invasion. To further investigate the mechanism by which DNA-PKcs pro-
motes cSCC progression, TGF-f1 and the TGF-B receptor (TGF-BR) I/Il dual inhibitor
LY2109761 were used to examine whether DNA-PKcs participates in TGF-1/Smad signaling.
Results: DNA-PKcs expression was upregulated in cSCC. DNA-PK inhibition or expression
knockdown resulted in inhibited migration and invasion and altered epithelial-mesenchymal
transition (EMT) marker expression patterns in SCL-1 cells. Importantly, TGF-B1 mediated
EMT induction in ¢SCC cells, and DNA-PKcs was identified as a TGF-B1-responsive gene.
TGF-B1 promoted DNA-PKcs transcription, and DNA-PKcs enhanced the TGF-B1-induced
EMT program involved in ¢SCC invasion and metastasis by phosphorylating Smad3.
Conclusion: This study is the first to show that DNA-PKcs mediates EMT to promote ¢cSCC
aggressiveness by targeting the TGF-f1/Smad signaling pathway, which provides insight into
how DNA-PKcs impacts ¢cSCC progression and identifies a new therapeutic target.
Keywords: cutancous squamous cell carcinoma, DNA-dependent protein kinase catalytic
subunit, epithelial-mesenchymal transition, transforming growth factor-p1, E-cadherin

Introduction
Cutaneous squamous cell carcinoma (¢cSCC) is the second most common nonme-
lanoma skin cancer after basal cell carcinoma. Its high incidence and treatment cost

173 and the metastatic rate of

impose a great burden on individuals and society,
¢SCC is approximately 5%.* Exposure to chronic ultraviolet (UV) radiation from
the sun is the most important environmental factor involved in the occurrence of

¢SCC.?
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DNA-dependent protein kinase catalytic subunit
(DNA-PKcs) is a catalytic subunit of the DNA-dependent
protein kinase (DNA-PK) holoenzyme that is involved in
DNA double-strand break (DSB)
radiation.®” Our previous study also found that the phos-
phorylation levels of DNA-PKcs (T2647 and T2609) were
significantly increased in normal human epidermal kerati-

repair after UV

nocytes after exposure to different doses of UVB
radiation.® Recently, DNA-PKcs has attracted extensive
attention because its aberrant expression has been detected
in various types of malignant tumors.””'' However, the
role of DNA-PKcs in ¢cSCC development has not been
elucidated.

Epithelial-mesenchymal transition (EMT) is a biologi-
cal event during which epithelial cells lose their polarity
and cell-cell adhesions and acquire a mesenchymal phe-
notype, and EMT is thought to play an important role in
pathological processes such as wound healing and cancer
progression.'>'? Transforming growth factor (TGF)-B1 is
a member of the TGF-B superfamily and is the most
widely distributed cytokine in skin tissue.'* TGF-B1 acts
as an inhibitor in normal tissues,'>'® but studies utilizing
transgenic mice have found that TGF-B1 signaling accel-
erates cSCC,'”"'® although the mechanism remains elusive.
Previous studies have indicated that TGF-B1 acts as a
potent inducer of EMT as well as a factor for the main-
tenance of EMT in various epithelial cells.'*°

In this study, we investigated the role of DNA-PKcs in
¢SCC and the molecular mechanisms of TGF-B1-induced
¢SCC progression involving DNA-PKcs. We found that
DNA-PKecs expression was upregulated in ¢SCC and that
downregulation of DNA-PKcs expression inhibited migra-
tion and invasion and altered the expression patterns of
EMT markers in SCL-1 cells. More interestingly, DNA-
PKcs was identified as a TGF-Bl-responsive gene. We
further revealed that TGF-f1 promoted the activation of
DNA-PKcs and that DNA-PKcs enhanced the TGF-B1-
induced EMT program involved in ¢SCC invasion and
metastasis by phosphorylating Smad3.

Materials And Methods

Skin Tissue Sample Collection

c¢SCC (n=3) and matched normal control (n=3) skin tis-
sue samples were collected from patients who underwent
routine skin tumor resection at the First Affiliated
Hospital of Kunming Medical University (Kunming,
China). None of these patients received any form of

treatment. All patients provided written informed con-
sent, and the study protocol was approved by the Ethics
Committee of our institution (First Affiliated Hospital of
Kunming Medical University) in compliance with the
Declaration of Helsinki.

Real-Time Quantitative Reverse
Transcription PCR (RT-PCR)

Total RNA was extracted from tissue samples and cells
using TRIzol reagent (Invitrogen, MA, USA) and reverse-
transcribed into cDNA using a FastKing-RT Reagent kit
(Tiangen, Beijing, China) according to the manufacturer’s
protocols. RT-PCR analysis was conducted using SYBR
Green Master Mix (Tiangen, Beijing, China) with a Rotor-
Gene PCR system (Qiagen, Germany). The primers are
listed in Table 1. The conditions for amplification were as
follows: 95°C for 15 mins, followed by 40 cycles of 95°C
for 10 seconds, 60°C for 20 seconds, and 72°C for 30
seconds. Relative mRNA levels were calculated based on
the threshold cycle (Ct) following normalization to the
level of GAPDH and averaged among three replicates.
The relative expression of the RT-PCR results was deter-
mined using the comparative CT (2 ~**“") method.

Cell Culture And Treatment

Immortalized human epidermal keratinocytes (HaCaT cells)
and the ¢SCC cell line SCL-1 were supplied by the
Department of Dermatology at the First Hospital of China
Medical University, and was approved by our institutional
ethics committee. The cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with
10% fetal bovine serum (FBS), 100 U/mL penicillin and
100 mg/L streptomycin in a 5% CO, incubator at 37°C. For
the inhibitor and small interfering RNA (siRNA) studies, the
cells were seeded in different plates and incubated until they

Table | Primer Sequences

Gene Primer Sequences (5'-3') Product
Name Length
(bp)

E-cadherin [ TGGAACAGGGACACTTCTGC (F) 173
CCCCGTGTGTTAGTTCTGCT (R)

Vimentin GGACCAGCTAACCAACGACA (F) 178
AAGGTCAAGACGTGCCAGAG (R)

PRKDC CTTCTGTCCTTGCCACACAA (F) 119
GCATTCAGGCCTACTTCTGC (R)

GAPDH AAGGTCGGAGTCAACGGATTTGGTC (F) | 193
ATGACAAGCTTCCCGTTCTCAGCCT (R)
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attached firmly to the flask, and then the cells were treated
with the DNA-PK NU7026 (Selleckchem,
Shanghai, China) or transfected with a specific siRNA target-
ing DNA-PKcs (RiboBio, Guangdong, China). The
sequences of the three DNA-PKcs-specific siRNA (si-h-PRK
DC) oligonucleotides were as follows: si-h-PRKDC 001, 5'-
GCCAGTTTATCAATCTGAT-3'; si-h-PRKDC 002, 5'-GG
CCTTATGTACAGCATCA-3'; and si-h-PRKDC 003, 5'-
GATCGCACCTTACTCTGTT-3'". The si-h-PRKDC trans-
fection efficiency was determined by RT-PCR. For the
TGF-B1 or TGF-p receptor I/I1 (TGF-BR I/IT) dual inhibitor
LY2109761 study, the cells were treated with 5 ng/mL
TGF-B1 (Sigma-Aldrich) or 300 nmol/L LY2109761
(Selleckchem, Shanghai, China).

inhibitor

Scratch Wound Healing Assay

For the scratch assay, SCL-1 cells were grown to conflu-
ence in 6-well plates, and a wound was scratched into the
cell monolayer with a sterilized 200 pl pipette tip. The
culture medium was then removed, and the cells were
washed with phosphate-buffered saline (PBS) and cultured
with the indicated treatment. The width of the wound was
measured under a microscope at 0 and 48 h after the
scratch to assess the migratory ability of the cells.

Transwell Migration And Invasion Assays

SCL-1 cells (2 x 10° and 5 x 10* for the migration and
invasion assays, respectively) were seeded in the top
chamber of a noncoated (for migration) or Matrigel-coated
(for invasion) Transwell chamber with an 8 um pore
membrane (BD Biosciences). Medium supplemented
with the indicated treatment was added to the lower cham-
ber as a chemoattractant for 48 h. Nonmigrated/nonin-
vaded cells on the upper surface of the membrane were
removed using cotton swabs. The migrated/invaded cells
attached to the lower surface were fixed, stained with the
Haematoxylin and Eosin Stain Kit (Keygen, Nanjing,
China),
microscope.

mounted on slides and counted under a

Immunofluorescence

To assess immunofluorescence in cultured cells, SCL-1
cells were fixed with 4% formaldehyde in PBS, permealized
with 0.5% Triton X-100 and blocked with 1% BSA in PBS.
The cells were incubated with an anti-E-cadherin primary
antibody overnight at 4°C and then incubated with a
Cy3-labeled goat anti-mouse secondary antibody (Abcam,
Cambridge, UK). For staining of the cytoskeleton, the cells

were incubated with Alexa Fluor 594-conjugated phalloidin
for 30 min at room temperature. Finally, the cells were
stained with DAPI for nuclear staining, and images of the
cells were captured with a fluorescence microscope
equipped with a CCD camera (Nikon ECLIPSE Ti, Japan).

Western Blotting

Cells were harvested and washed twice with PBS, and then
total protein was isolated using RIPA cell lysis buffer
(Beyotime, Jiangsu, China) and quantified by using the
BCA Protein Assay Kit (Beyotime, Jiangsu, China).
Protein from each group was loaded onto 4-15% SDS-
polyacrylamide gel electrophoresis (PAGE) gels and then
transferred onto polyvinylidene fluoride membranes
(Millipore, MA, USA). The membranes were blocked
with 5% nonfat milk for 2 h and incubated with antibodies.
Horseradish peroxidase-conjugated secondary antibodies
were added to the incubation. Specific antigen-antibody
interactions were detected using an enhanced chemilumi-
nescence (ECL) detection reagent (Keygen, Nanjing,
China). Western blotting bands were quantitated using
ImagelJ software (National Institutes of Health, Bethesda,
MD). B-actin was used as the internal control.

Statistical Analysis

Data are presented as the mean + standard deviation (SD).
SPSS for Windows (version, 20.0; SPSS, Inc. Chicago, IL,
USA) and GraphPad Prism (version 7.0, USA) were used
to analyze all values. Student’s ¢-test was used to test all
differences, and significance was set at p< 0.05.

Results

DNA-PKcs Expression Was Significantly
Upregulated In ¢<SCC Human Skin Tissue
And SCL-1 Cells

First, we used the Oncomine database (Www.oncomine.
com) to analyze the data collected from the gene expres-
sion microarray dataset, identifying the differential expres-
sion of DNA-PKcs in ¢SCC (Figure 1A and B).*'"*
Second, we measured the DNA-PKcs expression levels
in ¢SCC tissue samples kept in RNAlater® RNA
Stabilization Solution (Invitrogen, MA, USA) by RT-PCR.
We found that DNA-PKcs expression was increased in
cSCC tissue compared to normal skin tissue. (Figure 1C)
Finally, at the cellular level, to examine whether the
expression of DNA-PKcs was upregulated in ¢SCC cells,
we determined the PRKDC mRNA expression in normal
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Figure | DNA-PKcs expression was significantly upregulated in <SCC human skin tissue and cells (A-D), and the expression levels of EMT-related markers in c<SCC (E-H).
(A and B) Bioinformatic analysis was used to analyze the data collected from the gene expression microarray dataset and identified the differential expression of DNA-PKcs
in cSCC. (C) DNA-PKcs expression levels were increased in ¢cSCC tissue compared with adjacent normal skin tissue by RT-PCR. (D) At the cellular level, the expression of
DNA-PKcs was upregulated in the cSCC cell line SCL-1. (E-H) E-cadherin expression was decreased and Vimentin expression was upregulated in c<SCC both in vitro and in
vivo. ¥p<0.05, **p<0.01 vs the NC group, nc means no significance.
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keratinocyte HaCaT and cSCC cell line SCL-1 cells. The
results in Figure 1D show that the PRKDC mRNA levels
were increased in SCL-1 cells compared to the HaCaT
cells. These data suggest that DNA-PKcs plays an impor-
tant role in the progression of cSCC.

DNA-PKcs Increased The Migratory And
Invasive Abilities Of cSCC Cells And

Promoted EMT

To confirm the effect of siRNA transfection on DNA-PKcs
expression, we assessed the PRKDC mRNA level. The
results showed that the mRNA levels were efficiently
reduced by 46.4% with si-PRKDC 001, 67.1% with
si-PRKDC 002 and 72.1% with si-PRKDC_003
(Figure 2A). si-PRKDC 003 had the highest transfection
efficiency, so it was used in a follow-up experiment. The
DNA-PK inhibitor NU7026 was also used to treat SCL-1
cells to assess the downregulation of DNA-PKcs. When
the effects of NU7026 and si-PRKDC 003 on DNA-PKcs
were examined, the protein levels of DNA-PKcs were
found to be significantly downregulated after NU7026 or
si-PRKDC 003 treatment (Figure 2B).

To determine the role of DNA-PKcs in ¢SCC progres-
sion, DNA-PKcs knockdown cells were made through
NU7026 si-PRKDC 003
Scratch wound healing assays and Transwell invasion

treatment or transfection.
and migration assays were conducted, and the results are
shown in Figure 2C and D. The knockdown of DNA-PKcs
decreased the invasion and migration of SCL-1 cells.

Since EMT is a key event associated with tumor inva-
sion and metastasis and the invasion and metastasis of
¢SCC cells could be altered by DNA-PKcs, we hypothe-
sized that DNA-PKcs participated in the EMT process in
¢SCC. We found that DNA-PKcs expression downregula-
tion in SCL-1 cells increased the expression of the epithe-
lial marker E-cadherin and decreased the expression of the
mesenchymal markers, Vimentin, Fibronectin and Slug at
the protein level (Figure 2E). These results suggest that
DNA-PKcs promotes EMT in ¢SCC.

TGF-B1 Induced SCL-1 Cell EMT And
Promoted The Activation Of DNA-PKcs

As TGF-B1 has been identified as an important inducer of
EMT, we thus intended to investigate whether TGF-$1
promoted EMT and invasion in ¢cSCC. We treated SCL-1
cells with or without 5 ng/mL TGF-B1 for 48 h. Following
TGF-B1 stimulation, compared with the control cells, the

SCL-1 cells exhibited a spindle-shaped, fibroblast-like
morphology with mesenchymal phenotypic changes
(Figure 3A). Furthermore, we examined the expression
of the EMT markers. We found that in the presence of
TGF-B1, the E-cadherin level was decreased in SCL-1
cells, while mesenchymal markers Fibronectin and Slug
were increased. (Figure 3B and C).

SCL-1 cells were also used to confirm the expression
of DNA-PKcs. Compared with that in the corresponding
control cells, the phosphorylation level of DNA-PKcs
(T2609) in the SCL-1 cells stimulated with TGF-B1
was significantly increased after 48 h of treatment
(Figure 3D).

DNA-PKcs Promoted EMT And Invasion

Partly Via TGF-1/Smad Signaling

The role of DNA-PKcs in ¢SCC has not been elucidated.
Here, we explored the possible mechanism by which
DNA-PKcs affects EMT in c¢SCC cells. Several reports
have shown that the TGF-Bl1/Smad signaling pathway
plays a vital role in EMT;'*?° thus, we proposed that
DNA-PKcs accelerated EMT and cell
TGF-B1/Smad signaling. We treated cells with and without
TGF-B1 as described above and measured the protein levels
of Smad2 and Smad3. As shown in Figure 4C and D,
TGF-B1 activated p-Smad2/3 signaling. In addition, the
knockdown of DNA-PKcs decreased the p-Smad3 levels
in SCL-1 cells. These data suggest that DNA-PKcs can
affect the TGF-B1/Smad3 signaling pathway.

To validate the effect of DNA-PKcs on TGF-f1/Smad3
signaling with a loss-of-function approach, we used
LY2109761, a TGF-B receptor inhibitor, to repress
p-Smad3 expression. As shown in Figure 4C-H, the
E-cadherin level was restored by using LY2109761,
while mesenchymal marker markers Vimentin and Slug

invasion via

were decreased.

In addition, the numbers of cells invading through the
Transwell membrane and migrating to close the scratch
wound were significantly increased after TGF-f1 stimulation
and reduced following LY2109761 inhibition (Figure 4A
and B). These results indicate that LY2109761 participates
in EMT reversion by blocking the Smad3 pathway in cSCC.

Likewise, EMT was reversed, and cell invasion was
decreased when DNA-PKcs was silenced in SCL-1 cells
(Figure 2E). These results reveal that DNA-PKcs plays a
key role in the regulation of cSCC EMT and cell mobility.
Interestingly, when the Smad3 pathway was blocked,
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Figure 2 DNA-PKcs increased the migration and invasion of c¢SCC cells and promoted EMT. (A) The effect of siRNA transfection on DNA-PKcs expression was measured
by transfection efficiency, and si-PRKDC_003 had the highest transfection efficiency. (B) DNA-PKcs knockdown cells were made by NU7026 treatment or si-PRKDC_003
transfection, and the protein levels of DNA-PKcs were significantly downregulated after NU7026 or si-PRKDC_003 treatment. (C and D) Scratch wound healing assays and
Transwell invasion and migration assays show that the knockdown of DNA-PKcs decreased the invasion and migration of SCL-1 cells. (E) DNA-PKcs downregulation in SCL-
I cells increased the expression of the epithelial marker E-cadherin and decreased that of the mesenchymal markers, Vimentin, Fibronectin and Slug at the protein level.

*p<0.05, vs the NC group or the group transfected with si-Ctrl.

downregulating DNA-PKcs expression caused a significant
decrease in cell migration and invasion in SCL-1 cells,
while E-cadherin expression was obviously decreased.
This indicated that in addition to its role in TGF-B1/Smad
signaling, DNA-PKcs may also participate in other cellular
pathways, such as the TGF-B2/Smad and PI3K/Akt signal-
ing pathways, to regulate EMT. Taken together, our results
prove that DNA-PKcs promotes ¢cSCC EMT and invasion

partly by modulating TGF-1/Smad3 signaling at the cel-
lular level.

Discussion

As previously reported, DNA-PKcs has been detected as a
key component of the nonhomologous end-joining (NHEJ)
repair process.”> Recently, DNA-PKcs has attracted exten-
sive attention because its aberrant expression has been
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exhibited a spindle-shaped, fibroblast-like morphology with mesenchymal phenotypic changes. (B and C) In the presence of TGF-B1, E-cadherin levels were decreased in
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Figure 4 DNA-PKcs promoted EMT and invasion partly via TGF-$1/Smad signaling. (A and B) The numbers of cells invading through a Transwell membrane and migrating
into a scratch wound were significantly increased after TGF-B1 stimulation and reduced following LY2109761 inhibition. In addition, blocking the Smad3 pathway and
downregulating DNA-PKcs caused a significant decrease in cell migration and invasion in SCL-1 cells. (C—H) TGF-$| treatment activated p-Smad2/3 signaling in SCL-| cells.
In addition, the knockdown of DNA-PKcs decreased the p-Smad3 levels. LY2109761 could repress p-Smad3 expression and restore the E-cadherin levels, while
mesenchymal markers Vimentin and Slug were decreased. *p<0.05, **p<0.01 vs the NC group. #p<0.05, vs the group transfected with si-Ctrl.

detected in various types of malignant tumors, especially
hepatocellular carcinoma, colorectal cancer, pancreatic
cancer and glioblastoma.” '"**> DNA-PKcs has also been

linked to the occurrence, development and prognosis
of these malignant tumors.>**> However, the role of
DNA-PKecs in ¢SCC development has not been elucidated.
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In the present study, we examined the role of DNA-PKcs
in ¢SCC development. Our findings suggested that DNA-
PKcs played an important role in ¢SCC progression
because DNA-PKcs promoted ¢SCC cell migration and
invasion. Moreover, similar to the findings of L.
Anandi,”® DNA-PKcs expression in the human cSCC
SCL-1 cell line was correlated with EMT, indicating that
DNA-PKcs facilitates EMT and participates in the pro-
cesses of ¢cSCC progression and metastasis. This finding
is supported by the observation that DNA-PKcs deficiency
decreased SCL-1 cell migration and invasion in vitro.
These observations indicate that DNA-PKcs may serve
as a valuable biomarker for monitoring cSCC development
in humans.

Tumor progression and metastasis are facilitated by many
different mechanisms. For instance, EMT is associated with
cancer cell invasion and metastasis. E-cadherin expression
was decreased and Vimentin expression was upregulated in
¢SCC both in vitro and in vivo (Figure 1E-H). DNA-PKcs
appears to regulate ¢cSCC tumor metastasis by mediating
EMT in SCL-1 cells, which may be one of the mechanisms
underlying ¢cSCC progression and metastasis. DNA-PKcs
expression downregulation significantly increased E-cad-
herin expression and decreased mesenchymal markers
expression in SCL-1 cells. These observations indicate that
DNA-PKcs facilitates EMT in ¢SCC as a means of promot-
ing metastasis.

TGF-B comprises three isoforms, TGF-B1, TGF-2 and
TGF-B3, which can regulate the growth, differentiation,
and migration of nearly all cell types.'*'> TGF-B1 has
been implicated as both a potent inducer and a mainte-
nance factor of EMT.'>?° Several reports have indicated
that multiple genes and proteins are associated with
TGF-p1/Smad signaling-induced EMT,?’*° but the invol-
vement of DNA-PKcs in the migration and invasion beha-
viors of ¢cSCC cells as well as the impact of DNA-PKcs
had remained uninvestigated. To investigate the roles of
DNA-PKcs, we used TGF-B1 (5 ng/mL, 48 h) to induce
EMT in the ¢SCC cell line SCL-1. We observed that the
SCL-1 cells cultured without TGF-B1 retained their cob-
blestone-like morphology with tight cell-cell contacts,
whereas the cells cultured with TGF-B1 displayed an elon-
gated fibroblast-like morphology with scattered distribu-
tion in the culture. We then examined EMT markers by
using immunofluorescence and immunoblotting. The
SCL-1 cells cultured with TGF-B1 exhibited a significant
downregulation of the expression of the epithelial marker
E-cadherin, while mesenchymal markers Fibronectin and

Slug were increased. In this TGF-B1-induced EMT model,
we detected the upregulation of the p-DNA-PKcs (T2609)
protein level (Figure 3D). We also observed a simulta-
neous downregulation of the phosphorylated Smad3
level, as revealed by experiments with the TGF-BR I/II
inhibitor LY2109761 (Figure 4C and D).

Our data indicated that TGF-f1 not only simulta-
neously induced the activation of DNA-PKcs and phos-
phorylation of Smad2/3 in ¢SCC cells but also activated
EMT. Furthermore, the Smad3 phosphorylation inhibitor
LY2109761 repressed Smad3 phosphorylation and cell
motility and inhibited EMT in SCL-1 cells. Therefore,
our results reveal that TGF-B1 promotes DNA-PKcs acti-
vation and that DNA-PKcs enhances the TGF-B1-induced
EMT program involved in ¢SCC invasion and metastasis
by phosphorylating Smad3.

In summary, we demonstrated that DNA-PKcs expres-
sion was upregulated in ¢SCC and that DNA-PKcs could
induce cell migration, invasion and EMT in SCL-1 cells
by promoting the activation of TGF-B1/Smad signaling.
DNA-PKcs is considered an oncogene and may become a
potential target for cSCC prevention and treatment. To our
knowledge, this is the first study to reveal the role of
DNA-PKcs in TGF-Bl-mediated EMT in ¢SCC cells.
There are also some limitations in our research. We stu-
died the role of DNA-PKcs in ¢SCC, and our results are
based on SCL-1 cells in vitro and the Smad signaling
pathway. Therefore, it is necessary to investigate any
underlying mechanisms, such as non-Smad signaling, and
verify these results in vitro.
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