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Laryngeal squamous cell carcinoma (LSCC) is the second most
common head and neck cancer. Previously, we discovered that
miR-1207-5p was downregulated in LSCC. In this study, the
clinical significance, function, and mechanism of miR-1207-
5p in LSCC were investigated. Downregulation of miR-1207-
5p was found to be strongly linked to the malignant progression
of LSCC. Functional studies revealed that miR-1207-5p upregu-
lation suppressed LSCC cell proliferation, invasion, migration,
and xenograft tumor growth. Bioinformatics analysis revealed
that miR-1207-5p target genes were involved in cell cycle regu-
lation, proliferation, adhesion, and the phosphatidylinositol 3-
kinase (PI3K)/Akt pathway. Mechanistic studies revealed that
miR-1207-5p interacts directly with the 3’ untranslated region
of spindle and kinetochore associated complex subunit 3
(SKA3) and downregulates SKA3 expression. Furthermore,
SKA3 was found to be overexpressed in LSCC, and its high
expression was associated with tumor progression and a poor
prognosis. Rescue experiments demonstrated that miR-1207-
5p inhibited the malignant phenotypes of LSCC via SKA3.
Furthermore, miR-1207-5p upregulation or knockdown of
SKA3 inhibited the epithelial-mesenchymal transition (EMT).
Collectively, miR-1207-5p inhibited LSCC malignant progres-
sion by downregulating SKA3 and preventing EMT. These
findings provide new insights into the mechanism of LSCC pro-
gression, as well as new potential biomarkers and therapeutic
targets for LSCC diagnosis and treatment.

INTRODUCTION

The global incidence of laryngeal squamous cell carcinoma (LSCC) is
gradually increasing."” LSCC has a negative impact on patients’ qual-
ity of life because it impairs their ability to breathe, swallow, and
speak.” Despite advances in comprehensive LSCC treatment, the 5-
year survival rate has not decreased significantly in decades.” The
main risk factors for a poor prognosis of LSCC are invasion and

metastasis of cervical lymph nodes.” Furthermore, the diagnostic
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delay caused by the absence of obvious symptoms in the early stage
is an unfavorable factor for LSCC prognosis.’ Several risk factors
such as smoking, alcohol consumption, and human papillomavirus
(HPV) have been implicated in the pathogenesis of laryngeal can-
cer.”” However, the molecular mechanism of LSCC tumorigenesis,
invasion, and metastasis, on the other hand, remains unknown.®
Furthermore, based on a large number of clinical samples, several po-
tential biomarkers for LSCC diagnosis have been identified, including
mRNA, circular RNA (circRNA), long non-coding RNA (IncRNA),
as well as microRNA (miRNA).>~!? Unfortunately, no biomarkers
are currently available for clinical diagnosis of LSCC. Understanding
the mechanism of LSCC progression, invasion, and metastasis, as well
as identifying more reliable biomarkers, is therefore critical for LSCC
diagnosis and treatment.

miRNAs are non-coding endogenous RNA molecules made up of 18—
22 nucleotides that primarily dock the 3’ untranslated region (UTR)
of a target mRNA, causing degeneration or translation suppression.'
miRNAs have been implicated in the pathogenesis of various tumors,
as well as regulating cell proliferation, invasion, migration, chemore-
sistance, and angiogenesis, via multiple signaling pathways.'""
Abnormal miRNA expression can lead to aberrant expression of on-
cogenes or tumor suppressor genes, enhancing cancer initiation and
progression.'®"” By directly decreasing suppressor of cytokine
signaling 2 (SOCS2) expression, miR-196b can increase the invasive
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and proliferative ability of LSCC cells while suppressing apoptosis,'®
whereas high levels of miR-1205 inhibit the growth, migratory, and
invasive abilities of LSCC cells.'” These findings suggest that miRNAs
play an important role in the progression of LSCC.

Using microarray analysis, we previously identified differentially ex-
pressed genes (DEGs) in LSCC tissues and corresponding healthy
mucosa (adjacent normal mucosa [ANM]) tissues. The microarray
data revealed that miR-1207-5p expression is lower in LSCC tissues
compared to ANM tissues, and network analysis revealed that miR-
1207-5p is a central node in the LSCC transcription regulatory
network.”’ In this study, we evaluated the expression and clinical
value of miR-1207-5p in a large cohort of LSCC samples. The findings
confirmed the under-expression of miR-1207-5p in LSCC tissues and
that low expression of miR-1207-5p was associated with clinical fea-
tures of LSCC. Furthermore, our findings showed that miR-1207-5p
overexpression inhibited LSCC cell proliferation, invasion, and

Figure 1. miR-1207-5p is downregulated in LSCC
and is related to clinical features

(A) miR-1207-5p level in LSCC and matched ANM tissues
was detected by in situ hybridizations. The red arrow in-
dicates the miR-1207-5p signal (blue). Scale bars, 50 pm.
(B and C) The expression levels of miR-1207-5p in 104
LSCC and matched ANM tissues were detected by
gPCR. (D-F) Correlation assessment of miR-1207-5p
levels and T stages (D), clinical stages (E), and lymph node
metastasis (F).

p <0.001

ANM LSCC

migration in vitro and in vivo. miR-1207-5p
was also discovered to repress the malignant
phenotypes of LSCC cells by binding to the spin-
dle and kinetochore associated complex subunit
3 (SKA3) 3" UTR and suppressing SKA3 expres-
sion. These findings suggested that miR-1207-
5p and SKA3 are potential biomarkers and tar-
gets for LSCC diagnosis and treatment.

RESULTS

Downregulation of miR-1207-5p is linked to
malignant progression of LSCC

Previous microarray data showed that miR-1207-
5p was under-expressed in LSCC tissues
compared to ANM tissues.”” In situ hybridization
was used to demonstrate the expression of miR-
1207-5p in LSCC and paired ANM tissues.
MiR-1207-5p expression was found to be lower
in LSCC tissues compared to ANM tissues (Fig-
ure 1A). Following that, qRT-PCR was performed
to determine the levels of miR-1207-5p in 104
LSCC and matched ANM tissues. The findings
confirmed that miR-1207-5p was significantly
and frequently under-expressed in LSCC tissues
compared to paired ANM tissues (Figures 1B
and 1C). A comparison of miR-1207-5p levels to clinical features of
LSCC revealed that a low miR-1207-5p level was strongly associated
with advanced T stage and clinical stage (Figures 1D and 1E). A low level
of miR-1207-5p, in particular, was strongly linked to lymph node

100

p=0.023

(n=83) (n=21)

metastasis (Figure 1F). These findings suggested that the downregulated
miR-1207-5p may play important roles in the progression of LSCC.

miR-1207-5p represses the invasion, migration, and

proliferation of LSCC cells

To investigate the roles of miR-1207-5p in LSCC, we transfected miR-
1207-5p mimics (miR-1207-5p) and negative control mimics (NC
mimics) into the LSCC cell lines TU-177 and FD-LSC-1. After
miR-1207-5p mimic transfection (Figure 2A), qPCR confirmed that
miR-1207-5p was overexpressed compared to the NC arm. The
CCK8 assay revealed that miR-1207-5p overexpression inhibited
the proliferation of TU-177 and FD-LSC-1 cells (Figure 2B). Colony
formation assays revealed that the colony formation capacity was
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reduced in the miR-1207-5p-overexpression arm (Figure 2C). Cell cy-
cle analysis revealed that the miR-1207-5p mimics arm had a signif-
icant accumulation of cells in the G1 phase, whereas the cell numbers
in the S and G2 phases were lower (Figure 2D), indicating that miR-
1207-5p suppressed LSCC cell growth by inducing G1 phase arrest.

The impact of miR-1207-5p on LSCC cell migration and invasion was
then investigated. Scratch-wound healing experiments and Transwell
assays indicated that higher levels of miR-1207-5p inhibited the
migration ability of TU-177 and FD-LSC-1 cells (Figures 2E and
2F). Furthermore, the invasion ability of LSCC cells overexpressing
miR-1207-5p was significantly reduced (Figure 2G). The epithelial-
mesenchymal transition (EMT) plays an important role in tumor
cell metastasis.”’ We investigated whether miR-1207-5p affects
EMT in LSCC cells. Western blot analysis revealed that E-cadherin
expression increased whereas Snail, N-cadherin, and Vimentin
expression decreased in TU-177 and FD-LSC-1 cells transfected
with miR-1207-5p mimics (Figure 2H), indicating that miR-1207-
5p overexpression inhibits EMT in LSCC cells. These results high-
lighted the importance of miR-1207-5p in regulating LSCC cell cycle
progression, invasiveness, migration, and proliferative abilities.

miR-1207-5p directly targets Spindle and kinetochore
associated complex subunit 3 in LSCC cells

TargetScan was used to predict miR-1207-5p target genes, and 3,028
genes (Table S3) were obtained. Venn analysis was used to identify
common genes among predicted miR-1207-5p target genes and upre-
gulated genes in LSCC tissue microarray and RNA sequencing (RNA-
seq) data'® (Tables S4 and S5), and 70 intersected genes were obtained
(Figure 3A; Table S6). Gene Ontology (GO) analysis revealed that the
intersection genes were involved in the biological processes of chro-
mosome segregation, positive regulation of mitotic exit, cell prolifer-
ation, sister chromatid cohesion, collagen fibril organization, mitotic
nuclear division, cell division, cell adhesion, and mitotic cell cycle G1/
S transition (Figure 3B; Table S7). Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway analysis revealed that miR-1207-5p
candidate target genes were enriched in extracellular matrix
(ECM)-receptor interaction, focal adhesion, and the phosphatidyli-
nositol 3-kinase (PI3K)-Akt signaling pathway (Figure 3C; Table
S7). These findings suggested that miR-1207-5p may affect the
LSCC phenotype by regulating these target genes and related
pathways.

Given that miR-1207-5p is involved in cell cycle regulation, we
focused on candidate target genes involved in cell cycle regulation.

SKA3 is a critical component of the SKA complex, which is required
for normal chromosome segregation and cell division.** Therefore,
we hypothesized that SKA3 is a direct target of miR-1207-5p. To
test this hypothesis, gPCR and western blot were used to determine
the expression of SKA3 in LSCC cells transfected with miR-1207-
5p mimics. The results showed that miR-1207-5p overexpression
decreased SKA3 levels (Figures 3D and 3E). Furthermore, luciferase
reporter assays revealed that wild-type (WT) SKA3 3’ UTR luciferase
activity was significantly reduced in cells expressing miR-1207-5p,
whereas mutant (Mut) SKA3 3’ UTR luciferase activity showed no
significant change (Figure 3F). In contrast, miR-1207-5p inhibitor
transfection increased the luciferase activity of the WT SKA3 3/
UTR reporter (Figure 3F). These findings show that SKA3 is a direct
target of miR-1207-5p.

Upregulation of SKAS3 is linked to tumor progression and poor
disease outcomes in LSCC

SKA3 is involved in tumor cell growth and migration in hepatocellu-
lar carcinoma (HCC) and cervical cancer.”>** SKA3 levels were deter-
mined by qPCR in 150 LSCC tissues and matched ANM tissues.
SKA3 was found to be upregulated in LSCC tissues (Figure 4A). Cor-
relation analysis revealed that a high SKA3 level was positively related
to T and N stages, as well as the clinical stage (Figures 4B-4D).
Furthermore, a high SKA3 level was also found to be strongly associ-
ated with poor pathological LSCC differentiation (Figure 4E). The
SKA3 protein level in LSCC tissues was confirmed with immunohis-
tochemical (IHC) staining and western blotting, and the results
showed a higher SKA3 protein level in LSCC tissues than in ANM tis-
sues (Figures 4F and 4G). The The Cancer Genome Atlas (TCGA) re-
pository data revealed that SKA3 expression was higher in LSCC and
head and neck squamous cell carcinoma (HNSCC) (Figure 4H), and
Kaplan-Meier analysis showed that HNSCC patients with high levels
of SKA3 had a poor survival time (Figure 4I). Analysis of the TCGA
data revealed that SKA3 was upregulated in 18 types of cancer,
including HNSCC (Figure 4]). Kaplan-Meier analysis revealed that
high SKA3 levels were significantly related to poor survival time in
32 types of cancer other than HNSCC (Figure 4K).

SKAS3 knockdown inhibits the invasion, migration, and
proliferation of LSCC cells

To investigate the effects of SKA3 on LSCC cells, the SKA3 level was
knocked down by specific small interfering RNAs (siRNAs) (Fig-
ure 5A). CCK8 and the colony formation assays showed that SKA3
knockdown inhibited the proliferative and colony-forming ability of
LSCC cells (Figures 5B and 5C). Interestingly, SKA3 knockdown

Figure 2. miR-1207-5p upregulation represses cell cycle progression, migration, invasion, and proliferation of LSCC cells

(A) LSCC cells were transfected with miR-1207-5p or negative control (NC) mimics via transfection, and the miR-1207-5p level was validated by gPCR. (B) The proliferation of
miR-1207-5p or negative control (NC) mimics transfected cells was determined by CCK8 assay at the time points indicated. (C) Analysis of colony formation of miR-1207-5p
overexpressed LSCC cells. (D) Cells transfected with miR-1207-5p mimics and then cell cycle analysis by flow cytometry. (E) Cells transfected with miR-1207-5p or NC
mimics and wound healing assay at the time points indicated. (F and G) Cells transfected with miR-1207-5p or NC mimics and migration as well as invasion ability determined
by Transwell assays. (H) Cells transfected with miR-1207-5p or NC mimics for 48 h, and the levels of E-cadherin, Snail, Vimentin, and N-cadherin proteins were determined
by western blotting. Protein bands were quantified by Imaged, and the relative expression was calculated by normalizing to Tubulin and NC arm. Data are mean + SD of three

separate experiments. *p < 0.05 and **p < 0.01.
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resulted in G1 phase arrest (Figure 5D). Furthermore, scratch-wound
healing experiments and Transwell assays demonstrated that the loss
of function of SKA3 reduced migration and invasion ability (Figures
5E-5G). Furthermore, after SKA3 knockdown, the E-cadherin pro-
tein level was upregulated whereas the N-cadherin, Snail, and Vimen-
tin protein levels were downregulated in LSCC cells (Figure 5H).
Taken together, SKA3 knockdown phenocopied the miR-1207-5p in-
fluence on LSCC cells, indicating that SKA3 is an oncogenic gene in
LSCC.

SKAS overexpression mitigates the effects of miR-1207-5p on
LSCC cell phenotypes

Rescue experiments were designed to determine whether miR-
1207-5p inhibited LSCC cell malignant behavior by downregulating
the target gene SKA3. TU-177 and FD-LSC-1 cells were co-trans-
fected with miR-1207-5p mimics and the SKA3 overexpression
plasmid (Figure 6A). Colony formation and CCK8 assays revealed
that SKA3 upregulation reversed the reduction in colony formation
and proliferative capacity of LSCC cells caused by miR-1207-5p
mimics (Figures 6B and 6C). Furthermore, Transwell and
scratch-wound healing assays revealed that SKA3 upregulation
reversed the decrease in invasive and migration abilities caused
by miR-1207-5p upregulation (Figures 6D-6F). These findings
suggested that miR-1207-5p could suppress LSCC cell migration,
invasion, and proliferation primarily by inhibiting SKA3 oncogenic
influence.

miR-1207-5p inhibits LSCC xenograft tumor growth in a
preclinical model

We investigated the effects of miR-1207-5p on LSCC in vivo using a
xenograft tumor model. Every 2 days beginning on day 10, NC or
miR-1207-5p agomir was injected into tumors, and on day 22 the
mice were euthanized. The tumor growth curve revealed that the
growth rate of xenograft tumors formed by TU-177 cells with high
miR-1207-5p levels was significantly slowed compared to the NC
arm (Figure 7A). miR-1207-5p agomir-injected xenograft tumors
weighed less than those in the NC arm (Figure 7B). The qPCR assay
revealed that the miR-1207-5p levels were significantly higher in miR-
1207-5p agomir-injected xenograft tumors (Figure 7C). Furthermore,
THC staining revealed that the expression level of E-cadherin was
increased in miR-1207-5p agomir-injected xenograft tumors
compared to the NC arm, whereas the expression levels of SKA3,
Ki67, N-cadherin, Snail, and Vimentin were reduced in miR-1207-
5p agomir-injected xenograft tumors compared to the NC group (Fig-
ure 7D). Taken together, these findings indicated that miR-1207-5p
inhibits LSCC cell growth as well as EMT in vivo.

DISCUSSION

miRNAs have been implicated in the pathogenesis of various cancers,
specifically in their occurrence, invasion, metastasis, and chemoresist-
ance.””*” Microarrays and RNA-seq were used to identify DEGs in
LSCC tissues and cells.”**>*’ Using microarrays, we recently investi-
gated the miRNAs that were differentially expressed in LSCC tissues.
According to our findings, miR-1207-5p is under-expressed in LSCC
tissues and may be an important regulator in the LSCC transcription
regulatory network.?® In this study, the clinical value, functional role,
and mechanism of miR-1207-5p in LSCC were explored. The findings
showed that miR-1207-5p downregulation was strongly linked to the
progression of LSCC malignancy. Functional studies demonstrated
that miR-1207-5p suppressed the invasive, migration, and prolifera-
tive potential of LSCC cells in vitro and in vivo. miR-1207-5p inter-
acted with the SKA3 3’ UTR and downregulated SKA3 expression.
Furthermore, we found that SKA3 was upregulated in LSCC, and a
high SKA3 level was associated with tumor progression and poor
LSCC disease outcomes. Rescue experiments revealed that miR-
1207-5p suppresses LSCC cell malignant phenotypes by targeting
SKA3. Furthermore, upregulation or silencing of SKA3 by miR-
1207-5p inhibited EMT.

miR-1207-5p is under-expressed in esophageal carcinoma tissues,
and its overexpression reduces esophageal carcinoma invasion and
increases apoptosis by inhibiting stomatin-like protein 2. Further-
more, Zhao et al. found that miR-1207-5p levels were reduced in
HCC cell lines and tissues and that its overexpression inhibited
HCC cell proliferation and invasion via regulation of the Akt/
mammalian target of rapamycin (mTOR) signaling pathway.’’
Meanwhile, miR-1207-5p inhibits liver cancer proliferation and
metastasis by regulating Wnt/B-Catenin signaling.”> Moreover,
miR-1207-5p can suppress gastric cancer progression via downregu-
lating hTERT expression> and suppress colorectal cancer cell migra-
tion, invasion, and proliferation by targeting FMNL2.** These find-
ings suggested that miR-1207-5p acts as a tumor inhibitor,
suppressing malignant behavior. miR-1207-5p, on the other hand,
plays oncogenic roles in other cancers. According to Hou et al. tri-
ple-negative breast cancer cells with upregulated miR-1207-5p
enhanced cell growth and resistance to taxol treatment by downregu-
lating LZTS1 expression.” Yan et al. found that miR-1207-5p could
promote breast cancer cell proliferation by targeting STAT6.”® Ac-
cording to our findings, miR-1207-5p may be under-expressed in
LSCC tissues, which may be linked to the malignant progression of
LSCC. Additionally, functional studies indicated that miR-1207-5p
functions as a tumor suppressor miRNA in LSCC, suppressing
LSCC cell proliferation, migration, and invasion.

Figure 3. Functional annotation and experimental validation of miR-1207-5p target gene

(A) Venn evaluation of predicted miR-1207-5p target genes and upregulated genes in LSCC tissues. (B) GO assessment of candidate miR-1207-5p target genes. Top 15
biological processes plotted based on enriched gene number and p value. (C) KEGG pathway analysis of candidate miR-1207-5p target genes. (D and E) LSCC cells were
transfected with miR-1207-5p or NC mimics for 48 h. Expression levels of SKA3 mRNA (D) and protein (E) were determined by gPCR and western blotting. Protein bands
were quantified by Imaged, and the relative expression was calculated by normalizing to Tubulin and NC arm. (F) FD-LSC-1 cells co-transfected with miR-1207-5p mimics/
inhibitor with wild-type or mutant SKA3 3’ UTR reporter plasmid for 48 h. The relative Iuciferase activity was detected. Data are mean + SD of three separate experiments. *p <

0.05 and *p < 0.01.
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Bioinformatics analysis revealed that miR-1207-5p target genes were
involved in cell cycle-related biological activities such as sister chro-
matid cohesion, the mitotic cell cycle’s G1/S transition, and cell
multiplication. The predicted miR-1207-5p target gene SKA3 is an
important component of the SKA1 complex, which mediates the
attachment of microtubules to kinetochores during mitosis. The
SKA3 protein is released to the outer kinetochore and is required
for normal chromosome segregation and subsequent cell divi-
sion.”>””*® Recent research indicates that SKA3 knockdown causes
cell cycle arrest and apoptosis in hepatocellular carcinoma (HCC)
cells.”” Consistently, we found that overexpression of miR-1207-5p
or SKA3 knockdown causes cell cycle arrest in LSCC cells.

EMT is closely associated with cancer metastasis and progression.***’
At the molecular level, EMT is characterized by the upregulation of
vimentin, N-cadherin, and snail and downregulation of E-cadherin.*!
When miR-1207-5p was overexpressed or SKA3 was knocked down,
E-cadherin was increased. N-cadherin, Snail, and Vimentin levels, on
the other hand, decreased. These findings suggest that miR-1207-5p
and its target SKA3 influence LSCC progression and metastasis via
EMT. Numerous studies have shown that activation of the PI3K/
Akt signaling pathway promotes EMT, proliferation, invasion, and
migration in various types of cancer.*” ** Furthermore, overexpres-
sion of SKA3 has been shown to activate the PI3K/Akt signaling
pathway in cervical cancer and lung adenocarcinoma.”**® Recently,
we discovered that SKA3 activates the PI3K/Akt pathway by binding
to and stabilizing polo-like kinase 1 (PLK1).® Therefore, our findings
indicated that miR-1207-5p functions as a tumor suppressor by
downregulating SKA3, and the PI3K/Akt pathway is an important
downstream target responsible for miR-1207-5p/SKA3-mediated
phenotypes, at least in part.

Furthermore, the in vivo assay results confirmed that miR-1207-5p
overexpression inhibited LSCC xenograft tumor growth and EMT
by downregulating SKA3. miR-1207-5p agomir was directly injected
into the tumor in preclinical model experiments, as previously re-
ported,”” and we found that tumor growth was significantly retarded.
This method, in particular, increased the clinical significance of miR-
1207-5p for LSCC therapy.

In conclusion, the current study found that miR-1207-5p functions as
a novel tumor suppressor in LSCC. In vitro and in vivo experiments
demonstrate that miR-1207-5p downregulates SKA3 to inhibit prolif-
eration, migration, and invasion (Figure 7E). Furthermore, a low

miR-1207-5p level or a high SKA3 level was associated with the ma-
lignant progression of LSCC, implying that both miR-1207-5p and
SKA3 could be used as biomarkers for LSCC diagnosis. In vivo exper-
iments with miR-1207-5p agomir explored the possibility of using
miRNA as a molecular drug for LSCC treatment. Therefore, miR-
1207-5p upregulation and SKA3 silencing should be considered as
potential therapeutic strategies in the future.

MATERIALS AND METHODS

Ethical statement and tissue samples

This study was approved by the Research Ethics Committee of Shanxi
Medical University. The Animal Care Commission of Shanxi Medical
University’s Experimental Animal Center approved the protocol used
to conduct animal experiments. Great care was taken to minimize the
suffering of the included animals. LSCC and ANM tissue samples
were obtained from patients admitted for surgery at the First Hospital
of Shanxi Medical University’s Department of Otolaryngology-Head
and Neck Surgery. The patients were not subjected to radiotherapy or
chemotherapy before surgery. All patients signed informed consent.

Cell culture

The FD-LSC-1 cell line (provided by Professor Zhou’s lab**) was
maintained in bronchial epithelial cell growth medium (BEGM)
(Lonza, Walkersville, MD, USA) supplemented with 10% fetal bovine
serum (FBS) (BI, Cromwell, CT, USA). The TU-177 cells were pur-
chased from Bioleaf Biotech (Shanghai, China) and maintained in
minimum essential medium (MEM) supplemented with 10% FBS
(BD).

Plasmid construction and transfection

To construct the SKA3 3’ UTR luciferase reporter vector, the WT SKA3
3’ UTR sequence was obtained by RT-PCR using FD-LSC-1 ¢cDNA as
template, and the miR-1207-5p binding site mutated 3’ UTR sequence
was obtained by overlap extension PCR and the resulting fragments
were cloned into the psiCHECK-2 vector. The full length of the
SKA3 coding sequence was cloned into the p3FLAG-CMV-10 vector
for SKA3 overexpression plasmid construction. Plasmid transfection
was conducted with the Lipofectamine 3000 reagent (Thermo Fisher
Scientific) according to the manufacturer’s protocol.

miRNA mimics, miRNA inhibitor, miRNA agomir, and siRNA

NC mimics, miR-1207-5p mimics, miR-1207-5p agomir, siRNA tar-
geting SKA3 (si-SKA3), and negative oligos (si-NC) were obtained
from GenePharma (Shanghai, China). Lipofectamine 3000 reagents

Figure 4. SKAS3 is upregulated in LSCC and is linked to the malignant progression of LSCC

(A) SKA3 mRNA levels in 150 LSCC and matched ANM tissues were assayed by gPCR analysis. (B-E) Analysis of the relationship between SKA3 expression levels and T
stages (B), lymph node metastasis (C), clinical stages (D), and pathological differentiation degree (E). (F and G) SKA3 protein levels in selected LSCC tissues and matched
ANM tissues validated by IHC staining (F) and western blotting (G). Protein bands were quantified by ImagedJ, and the relative expression of SKA3 in LSCC tissues (T) was
calculated by normalizing to Tubulin and matched ANM tissues (N). Scale bars, 50 um. (H) Expression of SKA3 in LSCC and HNSCC was analyzed with RNA-seq data from
the TCGA database. (l) Kaplan-Meier assessment of the association of SKA3 levels with overall survival of patients with HNSCC. Expression and clinical data were from the
TCGA database. (J) SKAS expression levels in 32 other types of cancer from TCGA database plotted by GEPIA2 (http://gepia2.cancer-pku.cn/). (K) Kaplan-Meier survival
inspection of the association of SKAS expression levels with 32 types of cancer plotted by GEPIA2. For Kaplan-Meier analysis in () and (K), the expression levels of SKA3 were

divided into low or high groups according to the median FPKM value.
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(Thermo Fisher Scientific) were used to transfect miRNA mimics,
miRNA inhibitor, miRNA agomir, or siRNA according to the manu-
facturer’s instructions. The si-SKA3 sequence is as follows: 5'-CCAC
CUACCAAACAAUCACUA-3'; 5-UAGUGAUUGUUUGGUAGG
UGG-3'.

Gene expression analysis

TRIzol reagent (Invitrogen, USA) was used to isolate total RNA
from cells or tissues. The RNA was reverse transcribed into cDNA
with a cDNA synthesis kit (Thermo Fisher) and the miScript II RT
Kit (QIAGEN, Germany) for mRNA and miRNA, respectively. The
TransStart Tip Green qPCR SuperMix (Transgen Biotech) was used
to perform qPCR on a LightCycler 96 instrument (Roche, Indianapolis,
IN, USA) according to the manufacturer’s protocol. The levels of U6
and Actin were used as internal controls. The primer sequences were
as follows: SKA3: 5'-GCTCAGCATGGACCCTATCC-3', 5-TGGA
TAATCTTCAAAGTCGCTTTCC-3'; U6: 5'-TCGCTTCGGCAGCA
CATAT-3, 5-ATTTGCGTGTCATCCTTGC-3'; Actin: 5-TCCC
TGGAGAAGAGCTACGA-3, 5-AGCACTGTGTTGGCGTACAG-
3’; miR-1207-5p forward: TGGCAGGGAGGCTGGGAGG. Tables
S1 and S2 describe the clinical characteristics of the LSCC samples
used for qPCR analysis.

Luciferase activity assay

WT or Mut SKA3 reporter plasmid was co-transfected with NC/miR-
1207-5p mimics/miR-1207-5p repressor for 48 h. The luciferase
enzyme activity was assessed with the Dual-Luciferase enzyme Assay
System (Promega, Madison, WI, USA) according to the manufac-
turer’s instructions.

Western blot analysis

For protein extraction, we used radioimmunoprecipitation (RIPA)
buffer containing a cocktail of protease inhibitors (Thermo Fisher Sci-
entific). Subsequently, we resolved equal amounts of the protein on
SDS-PAGE and transfer-embedded it onto polyvinylidene fluoride
(PVDF) membranes (Millipore, Bedford, MA, USA). After blocking
with 5% non-fat milk, the cells were incubated at 4°C overnight
with primary antibodies, rinsed three times with Tris Buffered Saline
with Tween 20 (TBST), and incubated with secondary antibodies at
room temperature (RT) for 2 h. The protein bands were visualized
with an enhanced chemiluminescence (ECL) reagent (ZETA LIFE).
The primary antibodies anti-SKA3 (Cat# A304-215A, Bethyl Labora-
tories, Montgomery, TX, USA), anti-N-cadherin (Cat# 131168, CST,
Danvers, MA, USA), anti-Vimentin (Cat# 5741S, CST), anti-Snail
(Cat# 3879S, CST), anti-E-cadherin (Cat# 3195S, CST), and anti-
Tubulin (Cat# HC101, Transgen Biotech) were used in this study.

CCK8 and colony formation assays

For CCK8 analysis, cells (1 x 10° cells/well) were seeded into 96-well
plates and incubated for the time indicated. The ability to proliferate
was measured with a CCK8 kit (Yeasen, Shanghai, China) according
to the manufacturer’s protocol. For the colony formation experiment,
cells were cultured in 35-mm dishes for 12 days and stained with crys-
tal violet.

Wound healing assay

Cells were planted in Culture-Insert 2 Wells (ibidi, Fitchburg, WI,
USA) according to the manufacturer’s instructions, and wound re-
covery was observed at the indicated time points.

Transwell migration and invasion assay

The cells were suspended in a serum-free medium. Matrigel (BD Bio-
sciences, San Jose, CA, USA) was used to precoat the Transwell cham-
bers for the invasion experiment. In the upper chamber 100 pL of
serum-free medium with cells (1 x 10° cells/well for invasion or
4 x 10* cells/well for migration) was introduced, and 600 pL of me-
dium containing 20% FBS was introduced in the lower chamber. Cells
in the upper chamber were cleaned, and the chamber was rinsed with
PBS (Phosphate Buffered Saline) and fixed with paraformaldehyde.
Cells were transferred to the lower chamber and stained with crystal
violet and then observed and photographed with an inverted micro-
scope (Leica Microsystems, Buffalo Grove, IL, USA).

In situ hybridization of miR-1207-5p

In situ hybridization of miR-1207-5p was performed as previously
described”” with miRCURY LNA miRNA ISH Optimization Kits
(FFPE) (QIAGEN, Germantown, MD, USA) according to the manu-
facturer’s instructions. Briefly, 6-pum-thick paraffin sections were
dewaxed and rehydrated. Sections were digested for 20 min at 37°C
with 15 pg/mL Proteinase K and then incubated with a 30 nM double
DIG-labeled miR-1207-5p probe (QIAGEN, Germantown, MD,
USA) for 1 h at 55 °C. Segments were incubated with sheep anti-
DIG-AP (Roche) antibody at a concentration of 1:800 for 1 h at
RT. For signal detection, sections were incubated with AP substrate
for 2 h at 30°C, and then counterstaining was performed with Nuclear
Fast Red (Vector Laboratories, Burlingame, CA, USA) for 1 min. The
slides were mounted, examined, and photographed under a micro-
scope. One double-(5" and 3’)-DIG-labeled Scramble-miR probe
was used as a negative control.

Immunohistochemical staining
IHC staining was performed as previously described.” Briefly, 3 pm
of paraffin-embedded sections was prepared and dewaxed. Then,

Figure 5. SKA3 promotes the proliferation, cell cycle progression, migration, and invasion of LSCC cells

(A) LSCC cells were transfected with si-SKA3 (SKA3-KD) or NC siRNA for 48 h, and the expression of SKA3 was detected by western blot. Protein bands were quantified by
Imaged, and the relative expression was calculated by normalizing to Tubulin and NC arm. (B) The proliferation of SKA3 knockdown cells was assessed by CCK8 assay at the
time points indicated. (C) Colony formation assay of SKA3 knockdown LSCC cells. (D) Cells were transfected with si-SKA3 and analyzed by flow cytometry to study the cell
cycle. (E) Cells were transfected with si-SKAS, and wound healing assay was performed at the time points indicated. (F and G) Cells transfected with si-SKA3, and migration
as well as invasive abilities were evaluated by Transwell assays. Scale bars, 200 um. (H) Cells transfected with si-SKAS for 48 h, and the levels of Vimentin, N-cadherin, E-
cadherin, and Snail proteins were assessed by western blotting. Data are mean + SD of three separate experiments. *p < 0.05 and **p < 0.01.
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Figure 6. Overexpression of SKA3 reversed the tumor-inhibiting effects of miR-1207-5p in LSCC cells

TU-177 and FD-LSC-1 cells were transfected with miR-1207-5p mimics or SKA3 overexpression plasmid (SKA3-OE) or co-transfected with miR-1207-5p mimics and SKA3-
OE via transfection. (A) The expression level of SKA3 was evaluated after 48 h of transfection by western blotting. Protein bands were quantified by Imaged, and the relative
expression was calculated by normalizing to Tubulin and Control arm. (B) Cell proliferation was assessed by CCK8 assay at the time points indicated. (C) Colony formation
assay of LSCC cells. (D) Wound healing assay was conducted at the time points indicated. (E and F) Migration (E) and invasion (F) ability were determined by Transwell assays.
Scale bars, 200 um. Data are mean + SD of three separate experiments. *p < 0.05 and **p < 0.01.
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re-hydration, antigen retrieval, blocking, and incubation with pri-
mary antibodies at 4°C overnight were performed. The sections
were then incubated with the secondary antibody for 0.5 h at RT
and stained before being stained with 3,3'-diaminobenzidine (DAB)
solution and hematoxylin. Finally, the sections were dehydrated
and covered with coverslips.

Xenograft model studies

BALB/c nude mice (female, aged 6 weeks) were obtained from Beijing
Vital River Laboratory Animal Technology (Beijing, China). TU-177
cells (2 x 10° cells/mouse) were administered subcutaneously into
each mouse’s right flank. A total of 12 mice were inoculated, and
10 days later xenograft models were randomized into 2 arms (n =
6), six mice receiving 10 nmol NC agomir intratumor and the other

pre-miR-1207

flurane and euthanized via cervical dislocation
on day 22, and the xenograft tumors were
dissected, weighed, and photographed.

NUCLEUS

Cell cycle assay

A Cell Cycle and Apoptosis Analysis Kit was used
to measure the cell cycle (Beyotime, Shanghai,
China). In brief, cells were digested, rinsed with
PBS, and then fixated with ethanol (70%) over-
night at 4°C. The cells were then centrifuged,

M

Progression

pidium solution, and analyzed on a NovoCyte
Proliferation flow cytometer (ACEA, Hangzhou, China).
Bioinformatics analysis
The normalized expression data fragments per
kilobase million (FPKM) of an HNSCC cohort
retrieved from TCGA were used for differential
expression and Kaplan-Meier analysis for SKA3
in HNSCC survival and expression analysis. The
web server GEPIA2 (http://gepia2.cancer-pku.cn/) was used to
analyze SKA3 survival and expression in 32 different types of cancer.
TargetscanHuman 7.1 was used to predict miR-1207-5p target
genes.”” DAVID 6.8 (https://david.ncifcrf.gov/) was used to perform
GO and KEGG pathway annotation.”’

Metastasis

Statistical analyses

Statistical analyses were carried out with GraphPad 8 software. Data
are presented as the mean =+ standard deviation (SD). The unpaired t
test was used to determine the relative differences between the two
arms. Overall survival was defined as the time from the date of surgery
to the date of death from laryngeal carcinoma or the last follow-up
date. Survival analysis was carried out with the Kaplan-Meier method.
p < 0.05 was considered statistically significant.
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