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High expression of Sam68 contributes to metastasis
by regulating vimentin expression and a motile
phenotype in oral squamous cell carcinoma
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Abstract. The present study aimed to investigate the clinical
and biological significance of Src-associated in mitosis
68 kDa (Sam68) in oral squamous cell carcinoma (OSCC).
Immunohistochemical analysis was performed on tissue
samples obtained from 77 patients with OSCC. Univariate
analysis revealed that the high expression of Sam68 was
significantly correlated with advanced pathological T stage
(P=0.01), positive lymphovascular invasion (P=0.01), and
pathological cervical lymph node metastasis (P<0.01).
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Moreover, multivariate analysis demonstrated that the high
expression of Sam68 was an independent predictive factor for
cervical lymph node metastasis (odds ratio, 4.39; 95% confi-
dence interval, 1.49-14.23; P<0.01). These results indicated
that high Sam68 expression contributed to tumor progression,
especially cervical lymph node metastasis, in OSCC. mRNA
sequencing was also performed to assess the changes in the
transcriptome between OSCC cells with Sam68 knockdown
and control cells with the aim of elucidating the biological
roles of Sam68. Gene Ontology enrichment analysis revealed
that downregulated differentially expressed genes (DEGs)
were concentrated in some biological processes related to
epithelial-mesenchymal transition. Among these DEGs, it
was established that vimentin was particularly downregulated
in these cells. It was also confirmed that Sam68 knockdown
reduced the motility of OSCC cells. Furthermore, the immu-
nohistochemical study of vimentin identified the association
between vimentin expression and Sam68 expression as well
as cervical lymph node metastasis. In conclusion, the present
study suggested that the high expression of Sam68 may
contribute to metastasis by regulating vimentin expression and
a motile mesenchymal phenotype in OSCC.

Introduction

Oral cancer is one of most common malignancies worldwide,
with an estimated 354,864 new cases and 177,384 cancer-related
deaths occurring in 2018 (1). The major pathology of oral cancer
is squamous cell carcinoma (SCC) (2). Despite advances in
the diagnosis and treatment of oral squamous cell carcinoma
(OSCC), the prognosis of patients with advanced OSCC has
not been improved in the past four decades (3). Metastasis to
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the cervical lymph nodes is an accurate prognostic factor for
patients with OSCC (4-7); however, its molecular mechanism
remains unclear. Therefore, there is a need for studies investi-
gating crucial biomarkers and therapeutic targets of metastasis
in OSCC.

Src-associated in mitosis 68 kDa (Sam68) was originally
identified as the first mitotic substrate of the tyrosine kinase
Src and belongs to the signal transduction and activation of
RNA family of RNA-binding proteins (8,9). These proteins
contain a GRP33/SAM68/GLD-1 domain formed by a single
heterogenous nuclear ribonucleoprotein particle K homology
domain and two flanking regions for RNA-binding (8-10).
Although Sam68 is predominantly localized in the nucleus, it
can shuttle between the nucleus and the cytoplasm, depending
on its functions (9-12). Sam68 has been implicated in RNA
metabolism, including transcription, alternative splicing, trans-
port, and translation (12-15). Sam68 is involved in multiple
biological events, including cell-cycle regulation, apoptosis,
response to conditions of external stress, bone metabolism,
neural functions, and viral infection (10,12,13,16,17).

A series of previous studies has also shown a pro-onco-
genic role of Sam68 via the regulation of the signal
transduction pathway, transcription of cancer-related genes,
alternative splicing events, and noncoding RNAs (13,14,18,19).
Researchers have reported that in different types of human
cancers, the dysregulation of Sam68 is implicated in tumori-
genesis, tumor progression, and patient prognosis (20-26).
Nonetheless, it remains unclear whether Sam68 has clinical
and biological significance in OSCC.

Therefore, the aim of the present study was to investigate
the correlation between Sam68 expression and clinicopatho-
logical features in OSCC via immunohistochemical analysis
and to elucidate the biological roles of Sam68 in OSCC cells.

Materials and methods

Patients and tissue specimens. A total of 77 patients diagnosed
with pathologically confirmed SCC of the tongue, who under-
went radical surgery at the Department of Oral Maxillofacial
Surgery at Tokyo Medical and Dental University Hospital
(Tokyo, Japan), between 2014 and 2017, were enrolled in this
retrospective study. Patients who had previously received any
treatment for tongue cancer were excluded from the study.
The surgical specimens were obtained from formalin-fixed
paraffin-embedded tissues. Clinical data on patient age, sex,
TNM classification, pathological differentiation of the primary
tumor, the mode of invasion according to Yamamoto-Kohama
(YK) classification (27), perineural invasion, lymphovascular
invasion, surgical margins, pathological cervical lymph node
metastases, and treatment outcomes were obtained from the
medical records of patients. No patients received radiotherapy
or chemotherapy before radical surgery. Clinical staging was
based on the TNM staging system of the American Joint
Committee on Cancer, seventh edition (28).

This study complied with the Declaration of Helsinki and
was approved (approval no. D2020-025) by the Institutional
Review Board of Tokyo Medical and Dental University.
Opt-out informed consent from patients was obtained by
exhibiting the research information on the official website of
the hospital (Tokyo Medical and Dental University Hospital,

Tokyo, Japan). The authors guarantee the opportunity for
refusal by document, call or e-mail whenever possible. Patients
who rejected participation in this study were excluded.

Immunohistochemistry. The surgical specimens were fixed
with 10% formalin for 24 h at room temperature and then
embedded with paraffin. The paraffin-embedded tissue
blocks of the specimens were cut into 4-um serial sections
and examined immunohistochemically. The sections were
deparaffinized with xylene and rehydrated through a series of
graded alcohol concentrations, followed by transfer and rinse
with phosphate-buffered saline (PBS). The epitopes were
then retrieved by autoclave in 0.01 M citrate buffer at 121°C
for 15 min. After cooling, endogenous peroxidase activity
was blocked by 3% hydrogen peroxide in methanol at room
temperature for 15 min and treated with 10% goat serum
(Nichirei Biosciences, Inc.) at room temperature for 15 min
to prevent nonspecific binding. The slides were washed three
times with PBS and incubated overnight at 4°C with mono-
clonal rabbit anti-SAMG68 (dilution 1:100; cat. no. ab76471;
Abcam) or polyclonal rabbit anti-vimentin (dilution 1:3,000,
cat. no. 10366-1-AP; ProteinTech Group, Inc.). Following
additional washing with PBS three times, the sections were
incubated with a biotin-conjugated anti rabbit secondary anti-
body, which was included in a Histofine SAB-PO(R) kit (cat.
no. 424031; Nichirei Biosciences, Inc.) and used in undiluted
form, at room temperature for 10 min. Reactive products
were detected using this kit, followed by visualization using
the Histofine DAB-3S kit (Nichirei Biosciences, Inc.) and
counterstain with hematoxylin.

Two independent observers who were blinded to the
clinical data analyzed the sections. Doubtful cases were
reassessed, and discrepancies were settled by consensus.
The expression of Sam68 was determined in the nucleus and
cytoplasm by semiquantitative assessment of the percentage
of positively stained tumor cells and staining intensity under
a light microscope in three representative fields on each
slide (Olympus System Microscope Model BX43; Olympus
Corporation). The percentage of positive cells was scored
as follows: 1 (0-50% positive cells) and 2 (51-100% positive
cells). Staining intensity was scored as follows: 0, no signal;
1, weak; 2, moderate; and 3, strong. The staining index was
calculated as the production of the score for the percentage
of positive cells and staining intensity. The nuclear and
cytoplasmic indices were calculated (scores of 0, 1, 2, 3,
4, and 6, respectively). The total index was determined as
Sam68 expression by summing the nuclear and cytoplasmic
indices (scores of 0-12). The validity of the optimal cutoff
value for each categorical variable was determined using
receiver-operating characteristic curve analysis. A total index
=8 was considered high expression in the OSCC tissues.
Staining for vimentin was classified as negative and positive
if cytoplasmic immunostaining occurred in <10% and =10%
of epithelial tumor cells, respectively (29,30).

Cell lines. HO-1-N-1 (a human buccal mucosal SCC cell line),
HSC-2 (a human oral SCC cell line), HSC-3 (a human tongue
SCC cell line), and HOC-313 (a human floor-of-the mouth
SCC cell line) were cultured at 37°C in a 5% CO, atmosphere
in Dulbecco's modified Eagle's medium (DMEM) (Nacalai
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Tesque, Inc.) containing 10% fetal bovine serum (FBS; Nichirei
Biosciences, Inc.). HO-1-N-1 was purchased from the Japanese
Collection of Research Bioresources (cat. no. JCRB0831).
HSC-2, HSC-3, and HOC-313 were established from surgical
resected tumors at the Department of Oral and Maxillofacial
Surgery, Tokyo Medical and Dental University (31,32).

Western blot analysis. Whole-cell lysates were prepared
using radioimmunoprecipitation lysis buffer (Santa Cruz
Biotechnology, Inc.) containing protease inhibitors. Protein
content of the samples was measured using a Qubit Fluorimeter
and Qubit Protein Assay Kits (Thermo Fisher Scientific, Inc.).
Next, 20 pg of each sample was separated by 10% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis and trans-
ferred onto nitrocellulose membranes (BioRad Laboratories,
Inc.). Membranes were blocked with 5% non-fat milk (TPBT)
at room temperature for 60 min, then incubated with mono-
clonal rabbit anti-SAMG68 (dilution 1:500; cat. no. ab76471;
Abcam) or B-actin (1:4,000; cat. no. ab76471; ProteinTech
Group, Inc.) at room temperature for 60 min. The total protein
content was confirmed by f-actin staining. After washing
with PBS, membranes were incubated with a horseradish
peroxidase (HRP)-conjugated anti rabbit secondary antibody
dilution 1:4,000; cat. no. 7074; Cell Signaling Technology) at
room temperature for 60 min. Immunoreactive bands were
visualized with chemiluminescence using Pierce ECL Western
Blotting Substrate or SuperSignal West Dura Extended
Duration Substrate (both from Thermo Fisher Scientific, Inc.).

Sam68 knockdown. Sam68 small interfering RNA (siRNA)#1
(5'-GCAAAGUUGUUACUGAUUU-3'; MISSION prede-
signed siRNA), Sam68 siRNA#2 (5-GAGCAAAGUUGU
UACUGAU-3"; MISSION predesigned siRNA; both from
Sigma-Aldrich: Merck KGaA), and control siRNA (Silencer
Negative Control No. 1 siRNA; cat. no. AM4611; Ambion;
Thermo Fisher Scientific, Inc.) were transfected into cells
(60-70% confluence) using HilyMax (Dojindo Laboratories,
Inc.) transfection reagent at 37°C according to the manufac-
turer's instructions. The concentration of each siRNA was
210 nM. The medium was replaced with fresh serum-containing
medium at 4 h after the transfection. To evaluate the efficacy
of gene silencing, Sam68 protein was assessed by western
blotting at 48 and 144 h after the transfection.

RNA extraction and quantitative real-time reverse transcription
polymerase chain reaction (RT-gPCR). Total cellular RNA
was isolated using the RNeasy Mini Kit (Qiagen GmbH),
according to the manufacturer's protocol. Total RNA (2 ug)
was reverse-transcribed using ReverTra Ace qPCR RT Master
Mix (TOYOBO, Inc.). The ABI 7500 real-time polymerase
chain reaction (PCR) system and SYBR Green Real-time
PCR Master Mix Plus (TOYOBO, Inc.) were used for quan-
titative reverse transcription PCR (RT-qPCR). The PCR
amplification profile was as follows: Initial denaturation at
95°C for 5 min, followed by 40 cycles of denaturation at 95°C
for 15 sec and annealing and extension at 60°C for 60 sec. All
expression data were normalized to the expression of [3-actin.
The primers used in this assay are listed in Table SI. The
2-44C4 method was used for relative quantification of gene
expression levels (33).

mRNA sequencing, differential expression analysis, and
gene ontology (GO) enrichment analysis. At 48 h after
transfection, total cellular RNA was obtained from the
sample of HO-1-N-1 cells with Sam68 siRNA#1 or control
siRNA using the RNeasy Mini Kit (Qiagen GmbH)
according to the manufacturer's instructions. Samples were
prepared for each group to perform three independent
assays. mRNA sequencing was performed using Illumina
NextSeq500 (Illumina, Inc.) at the Department of Sports
Medicine Analysis under the Open Facility Network Office,
University of Tsukuba, in accordance with the standard
protocol (34). Sequencing was conducted with paired-end
reads of 36 bases. After the sequencing run, the FASTQ files
were exported and the basic information of the NGS run
data was verified using CLC Genomics Workbench 20.0.3
software (Qiagen GmbH). Quality assessment of the reads
confirmed a PHRED score (quality value) of >20 for 99.68%
of all reads, indicating the success of the run. The read
number was approximately 35.4-37.5 million per sample as
paired-end reads. The RNA sequencing data as FASTQ files
and expression browser as table data are deposited in the Gene
Expression Omnibus (https://www.ncbi.nlm.nih.gov/geo/)
under accession number GSE202136. The Metascape tool
(https://metascape.org/gp/index.htmls/main/stepl) was
used to perform GO enrichment analysis of differentially
expressed genes (35).

Wound healing assay. After 48 h of Sam68 siRNA or control
siRNA transfection, 1.0x10°® HO-1-N-1 cells were cultured in
24-well plates until confluent. A wound was made through
the confluent monolayer with a 200-xl1 pipette tip. There were
confluent cells on either side of the wound. The wells were
rinsed with PBS to remove detached cells. The remaining cells
were incubated with DMEM containing 0.5% FBS. At 72 h
after wound creation, the wound areas were evaluated using
a phase-contrast microscope (Olympus System Microscope
Model CKX53; Olympus Corporation). All experiments were
performed in triplicate.

Chamber migration assay. At 48 h after Sam68 siRNA or
control siRNA transfection, HO-1-N-1 cells were detached
with TrypLE express (Thermo Fisher Scientific, Inc.) and
resuspended in serum-free DMEM. A total of 5x10° cells
were seeded into the upper chamber of a Falcon Cell Culture
Insert with an 8-ym pore filter (Corning, Inc.). DMEM
with 10% FBS was added to the lower chamber. Cells were
allowed to migrate for 48 h. The filters were then fixed with
100% ice-cold methanol at room temperature for 15 min and
stained with Carrazzi's hematoxylin (Muto Pure Chemicals
Co., Ltd.) at room temperature for 15 min, followed by
removal of nonmigrated cells with a cotton swab. The filters
were mounted on glass slides, and migrated cells adhering
to the bottom side of the chamber were counted using a light
microscope at a magnification of x40. All experiments were
performed in triplicate.

Statistical analyses. Mann-Whitney U test was used for
continuous variables between the two groups. The associa-
tions between Sam68 expression and categorical variables of
clinicopathological features were assessed using Fisher's exact
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Figure 1. Immunohistochemistry of Sam68. (A) Representative images of healthy mucosal epithelium adjacent to OSCC, in which Sam68 expression was
predominantly detected in the nucleus and negatively observed in the cytoplasm (magnification, x100 and x200; scale bar, 50 ym). (B) Representative image of
OSCC, in which Sam68 expression was detected both in the nucleus and cytoplasm (magnification, x100 and x200; scale bar, 50 #m). (C-E) Nuclear expression
of Sam68 with (C) weak, (D) moderate, and (E) strong staining intensity in OSCC cells (magnification, x200; scale bar, 50 ym). (F-H) Cytoplasmic expression
of Sam68 with (C) weak, (D) moderate, and (E) strong staining intensity in OSCC tissue (magnification, x200; scale bar, 50 ym). Sam68, Src-associated in

mitosis 68 kDa; OSCC, oral squamous cell carcinoma.

test or Pearson's chi-square test. To examine the correlation
between Sam68 expression and clinicopathological features,
multivariate logistic regression analysis was used. The results
are expressed as the mean + standard deviation (SD) in the
wound healing assay, chamber migration assay, and RT-qPCR
analysis. Statistical analyses of multiple comparisons were
performed using one-way analysis of variance (ANOVA) with
a post hoc Dunnett's test of all samples to control. P<0.05
was considered to indicate a statistically significant differ-
ence. All statistical analyses were performed using JMP14
(SAS Institute, Inc.).

Results

Sam68 expression in OSCC and adjacent healthy mucosa. To
determine the expression of Sam68 in OSCC and healthy oral
mucosa, immunohistochemical analysis was performed using
the tissue samples of OSCC. In adjacent healthy mucosal epithe-
lium, Sam68 expression was detected predominantly in the
nucleus with moderate (52%) to strong (35%) intensity, whereas
cytoplasmic Sam68 expression was mostly negative (72%), occa-
sionally observed with weak intensity (23%), or rarely observed
with moderate intensity (5%) (Fig. 1A). No case was confirmed
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Figure 2. Comparison of the total staining index of Sam68 between OSCC
cells and adjacent healthy mucosal epithelium. Mann-Whitney U test.
“P<0.01. Sam68, Src-associated in mitosis 68 kDa; OSCC, oral squamous
cell carcinoma.

to have cytoplasmic Sam68 expression with strong intensity in
the adjacent healthy mucosal epithelium. By contrast, nuclear
Sam68 expression with strong intensity was commonly observed
(75%) in OSCC cells. Cytoplasmic Sam68 expression with
moderate (25%) or strong intensity (16%) was observed in OSCC
cells (Fig. 1B-H). As revealed in Fig. 2, the total staining index
was significantly higher in OSCC (median index 7, interquartile
range 6-8) than that of adjacent healthy mucosal epithelium
(median index 4, interquartile range 4-6; P<0.01). These findings
indicated that the expression of Sam68 was increased in OSCC
compared with that of adjacent healthy epithelial cells.

Correlation between Sam68 expression and clinicopatholog-
ical features in patients with OSCC. To investigate the clinical
significance of Sam68 expression, the association between
the total staining index of Sam68 and the clinicopathological
features of patients with OSCC was analyzed. The results of the
univariate analysis indicated that a high expression of Sam68
was significantly correlated with advanced pathological T stage
(P=0.01), positive lymphovascular invasion (P=0.01), and patho-
logical cervical lymph node metastasis (P<0.01; Table I).
Cervical lymph node metastasis is the most important prog-
nostic factor in patients with OSCC; thus, additional statistical
analyses were performed to assess whether Sam68 expression was
a critical factor in pathological cervical lymph node metastasis. A
significant correlation between pathological cervical lymph node
metastasis and positive lymphovascular invasion (P=0.01) and
the high expression of Sam68 (P<0.01; Table II) was observed.
Moreover, multivariate logistic regression analysis revealed that a
high expression of Sam68 was an independent factor for cervical
lymph node metastasis [odds ratio (OR): 4.39; 95% confidence
interval (CI): 1.49-14.23; P<0.01; Table I1I]. These results indicated
that a high expression of Sam68 contributed to tumor progression,
particularly cervical lymph node metastasis, in OSCC.

Sam68 expression and its knockdown in OSCC cells. For
further investigation, the expression of Sam68 protein in
OSCC cells was examined by western blotting. The expression

Table I. Univariate analyses of the correlation between Sam68
expression and clinicopathological features in patients with
OScCC.

Sam68 expression

Low High
Clinicopathological features  (n=39) (n=38)  P-value
Age, years 0.56
<65 25 16
>65 14 22
Sex 0.05
Male 29 26
Female 10 12
pT 0.01*
T1+T2 38 30
T3 + T4 1 8
Pathological differentiation 0.51
Well 20 15
Moderate 16 18
Poor 3 5
YK classification 043
YKI1 + YK2 + YK3 26 22
YK4C + YK4D 13 16
Lymphovascular invasion <0.01
Negative 25 13
Positive 14 25
Perineural invasion 0.19*
Negative 36 31
Positive 3
Pathological CLNM <0.01
Negative 33 19
Positive 6 19
Primary recurrence 0.99
Negative 37 36
Positive 2 2

Pearson's chi-square test. “Fisher's exact test. P<0.05 was consid-
ered statistically significant in all analyses. OSCC, oral squamous
cell carcinoma; CLNM, cervical lymph node metastasis; YK,
Yamamoto-Kohama.

of Sam68 was detected in all OSCC cell lines (Fig. 3A). To
examine the effect of Sam68, Sam68 knockdown in HO-1-N-1
cells was produced. From 48 to 144 h after the transfec-
tion, the expression of Sam68 was significantly decreased
in Sam68 siRNA-transfected cells compared with that in
control siRNA-transfected cells (Fig. 3B). These cells were
subsequently used for the following experiments to assess the
biological roles of Sam68 in OSCC.

Sam68 knockdown affects the phenotype of OSCC cells. To
elucidate the potential mechanism by which Sam68 affects
the phenotypes associated with metastasis in OSCC, mRNA



6 KOMIYAMA et al: HIGH EXPRESSION OF Sam68 CONTRIBUTES TO METASTASIS IN ORAL CANCER

Table II. Univariate analysis of the correlation between clini-
copathological features and lymph node metastasis.

Table III. Multivariate analysis of the correlation between
clinicopathological features and lymph node metastasis.

Pathological CLNM
Negative  Positive
Clinicopathological features  (n=52) (n=25) P-value
Age, years 0.11
<65 27 14
>65 25 11
Sex 0.54
Male 36 19
Female 16 6
pT 0.06*
T1 +T2 49 19
T3 + T4 3 6
Pathological differentiation 0.51
Well 26 9
Moderate 21 13
Poor 5 3
YK classification 043
YKI1 + YK2 + YK3 34 14
YK4C + YK4D 18 11
Lymphovascular invasion 0.01
Negative 31 7
Positive 21 18
Perineural invasion 0.21
Negative 47 20
Positive 5 5
Sam68 expression <0.01
High 33 6
Low 19 19

Pearson's chi-square test. “Fisher's exact test. P<0.05 was considered
statistically significant in all analyses. CLNM, cervical lymph node
metastasis; YK, Yamamoto-Kohama.

sequencing was used to assess changes in the transcriptome
between Sam68 siRNA- or control siRNA-transfected
HO-1-N-1 cells. Differential expression analysis was performed
and it was determined that genes with a false discovery rate of
a P-value of <0.05 and a cutoff of Ifold changel>2 were differ-
entially expressed between the two conditions. A total of 150
differentially expressed genes (DEGs) were obtained including
20 upregulated and 130 downregulated genes (Fig. 4A). To
explore the biological process significantly associated with
these DEGs, GO enrichment analysis was further conducted.
The results revealed that enriched GO terms were not detected
in the upregulated genes; in addition, the downregulated
genes were significantly concentrated in various biological
processes (Fig. 4B). In the top 10 enriched processes, there
were some processes related to the epithelial-mesenchymal
transition (EMT): regulation of cell adhesion, epithelial cell
differentiation, and mesenchyme development. Accumulating

Clinicopathological

features Odds ratio  95%CI  P-value
Lymphovascular invasion 275 0.93-8.59 0.07
(positive vs. negative)

Sam68 expression 439 1.49-1423 <0.01

(high vs. low)

Multivariate logistic regression analysis. P<0.05 was considered
statistically significant. CLNM, cervical lymph node metastases;
CI, confidence interval.
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Figure 3. Expression of Sam68 in oral cancer cell lines. (A) Western blot
analysis of Sam68 in oral cancer cells (HSC2, HSC3, HO-1-N-1, and
HOC313). (B) Sam68 siRNA (#1 or #2) or control siRNA (control) was trans-
fected into HO-1-N-1 cells, and the proteins were estimated at 48 or 144 h by
western blotting. Sam68, Src-associated in mitosis 68 kDa.

evidence has demonstrated that EMT, the transdifferentiation
of epithelial cells into mesenchymal cells, is integral in cancer
progression (36). Namely, epithelial cells downregulate their
epithelial properties, lose their cell-cell adhesion, and acquire
mesenchymal properties, which increase cell motility (36,37).
Wound healing and chamber migration assays were used to
confirm the effect of Sam68 on cell motility. As revealed in
Fig. 4C, Sam68-knockdown cells demonstrated significantly
slower wound closure compared with control cells. In addi-
tion, Sam68 knockdown markedly decreased the number of
migrated cells as determined by the chamber migration assay
(Fig. 4D). These data indicated that Sam68 may be associated
with the EMT process and regulate the motility of OSCC cells.

To provide further validation, a literature search on the
36 downregulated DEGs enriched in the above 3 biological
processes was conducted and a candidate gene associated
with EMT and cell motility was selected. Vimentin is a
classical mesenchymal marker that has been revealed to be
elevated in EMT progression and related to motile activi-
ties (38). The differential expression of vimentin and other
EMT markers were verified by RT-qPCR. As revealed in
Fig. 5, a decreased mRNA level of vimentin was confirmed
by qPCR in Sam68-knockdown cells. The mRNA level of
epithelial (E-cadherin, cytokeratin 18, and plakophilin) and
mesenchymal markers (N-cadherin and fibronectin) were not
significantly altered by the reduction of Sam68 (Fig. 5). These
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as the mean + SD. Dunnett's test compared with the control. "P<0.01. Sam68, Src-associated in mitosis 68 kDa; OSCC, oral squamous cell carcinoma;
DEGs, differentially expressed genes; GO, Gene Ontology; siRNA, small interfering RNA.
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Figure 5. Validation of gene expression by RT-qPCR. (A and G) Comparison of mRNA expression of DEGs and (B-F) non-DEGs associated with the
epithelial-mesenchymal transition between HO-1-N-1 cells transfected with control siRNA (control) or Sam68 siRNA (Sam68 #1 or #2). All data are expressed
as the mean = SD. Dunnett's test compared with the control. “P<0.01. ns, not significant. RT-qPCR, reverse transcription-quantitative PCR; DEGs, differentially
expressed genes; siRNA, small interfering RNA; Sam68, Src-associated in mitosis 68 kDa; ns, not significant.

data were consistent with the results of mRNA sequencing,
demonstrating that vimentin expression was specifically
downregulated in Sam68-knockdown HO-1N-1 cells. The
effect of Sam68 knockdown on vimentin expression was also
assessed using RT-qPCR in other OSCC cell lines, and the
mRNA expression of vimentin was confirmed to have been
reduced via Sam68 knockdown in HSC-2 and HOC313 cells
(Fig. S1). Collectively, these results indicated that Sam68
regulated vimentin expression and the motile mesenchymal
phenotype of OSCC cells.

Association between Sam68 and vimentin expression on
tissue samples of OSCC. Next, to clarify whether the expres-
sion of vimentin is correlated with that of Sam68 and cervical
lymph node metastasis in OSCC, an immunohistochemical
study of vimentin on 77 tissue samples was performed.
Accordingly, 21 (27%) tumors were found to exhibit positive
vimentin expression (Fig. 6). Although no statistical signifi-
cance was observed, the proportion of tumors with Sam68
high expression was higher in the tumors exhibiting positive

Figure 6. Immunohistochemical staining showing (A) negative and (C) posi-
tive expression of vimentin and (B and D) hematoxylin and eosin staining
(magnification, x100; scale bar, 50 ym).
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Table IV. Univariate analysis of the correlation between vimentin expression and Sam68 expression or cervical lymph node metastasis.

Variables
Sam68 expression Pathological CLNM
Low (n=39) High (n=38) Negative (n=52) Positive (n=25)
Vimentin expression
Negative 31 44 12
Positive 8 8 13
P-value 0.177 <0.01

Pearson's chi-square test. P<0.05 was considered statistically significant. CLNM, cervical lymph node metastases.

vimentin expression (62%) than those tumors exhibiting nega-
tive vimentin expression (38%) (P=0.17; Table IV). A similar
finding was confirmed in pT1 + T2 tumors (56 and 44%;
P=0.26) or pT'3 + 4 tumors (80 and 20%; P=0.34), respectively
(data not shown). In addition, the univariate analysis showed
that a positive expression of vimentin was significantly
correlated with pathological cervical lymph node metastasis
(P<0.01; Table IV).

Vimentin expression was reported to be upregulated at the
invasive front in OSCC, which may be related to EMT (39).
Thus, to obtain more insights into the association between
expression of vimentin and Sam68, the distribution of positive
vimentin and the pattern of Sam68 expression in the tumors
exhibiting positive vimentin expression were investigated
microscopically (n=21). Of the 21 tumors, six (28%) broadly
exhibited positive vimentin expression at the invasive front, the
central area, and the superficial area of the tumor. Similarly, the
immunoreactivity of Sam68 was uniformly observed at almost
all areas in these tumors. In 10/21 (48%) tumors, a positive
vimentin expression was mostly observed at the deep area (the
invasive front and the central area of the tumor) but not at the
superficial areas of the tumors. Notably, in these tumors, the
tumor cells with vimentin expression at the deep area were also
observed to be accompanied with higher Sam68 immunoreac-
tivity than those without vimentin expression at the superficial
areas of the tumor (Fig. 7). In 3/21 (14%) tumors, positive
vimentin expression was mostly observed at the deep area, but
the immunoreactivity of Sam68 was uniformly observed at all
areas in these tumors. In addition, in 2/21 (10%) tumors, the
distribution of positive vimentin was broad, but Sam68 immu-
noreactivity was found to be higher at the deep area than those
at the superficial area. These microscopic findings suggest that
in the most tumors (16/21; 76%), the distribution of positive
vimentin may be related to the distribution or degree of Sam68
expression. Collectively, these results support the association
between vimentin expression and Sam68 expression as well as
cervical lymph node metastasis in OSCC.

Discussion

In the present study, the clinical implication of Sam68 in
OSCC was demonstrated. The immunohistochemical results
demonstrated that advanced OSCC exhibited significantly
higher expression of Sam68. In particular, multivariate
analysis demonstrated that a high expression of Sam68 was an

A Vimentin Sam68
. ;

o

©

8

O 7
£ g A
QO

Q 2y
=] 2
] A

=

B Vimentin

3]

o

©

i)

(=

[

(@)
C

Vimentin

S PO

Invasive front

Figure 7. Immunohistochemistry of vimentin and Sam68 in the same tumor.
(A) Representative image of the broad sheet of tumor cells without vimentin
expression at the superficial area. (B) Representative image of the small cords
of tumor cells exhibiting positive vimentin expression and higher Sam68
immunoreactivity at the central area. (C) Representative image of the small
cords and clusters of tumor cells exhibiting positive vimentin expression and
higher Sam68 immunoreactivity at the invasive front. (magnification, x100;
scale bar, 50 gm). Sam68, Src-associated in mitosis 68 kDa.

independent factor associated with cervical lymph node metas-
tasis in OSCC. Next, to elucidate the biological role of Sam68
in OSCC cells, nRNA sequencing was performed to measure
the changes in the transcriptome via Sam68 knockdown. The
GO analysis revealed that downregulated DEGs were enriched
in the biological process related to EMT in Sam68-knockdown
OSCC cells. It was established that vimentin expression was
specifically downregulated in these cells. It was also confirmed
that the migration activity of OSCC cells was significantly
reduced by Sam68 knockdown. Furthermore, the immunohis-
tochemical analyses of vimentin demonstrated the association
between vimentin expression and Sam68 expression as well as
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cervical lymph node metastasis. These results indicated that
Sam68 may contribute to metastasis by regulating the expres-
sion of vimentin and the cell motility in OSCC.

Multiple studies have shown that Sam68 is associated
with tumor progression, metastasis, and survival of patients
in various cancers, including breast, prostate, lung, gastric,
renal, and cervical cancers (9,18,21-26). However, few studies
have investigated whether Sam68 has clinical and biological
significance in OSCC. Chen et al conducted a univariate
analysis and reported a correlation between higher Sam68
expression and T stage, N stage, nodal status, recurrence, and
survival of patients with tongue cancer; however, these data
were limited in patients with T1-3 classification and clinically
negative nodal diseases (20). To the best of our knowledge,
the present study is the first to assess the expression profile
and evaluate the clinical implication of Sam68 in patients at
all stages of OSCC. In this study, univariate analysis indi-
cated that pathological T stage, lymphovascular invasion,
and cervical lymph node metastasis were correlated with a
high expression of Sam68 in OSCC. Moreover, multivariate
analysis revealed that a high expression of Sam68 was an
independent predictor of cervical lymph node metastasis.
These results suggest that a high expression of Sam68 is
closely related to tumor progression and metastasis to cervical
lymph nodes in OSCC.

To evaluate the association between the invasive aspect
of OSCC on histopathology and Sam68 expression, the histo-
logical grading was assessed by differentiation (2) and mode
of invasion according to YK classification (27). In the results,
those histological parameters were not significantly related
to cervical lymph node metastasis. In addition, there were no
statistically significant differences in those histological param-
eters between two groups of Sam68 expression. Conventional
histological grading by differentiation was reported to have a
limited predictive value for metastasis and prognosis (2,40,41),
which is consistent with the result of the present study. In
addition, other histological parameters based on the invasive
pattern of tumors have been recognized to be associated with
cervical lymph node metastasis (27,40). Conversely, similar to
the result of the present study, some studies have shown no
significant association between invasive pattern and metastasis
in OSCC (41,42). A firm conclusion concerning the association
between those histologic parameters and Sam68 expression
cannot be obtained in the present study alone. Further studies
are necessary to clarify the association between them.

A previous study revealed the association between Sam68
and resistance to anticancer agents in tongue SCC cells (20);
however, there are no data in the literature regarding the
malignant phenotypes affected by dysregulation of Sam68 in
OSCC. To obtain new insights into the biological significance
of Sam68 in OSCC, mRNA sequencing was performed to
investigate changes in the gene expression profile through
Sam68 knockdown. This result revealed that 36 downregulated
DEGs were statistically enriched in the biological process of
GO related to EMT, including regulation of cell adhesion,
epithelial cell differentiation, and mesenchyme develop-
ment (36,37,43). EMT plays a critical role in tumor progression
and metastasis (36-38,44). During this process, epithelial
cells lose cell-cell adhesion and apicobasal polarity to exhibit
migratory mesenchymal properties (36). It was verified that

Sam68 knockdown significantly reduced motile behavior and
vimentin expression in OSCC cells. The immunohistochemical
analysis of vimentin also indicated the association between
positive vimentin and Sam68 expression. In addition, a positive
vimentin expression was found to be significantly correlated
with cervical lymph node metastasis in this study. Recent lines
of evidence have demonstrated that vimentin expression is
upregulated in EMT progression, resulting in a more motile
phenotype of tumor cells (37,38). During the progression of
EMT, epithelial markers such as keratin, E-cadherin, and
plakophilin are decreased and mesenchymal markers such
as vimentin, N-cadherin, and fibronectin are increased (36).
However, the expression profile of EMT markers has been
reported to be widely varied depending on the cancer type,
cell lines, and signaling pathways of EMT (45-47). Saito et al
demonstrated that various OSCC cell lines exhibited each
specific expression of EMT markers (46). In addition, the cell
status in which epithelial properties are retained, known as
partial EMT, has been recognized to possess a higher meta-
static ability as compared with complete EMT, with loss of all
epithelial features and complete acquisition of mesenchymal
morphology (48-50). In this study, vimentin was specifically
regulated by Sam68 in OSCC cells; by contrast, other epithe-
lial and mesenchymal markers were not significantly altered
in these cells. Taken together, the results indicated that Sam68
may regulate the expression of vimentin to induce partial EMT
and promote the motile mesenchymal behavior of OSCC.

It has been recognized that changes at the RNA level,
including alternative splicing and noncoding RNA-mediated
control, regulate EMT (19,36). As a result of alternative
splicing, extensive isoforms are generated in various proteins
that regulate EMT. Valacca er al demonstrated that Sam68
contributes to the regulation of EMT by changing the splicing
profile and overall transcription levels of serine/arginine-rich
splicing factor 1 (SRSF1), which produces a constitutively
active splicing variant of Recepteur d'Origine Nantais (Ron)
proto-oncogene in colon adenocarcinoma cells (19). In the
present study, an analysis of alternative splicing variants using
RNA-sequencing data was also performed. The results did
not reveal a significant difference in SRSF1 or Ron splicing
variants between Sam68-knockdown OSCC cells and control
cells (data not shown). In addition, recent research has
demonstrated that O-GIcNAcylation of Sam68 may enhance
the migratory and invasive abilities of lung cancer cells (51).
O-GIcNAcylation is a post-translational protein modification
catalyzed by O-GlcNAc transferase (OGT) and has been linked
to biological properties of cancer, including cell proliferation,
survival, invasion, and metastasis (51,52). It has also been
reported that the EMT process is associated with modulation
of O-GlcNAcylation in lung cancer cells (52). In the present
study, the RNA-sequencing data showed that the mRNA level
of OGT was not significantly altered via Sam68-knockdown
in OSCC (data not shown). Collectively, these findings suggest
that Sam68 may have the potential to promote EMT in a
different manner, depending on the type of cancer.

The present study has some limitations. First, is the rela-
tively small number of patients included in the study. Second,
the sample size between the two groups of pT stage, perineural
invasion, and primary recurrence were biased. Therefore, the
statistical power to draw firm conclusions was insufficient.
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Collectively, the findings of the present study indicated that
Samo68 contributes to metastasis by regulating the expression
of vimentin, which may be associated with partial EMT and
the cell motility of OSCC. Although the detailed pathways
by which Sam68 induces vimentin remain to be identified,
it is concluded that Sam68 may be a promising predictor of
cervical lymph node metastasis and have the potential to be a
novel therapeutic target in oral cancer.
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