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Abstract
Tongue squamous cell carcinoma (TSCC) is an aggressive group of tumors characterized by high rates of regional
lymph node metastasis and local recurrence. Emerging evidence has revealed genetic variations of TSCC across dif-
ferent geographical regions due to the impact of multiple risk factors such as chewing betel-quid. However, we know
little of the mutational processes of TSCC in the Chinese population without the history of chewing betel-quid/
tobacco. To explore the mutational spectrum of this disease, we performed whole-exome sequencing of sample pairs,
comprising tumors and normal tissue, from 82 TSCC patients. In addition to identifying seven previously known
TSCC-associated genes (TP53, CDKN2A, PIK3CA, NOTCH1, ASXL1, USH2A, and CSMD3), the analysis revealed six
new genes (GNAQ, PRG4, RP1, ZNF16, NBEA, and PTPRC) that had not been reported previously in TSCC. Our in vitro
experiments identified ZNF16 for the first time as a solid tumor associated gene to promote malignancy of TSCC cells.
We also identified a microRNA (miR-585-5p) encoded by the 5q35.1 region and characterized it as a tumor suppres-
sor by targeting SOX9. At least one non-silent mutation of genes involved in the 10 canonical oncogenic pathways
(Notch, RTK-RAS, PI3K, Wnt, Cell cycle, p53, Myc, Hippo, TGFβ, and Nrf2) was found in 82.9% of cases. Collectively,
our data extend the spectrum of TSCC mutations and define novel diagnosis markers and potential clinical targets for
TSCC.
© 2020 Pathological Society of Great Britain and Ireland. Published by John Wiley & Sons, Ltd.
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Introduction

Tongue squamous cell carcinoma (TSCC) is the major
subtype of head and neck squamous cell carcinoma
(HNSCC) and is associated with significant morbidity
and relatively low overall 5-year survival rates due to
its etiological and biological heterogeneity that is influ-
enced by distinct risk factors [1,2]. Death rates of TSCC
even increased slightly in men in recent years [2,3].

There are no predictive biomarkers for early diagnosis.
Surgery remains the cornerstone of treatment for TSCC.
Recent studies have demonstrated increasing incidence
among young non-drinking and non-smoking individ-
uals, the molecular basis of which has not been eluci-
dated [4].
Previous genome-wide profiling studies of HNSCC or

oral squamous cell carcinoma (OSCC) uncovered vari-
ous genetic alterations, which have aided our
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understanding of oral tumorigenesis [5–9]. However,
distinct clinical behaviors and genomic variations are
present between different subsites of HNSCC or OSCC
[3,6]. Especially, the mutation patterns of TSCC are sug-
gested to be different from those of other HNSCC sub-
types due to the specific anatomic location and tissue
characteristics [10,11]. For example, DST and RNF213
mutation frequencies showed higher in TSCC than those
in OSCC, whereas TP53, CDKN2A, and NOTCH1
mutations were fewer in TSCC than in OSCC [11].
Recent exome-sequencing studies on TSCC are con-

fined by the small sample size and therefore limited to
discovery of rare gene mutations [10]. Moreover, life-
style, diet habits, and ethnicity can also affect the geno-
mic landscape of TSCC, and TSCC etiology varies
across geographical regions [9,12]. For example, chew-
ing betel-quid, which is known to cause oral cancer, is
traditional and popular in India, and Indian TSCC exhib-
ited different mutation patterns compared to Singapore
TSCC [10,11,13]. In addition, most of the participants
in the previous studies were of European descent, and
human papilloma virus (HPV) infection accounted for
almost 50% of cases [6]. Here, we characterize the muta-
tional landscape of TSCC, the anatomically homoge-
neous cancer in Han Chinese patients who did not have
the habit of chewing betel-quid/tobacco, to annotate
putative cancer drivers or pathways contributing to
TSCC tumorigenesis.

Materials and methods

Sample collection and patient characteristics
The ethics approval for this study was obtained from the
institutional review board of the Stomatology Hospital
of Peking University (Approval No. PKUSSIRB-
201626006). Tumors and paired normal tissues were col-
lected from TSCC patients who had not been treated with
chemotherapy or radiotherapy before the operation during
2009–2014 in the Stomatology Hospital of Peking Uni-
versity. None of the patients have the history of chewing
betel-quid and tobacco. Patient characteristics are summa-
rized in supplementary material, Table S1. Recurrence
and remote metastasis were important factors for progno-
sis (supplementary material, Table S2). In addition, 59
fresh-frozen TSCC paired tumor and normal tissues were
collected for gene expression analysis later.

Exome sequencing and data analysis
We followed a previously described protocol for exome
capture, library preparation, and sequencing, with some
modifications (see Supplementary materials and
methods) [14].

Microarrays
Use of PrimeViewTM Human Gene Expression Arrays
(Affymetrix) was performed by the CapitalBio Corpora-
tion (Beijing, PR China) and all primary data are

available at the Gene Expression Omnibus (GEO acces-
sion: GSE114093).

Mouse xenograft assays
All animal experiments were performed with the
approval and under the supervision of Peking University
Biomedical Ethic Committee (Approval No.
LA2017174). Two million cells of stably transfected
CAL27 cells suspended in 100 μl of sterile phosphate-
buffered saline (PBS) were subcutaneously injected into
the right flank of 5-week-old female BALB/c nude mice.
Tumor growth was monitored every 4 days using a lin-
ear caliper, and the tumor volume was calculated using
the formula V = (a × b2)/2, where a is the larger dimen-
sion and b is the perpendicular diameter. The mice were
sacrificed 30 days after the xenografts were seeded. For-
malin-fixed paraffin-embedded xenograft tumors were
stained immunohistochemically for SOX9.

Statistical analyses
The SPSS Statistics 17.0 package was employed to cor-
relate clinical and biological variables by means of
Fisher’s test or a non-parametric test when necessary.
A Student’s t-test was used to analyze the results, which
were expressed as means ± SD. Pearson correlation
analysis was performed to evaluate the association
between miR-585-5p expression and SOX9 expression
and to calculate coefficient (r) and P values. The R pack-
age of Survival was used for survival analysis. The fol-
lowing indicators of statistical significance were used:
*p < 0.05, **p < 0.01, ***p < 0.001 versus control.

Additional details may be found in the Supplementary
materials and methods.

Results

Overview of TSCC somatic mutation profile
To identify somatic mutations, we performed whole-
exome capture on paired DNA samples from 82 TSCC
patients. All samples were sequencedwith a mean cover-
age of 125×, and more than 95% of targeted regions
were covered above 30× (supplementary material,
Figure S1).

We identified 5139 SNVs and 107 InDels affecting
3956 genes (supplementary material, Table S3). The
average mutation rate was 1.14 per megabase (Mb)
(range 0.05–3.17) and lower than that in HNSCC,
esophageal squamous cell cancer (ESCC), and lung
squamous cell carcinoma (LUSC) (supplementary mate-
rial, Table S4) [6,14,15]. A higher number of non-syn-
onymous mutations was observed in male patients and
in smoking patients (supplementary material, Figure
S2). Ninety-one of 111 (82%) of mutation sites included
in 13 genes were verified by mass or Sanger sequencing
(supplementary material, Table S5).

G·C >A·T transitions were the most common muta-
tions in TSCC, followed by C·G >A·T and C·G >G·C
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transversions. Compared to HNSCC, ESCC, and LUSC,
the overall mutation spectrum in TSCCwas most similar
to that in HNSCC (supplementary material, Figure S3).

Copy number analysis from exome data identified a
median of 34 CNAs per sample (range of 7–467) in TSCC
(supplementarymaterial, Tables S6 and S7 and Figure S4).
Furthermore, 886 genes in 28 significantly amplified
regions and 214 genes in four significantly deleted regions
were uncovered (supplementary material, Tables S8 and
S9). We observed recurrent gains in chromosome 3q29,
5p14.2, 6q12, 7p11.2, 8q11.1, 8q23.3, 9p24, 11q22, and
21p11.2 and recurrent deletions involving tumor suppres-
sor genes in 9p21.3 (CDKN2A; 16/82), 3p14.3 (WNT5A;
10/80), 5q32 (SPINK7; 4/82), and 18q21.33 (PHLPP1;
9/82). Among these 32 focal CNAs, two significantly
amplified regions (5p11, p = 0.033; 19q11, p = 0.033,
Fisher’s exact test) in TSCC were associated with
regional lymph node involvement. Gain of 4p11
(p = 0.013, Fisher’s exact test) and loss of 18q21.33
(p = 0.045, Fisher’s exact test) were associated with
regional TNM stage. Compared with HNSCC, ESCC,
and LUSC, the CNA landscape of TSCC was most sim-
ilar to that of HNSCC (supplementary material,
Table S10 and Figure S5). We identified five CNAs
(gain of 7p11.2, 11q13.3, 9p13.3, and 18q11.2; loss of
9p21.3) in all four cancers. These findings, together with
mutation spectrum analysis, suggest that squamous cell
carcinomas of different tissues might have common
characteristics, and therapeutic approaches targeting
these mutual changes could be developed.

Context-specific mutation spectrum analysis identi-
fied three distinct clusters (supplementary material, Fig-
ure S6). Cluster 1 was associated with high mutation rate
(p = 0.0058, Fisher’s exact test; supplementary material,
Table S11). Cluster 3 was significantly enriched in
lymph node metastasis (p = 0.0285, Fisher’s exact test).

Virus detection in TSCC
A viral etiology has been suggested for some carcinomas
[16]. We thus determined the presence of several viruses
including human papilloma virus (HPV) and human her-
pes virus (HHV). We found that only one case arising
from the base of tongue was associated with HPV infec-
tion, which is consist with previous studies reporting that
the rate of HPV infection could be more frequent in ton-
sil subsite of HNSCC than other subsites (supplementary
material, Table S12) [6]. HHV-4 (Epstein–Barr Virus,
EBV), which is associated with several human malig-
nancies as a potentially oncogenic virus, was identified
in 15 cases [17]. There is inconsistent evidence regard-
ing the involvement of EBV in TSCC pathogenesis
and more research is required to conclusively establish
this association [18,19].

Significantly mutated genes in TSCC
Analysis using MutSigCV and the method of Lawrence
et al identified 13 significantly mutated genes with
q values <0.1, including 7 well-known TSCC driver
genes (TP53, CDKN2A, PIK3CA, NOTCH1, ASXL1,

USH2A, and CSMD3) and 6 genes (PRG4, ZNF16,
GNAQ, NBEA, PTPRC and RP1) that had not been
described previously in TSCC (Figure 1 and supplemen-
tary material, Table S13).
TP53 somatic mutations were identified in 62.2% of

samples. Of the 55 TP53mutations, 24 were truncating
mutations (15 nonsense, 4 InDels, 5 splice-site) and 31
were missense. All missense mutations were located in
DNA-binding domain (95–288 aa) (supplementary
material, Figure S7). Twenty nine of 31 (93.5%) of
TP53 missense mutations were loss of transactivation
capacity and the other 2 were partially functional as
measured in yeast-based assays (supplementary mate-
rial, Table S14) [20,21]. There were four recurrent
mutations (p.Arg273Cys, p.Arg248Gln, p.Arg282Trp,
and p.Arg342*) (n = 3), all of which were well-known
cancer hotspots [22]. We found PIK3CA, another well-
known cancer-associated gene, mutated in 7.3% of
patients. Both the hotspot mutation (n = 3,
c.3140A>G) and another mutation (c.3141T>A) result
in the change of amino acid His1047 (supplementary
material, Figure S7). Although CSMD3, which encodes
a transmembrane protein with CUB and sushi multiple
domains, was recently implicated in HNSCC [7], its
function and the mechanisms are unknown. We found
that CSMD3 mutations were related to pathological
grade (n = 82, p = 0.025, Fisher’s exact test) and asso-
ciated with poor prognosis in TSCC (supplementary
material, Figure S8), suggesting that CSMD3 may play
an important role in TSCC tumorigenesis.
PRG4 contained five missense mutations, with two of

them in the same residue c.1789A>C encoding p.
(Thr597Pro), probably indicating a mini-hotspot (sup-
plementary material, Figure S7). PRG4 in different cells
possesses different or even opposite functions. The
recombinant human PRG4 exerted an anti-proliferative
effect on rheumatoid arthritis fibroblast-like synovio-
cytes (RA-FLS) mediated by its interaction with CD44,
resulting in a downstream inhibition of NFκB nuclear
translocation [23]. However, other studies suggest that
PRG4 may contribute to maintain myxoid liposarcoma
cell growth through repression of IL-24 expression
[24]. The function of PRG4 and its mutations have not
been reported in TSCC. We first correlated the microtu-
bule-associated protein RP1, the mutations in which can
cause retinitis pigmentosa diseases, with tumors [25].
RP1 was mutated in five cases and amplified in 18.3%
of TSCC cases. The mutations of PTPRC and NBEA
were reported in solid tumors for the first time. Both
the PTPRC mutation c.1501C>T encoding p.
(Arg501Trp) that was mapping to an extracellular
domain and the NBEA mutation c.1910 T > C encoding
p.(Val637Ala) had high PolyPhen-2 scores of 1.00 and
0.99, respectively, which predict that the variants are
strongly damaging.GNAQ, which encodes a Gα subunit
of heterotrimeric G-proteins, has been implicated as an
oncogene in uveal melanoma [26]. In our studies, the
GNAQ mutation c.286A>T encoding p.(Thr96Ser) was
validated as a SNP and the mutation c.548G>A encod-
ing p.(Arg183Gln) was found to be associated with
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port-wine stains (PWSs) and Sturge–Weber syn-
drome [27,28].
We studied the temporal ranking of mutations during

clonal evolution using the PyClone. All mutations were
evaluated, and multiple clones were found in 33 sam-
ples (median 1, range 1–7) (supplementary material,
Figure S9A). Mutations belonging to the largest cluster
were defined as dominant mutations, and other clusters
as secondary mutations [29]. In total, 3606 (76%) and
1129 (24%) mutations were judged to be dominant
and secondary, respectively (supplementary material,
Table S15). Thirteen significantly mutated genes were
ranked based on the amount of dominant mutations
(supplementary material, Figure S9B). There was no
statistically significant difference between frequencies
of dominant and secondary mutations of all 13 genes
(supplementary material, Figure S9C).
The above variants, which lacked functional valida-

tion, were categorized as being of unknown significance.
Future studies need to validate whether these variants
contribute to TSCC tumorigenesis.

ZNF16 acts as an oncogene in TSCC
We first reported the mutations of ZNF16 (zinc finger
protein 16) in malignancy. ZNF16 was mutated in

4.9% (4 of 82) of cases. In addition, ZNF16 was
located in 8q24, which was amplified in 35.4% (29/
82) of TSCCs. ZNF16 contained four missense muta-
tions, of which c.1354C>T encoding p.(Arg452Trp)
was found in three other cancer types in the COSMIC
database and is predicted to be strongly damaging
(PolyPhen-2 score = 1.000). Previous studies reported
that the overexpression of wild-type ZNF16 acceler-
ated the growth rate in K562 cells [30]. However, the
biological functions of ZNF16 in TSCC have been
unknown.

We used an immunohistochemical method to evaluate
whether the CNA amplification of ZNF16 was related to
the expression change of ZNF16 (Figure 2A). As
expected, ZNF16 was upregulated in 69% (20/29) of
TSCC tumor specimens harboring CNA gain of ZNF16
than paired normal tissues. ZNF16 was highly expressed
in all TSCC cell lines compared to that in control (Fig-
ure 2B). ZNF16 knockdown significantly diminished
cell proliferation, migration, and invasion in vitro and
tumor growth in vivo (Figure 2C–H). ZNF16 knock-
down could suppress the ERK1/2 pathway (Figure 2I).
We then constructed wild-type and mutant
(c.1354C>T) ZNF16 plasmids and transiently trans-
fected them into TSCC cells. Consistently, overexpres-
sion of wild-type ZNF16 significantly promoted cell

Figure 1. Significantly mutated genes in TSCC. The top panel shows the rate of synonymous and non-synonymous mutations expressed in
number of mutations per megabase (Mb) of covered target sequence. The middle panel shows the matrix of mutations in significantly
mutated genes colored by the type of coding mutation. Each column denotes an individual tumor, and each row represents a gene. The left
panel shows the number and percentage of samples with mutations in the corresponding gene. The right panel shows significantly mutated
genes listed vertically by q-value. The low panel shows the clinic features of TSCC patients.
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growth, migration, and invasion compared to control,
whereas the ZNF16 mutant showed stronger capability
of enhancing those phenotypes compared to wild-type
ZNF16 and promoted ERK1/2 phosphorylation more
strongly (supplementary material, Figure S10).

miR-585-5p acts as a tumor suppressor in TSCC
The 5q35.1 region was found to be deleted in four TSCC
samples, in which miR-585-5p was identified (supple-
mentary material, Table S7). RT-qPCR analysis showed
that compared to HaCat cell line, miR-585-5p expres-
sion was markedly decreased in CAL27, SCC-9, and
SCC-25 cells (Figure 3A). Overexpression of miR-
585-5p expression resulted in decreased cell prolifera-
tion, migration, and invasion in vitro and tumor growth
in vivo, whereas miR-585-5p inhibitors enhanced TSCC

cell growth and mobility (Figure 3B–H). miR-585-5p
markedly downregulated N-cadherin, vimentin, CDK2,
and phosphorylated ATK, and upregulated E-cadherin
(Figure 3I). We next used RT-qPCR to evaluate miR-
585-5p expression in 59 pairs of TSCC tumors and nor-
mal samples. Reduced expression of miR-585-5p was
detected in tumor tissues from 81.36% (48/59) of the
TSCC patients (p < 0.001, t-test; Figure 3J). Analysis
of clinicopathological data showed that low expression
of miR-585-5p was correlated with remote metastasis
(supplementary material, Table S16). We observed that
high miR-585-5p was associated with longer overall sur-
vival (Figure 3K).
To further investigate the mechanisms responsible for

the tumor-suppressive abilities of miR-585-5p, we identi-
fied predicted target genes by using searching TargetScan
and doing the mRNA microarray of the SCC-9 cells

Figure 2. Knockdown of ZNF16 negatively modulates TSCC cellular malignant phenotypes. (A) Representative images of ZNF16 expression in
TSCC tumor tissues and the corresponding adjacent normal tissues shown using immunohistochemistry. Scale bar: 50 μm. (B) RT-qPCR anal-
ysis of ZNF16 expression in TSCC cell lines and an immortalized normal epithermal cell line (HaCat). (C) RT-qPCR analysis of ZNF16 expression
after siRNA knockdown in SCC-15 and CAL27 cell lines. (D) CCK-8 assay, (E) RTCA-iCELLigene system assay, and (F) Transwell assay of SCC-15
and CAL27 cell lines performed after transfection with siRNA as indicated. (G) Knockdown of ZNF16 suppressed the growth of TSCC xeno-
grafts in nude mice. Left: xenografts images were showed for each group; middle: tumor weight was showed; right: tumor volume was peri-
odically measured for each mouse and tumor growth curves were plotted. (H) Western blot of ZNF16 in CAL27 infected with shZNF16
lentiviral particles, n = 5/group. (I) Western blot of endogenous ERK1/2 and phospho-ERK1/2 protein expression levels in SCC-15 and
CAL27 cells transfected with siRNAs. GAPDH served as a loading control. All experiments were performed at least three times and data were
statistically analyzed by two-sided t-tests. *p < 0.05, **p < 0.01, ***p < 0.001 versus control. Error bars indicate SEM.
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transfected with miR-585-5p mimic or control sequence
(Figure 4A–D). We verified that SOX(SRY-type box)9,
a high mobility group (HMG)-box transcription factor,
was a potential target of miR-585-5p. Overexpression of
miR-585-5p significantly inhibited luciferase activity in
cells expressing SOX9-WT, whereas cells expressing
SOX9-M revealed unresponsive to miR-585-5p induction
(Figure 4E,F). Upregulation of miR-585-5p markedly
decreased the mRNA and protein expression levels of
SOX9 (Figure 4G,H). Consistent with in vitro results,
immunohistochemistry of xenografts generated from
CAL27 cells stably transfected with hsa-miR-585-5p pre-
cursor lentiviral particles revealed a marked reduction in

SOX9 expression (Figure 4I). SOX9 expression was sig-
nificantly upregulated in TSCC tissues compared to that
in adjacent normal tissues (p < 0.001, t-test; Figure 5J),
and there was a significant negative correlation between
SOX9 and miR-585-5p expression in TSCC samples
(p < 0.001, r = − 0.527, Pearson correlation; Figure 4K).
Consistent with our earlier observations, knockdown of
SOX9 recapitulated the effects of the miR-585-5p mimic
on TSCC cell phenotype and forced expression of SOX9
mitigated the phenotype created by mimic transfection in
SCC-9 cells (supplementary material, Figure S11). These
results indicate that SOX9was a direct target of miR-585-
5p responsible for suppressing cell growth and mobility.

Figure 3. miR-585-5p negatively modulates TSCC cellular malignant phenotypes. (A) RT-qPCR analysis of miR585-5p in TSCC cell lines and
an immortalized normal epithermal cell line (HaCat). (B) RT-qPCR analysis of miR-585-5p expression in TSCC cell lines (SCC-9, CAL27, and
SCC-15) transfected with miR585-5p mimics or inhibitors as indicated. (C) CCK-8 assay, (D) RTCA-iCELLigene system assay, and (E) Transwell
assay of TSCC cell lines performed after transfection with miR-585-5p mimics or inhibitors as indicated. (F) The in vivo effect of miR-585-5p
was evaluated in xenografted mice bearing tumors originating from CAL27 cells, n = 5/group. (G) The tumor volume was measured period-
ically for each mouse and tumor growth curves were plotted. (H) RT-qPCR analysis of miR-585-5p expression in CAL27 infected with mock or
hsa-miR-585-5p lentiviral particles. (I) Western blot of endogenous E-cadherin, N-cadherin, vimentin, phospho-AKT, AKT, and CDK2 protein
expression levels in SCC-9, CAL27, and SCC-15 cells. GAPDH served as a loading control. (J) RT-qPCR analysis of miR-585-5p expression in 59
pairs of TSCC tumor tissues and the corresponding adjacent normal tissues. (K) Kaplan–Meier survival curve for miR-585-5p high-expression
and miR-585-5p low-expression patients (p = 0.038, log-rank). *p < 0.05, **p < 0.01, ***p < 0.001. Error bars indicate SEM.
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Altered pathways in TSCC
Ten canonical cancer pathways (Notch, RTK-RAS, PI3K,
Wnt, Cell cycle, p53, Myc, Hippo, TGFβ, and Nrf2) are
somatically altered in cancer at varying frequencies [31].
By integrating all SNVs and CNAs, we characterized
the alterations of the most commonly altered genes in
the 10 pathways; the alteration frequencies were detailed
in Figure 5.

Of the 10 signaling pathways, the p53 pathway had
the highest frequency of alterations (76.8% of cases
altered). TP53 and ATM accounted for 67.1% and 8.5%
of cases, respectively. The genetic alterations in Hippo
and RTK-RAS pathways were detected in the same fre-
quency (70.7% of cases). The Notch pathway was
altered in 65.9% of the present series, including muta-
tions in NOTCH1 (8.5%), NOTCH2 (3.7%), NOTCH3
(3.7%), and NOTCH4 (2.4%). The mutation frequency

of the Notch pathway genes in TSCC was similar to that
in the squamous cell carcinomas of other sites [5,14,15].
Genetic alterations in the Wnt pathway were present in
58.5% of cases. LRP5 and LRP6 were mutated in 3.7%
or amplified in 25.6% of cases. The mutation rate of
PI3K pathway was 26.8%. PTENwas mutated or deleted
in 6.1% of cases. The alterations in the cell cycle path-
way were detected in 50% of cases.CCND1 andCCND2
were mutated in 2.4% and amplified in 31.7% of cases.
The oxidative stress response/Nrf2 pathway was altered
in 30.5% of samples and NFE2L2 was mutated in 2.4%
of cases. The TGFβ pathway had the lowest frequency
of alteration (17.1% of cases). We also analyzed the
enrichment of mutated genes against gene sets from the
KEGG databases. Metabolic pathway ranked in the first
place with 82.93% of cases accounted (supplementary
material, Table S17).

Figure 4.miR-585-5p directly regulates SOX9. (A) Cluster analysis of dysregulated genes in SCC-9 cells treated with miR-585-5p overexpres-
sion (Mimics) compared to control (miR-NC) assessed using mRNA microarrays. (B) Pathway enrichment of dysregulated genes in SCC-9 cells
treated with miR-585-5p overexpression (Mimics) compared to control (miR-NC) assessed using mRNA microarrays. (C) Scatter plot presen-
tation of genes with a cutoff of 2/0.5 in mRNA microarray analyses. (D) Venn diagrams of genes downregulated by miR-585-5p in mRNA
microarray analyses and putative miR-585-5p targets predicted by TargetScan. (E) Predicted miR-585-5p target sequence in the 30UTR of
SOX9 and the positions of mutated nucleotides. (F) Luciferase reporter assays were used to assess miR-585-5p direct targeting of SOX9 30UTR
in CAL27 and SCC-9 cells. (G) RT-qPCR analysis of SOX9 expression in CAL27 and SCC-9 cells 48 h after transfected with miR-585-5p mimic
or negative control. (H) Western blotting analysis of SOX9 in CAL27 and SCC-9 transfected with miR-585-5p mimic or negative control. (I)
SOX9 expression was evaluated by immunohistochemistry in xenografts derived from CAL27 cells stably transfected with mock or hsa-miR-
585-5p lentiviral particles. Scale bar: 50 μm. (J) RT-qPCR analysis of SOX9 expression in 45 pairs of TSCC tissue samples. (K) Correlation anal-
ysis of SOX9mRNA expression andmiR-585-5p expression in the paired TSCC tumor samples from 45 patients. Data shown in panels. Pearson
correlation was used to calculate r and P values in panel. **p < 0.01, ***p < 0.001. Error bars indicate SEM.

The mutational landscape of TSCC 359

© 2020 Pathological Society of Great Britain and Ireland.
Published by John Wiley & Sons, Ltd. www.pathsoc.org

J Pathol 2020; 251: 353–364
www.thejournalofpathology.com

http://www.pathsoc.org
http://www.thejournalofpathology.com


Discussion

Recent large-scale sequencing studies onHNSCC included
patients affected at a heterogeneous set of anatomical sub-
sites. However, the differences in epidemiology, pheno-
type, and genomic alteration of HNSCC should be

dissected by anatomic subsites, population, and etiology
[6,32]. Our study focused on TSCC in the Chinese popula-
tion, who did not have the habit of chewing tobacco or
betel-quid. We identified frequent mutations in TP53 and
CDKN2A at similar frequencies reported in HNSCC
[6,7]. However, there were fewer mutations of PIK3CA

Figure 5. Somatically altered pathways in TSCC. Alteration frequencies are expressed as the percentage of cases.
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(7.3% versus 21%), FAT1 (8.5% versus 23%), NOTCH1
(8.5% versus 19%), KMT2D (4.8% versus 18%), NSD1
(1.2% versus 10%), and CASP8 (2.4% versus 9%) in
TSCC than those in HNSCC [6]. Mutation of other genes,
such as AJUBA, TGFBR2, and EPHA2 were not detected.

There are two genomic studies of TSCC reported in
Indian (IN-TSCC) and Singapore (SG-TSCC) popula-
tions [10,11]. Some unique genes were detected only in
SG-TSCC and not in IN-TSCC, suggesting the necessity
of the parallel studies in different populations. We com-
pared the mutational signatures of our result in which the
patients were all from China (CN-TSCC) with those of
Indian (IN-TSCC) and Singapore (SG-TSCC) patients
(supplementary material, Figure S12). Signature 1,
which has been regarded as a cell division/mitotic clock,
was prevalent in all three TSCC cohorts. On a relative
scale, the mutational signatures of SG-TSCC and IN-
TSCC were more similar. Signature 13, which is related
to APOBEC mutagenesis, was frequent in both SG-
TSCC and IN-TSCC. However, signature 6, 15, and 23
were more popular in CN-TSCC. Signatures 6 and 15
are both associated with defective DNAmismatch repair
and often found in microsatellite unstable tumors. Signa-
ture 23 is characterized by C > T substitutions and the
etiology was unknown. Signature 29, possibly related
to tobacco chewing, and signature 24, which has been
associated with aflatoxin mutagens, were more prevalent
in IN-TSCC. Signature 7, which is probably due to ultra-
violet exposure, was also more frequent in IN-TSCC.
Signature 3, which is associated with defective homolo-
gous recombination-based DNA damage repair and sig-
nature 16 (unknown etiology), were more frequent in
SG-TSCC. In addition, we found that the mutation fre-
quencies of some genes were similar between IN-TSCC
and SG-TSCC, whereas they were different from CN-
TSCC. For example, TP53 and CDKN2A mutations are
more frequently in CN-TSCC (TP53: 62.2%; CDKN2A:
19.5%) than those in IN-TSCC (TP53: 38%; CDKN2A:
6%) and SG-TSCC (TP53: 38%; CDKN2A: 5%). More-
over, ZNF16 and RP1 mutations were detected only in
CN-TSCC. The above TSCC cohorts are all focusing
on Asian populations. The mutational landscape of SG-
TSCC is more similar to that of IN-TSCC, which may
be because both of their patients are from south Asia
and have the nearby environmental features, whereas
our TSCC patients are enrolled fromNorth China, which
has the disparate environment, lifestyle, and diet habit,
such as hot food and chewing betel nut.

Smoking and old age are epidemiologic risk factors
for TSCC. In our study, smokers had more non-silent
mutations. Our analysis did not find specific mutation
associated with younger patients or non-smokers, which
is consistent with previous studies [33]. Previous studies
reported that young non-smokers of TSCC patients were
genomically similar to older smokers of TSCC patients
and suggest that the smoking signature in HNSCC was
largely driven by the laryngeal subsite. These findings
suggest that tobacco, despite being a tumor initiator in
lung cancer, may act as a tumor promoter in TSCC.
The causes for increasing incidence of TSCC in young

patients are still unknown, and an understanding of the
molecular mechanisms contributing to the tumorigenesis
of young TSCC patients is necessary for us to explore
targeted preventive and treatment measures.
Consistent with previous HNSCC or TSCC reports,

TP53 was the most frequently mutated gene in our
cohort [6,11]. Studies have showed that TP53 missense
mutations were scattered throughout the coding
sequence, but 97% of them clustered in exons encoding
the DNA-binding domain [34]. All missense mutations
in our study were located in this region and the hotspot
mutations were reported to have oncogenic activities
(gain of function) in addition to loss of transactivation
[21]. In addition, TP53-mutated cases harbored signifi-
cantly more somatic mutations than non–TP53-mutated
cases, suggesting that this mutation could divided TSCC
cases into two types with different TP53mutation back-
grounds (p = 0.001, t-test).
Ten oncogenic signaling pathways were curated by

The Cancer Genome Atlas (TCGA) [31]. In our sample,
82.9% of cases had at least one non-silent mutation in
these pathways, and 63.4% of cases had non-silent muta-
tions of genes involved in the p53 pathway. The PI3K
and Hippo pathways were ranked with the second high-
est rate. Notch pathway mutations were found in 23.2%
of cases. Considering both non-silent mutations and
CNAs, 95.1% of cases have at least one alteration in
these pathways. Over 50% of TSCC samples had the
alterations in the p53, RTK-RAS, Hippo, Notch, Wnt,
and PI3K pathways. Despite the incremental investiga-
tion of oncogenic roles of these pathways, the number
of approved pathway-targeting drugs remains sparse.
More efforts should be made to develop new effective
therapies for TSCC.
Recent comprehensive analysis showed that squa-

mous cancer types contained higher proportions of
mutations of the chromatin histone modification genes
[26]. We also detected frequent non-silent mutations
in 60 histone modification-related genes in TSCC
(supplementary material, Table S18). The most fre-
quent alterations were observed in histone-H3–modify-
ing lysine methyltransferases. We found most of
mutated histone modification-related genes in TSCC
also showed mutations in ESCC, HNSCC, and LUSC.
The frequencies of mutations in TSCC are more similar
with those in ESCC and lower in LUSC and HSNCC.
For example, H3K27me3-related genes were altered
in 58.5% of TSCC, 55.7%, of ESCC, 96.6% of LUSC,
and 78.9% of HNSCC. H3K79me2-related genes were
mutated in 17.1% of TSCC, 15.9% of ESCC, 58.4% of
LUSC and 35.5% of HNSCC.
Based on the analysis of potential therapeutic applica-

tions, all FDA-approved cancer targets had very low fre-
quencies of mutations in TSCC samples (supplementary
material, Table S19) [35,36]. KRAS was non-silent
mutated in 1.2% of cases. The mutations of BRCA1,
BRAF, PDGFRA, TSC1, and KIT were not detected in
our samples. In addition, the Pathways in Cancer
(hsa05200) includes the greatest number of potential
therapeutic target genes mutated in TSCC followed by
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Focal Adhesion pathway (supplementary material,
Table S20).
In this study, we have described in detail the land-

scape of genetic alterations in TSCC and provided new
insights into the biological process underlying its tumor-
igenesis. The novel mutated genes identified in our study
warrant further investigation to determine their biologic
role in cancer formation and progression. Despite the
previous genomic research in HNSCC, no new therapeu-
tic targets have been identified. To our knowledge, this is
the first study identifying targetable alterations of TSCC
in a Chinese population without the habit of betel-quid
chewing. These findings provide support for the devel-
opment of personalized therapies targeting key onco-
genically activated signaling pathways for the
treatment of TSCC.
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