
Abstract. Background/Aim: Malignant melanoma is a fatal
skin cancer and is among the most immunogenic malignancies
expressing melanoma-differentiation antigens and neoantigens.
SRY-related HMG-box 10 (SOX10) is a transcription factor
and a neural-crest differentiation marker that is used as a
diagnostic marker for melanoma whilst playing a role in
melanoma initiation through activation of the SOX10-MITF
axis. SOX10 was shown to play a role in melanoma initiation
by inducing expression of immune checkpoint molecules (e.g.,
HVEM and CEACAM1). In this study, we aimed to investigate
the relationship between SOX10 and the expression an immune
checkpoint molecule, programmed death-1 ligand 1 (PD-L1).
Materials and Methods: SOX10 overexpression and knockdown
was performed using SOX10 gene transfection and SOX10
siRNA transfection into A375 melanoma cells. PD-L1
expression was assessed by flow cytometry and western
blotting. T cell response was evaluated using NY-ESO-1
specific TCR-transduced T (TCR-T) cells by IFNγ ELISPOT
assay. Results: SOX10 overexpression increased the expression
of PD-L1, whereas SOX10 knockdown, using siRNA, decreased
its expression. IFNγ ELISPOT assay revealed that
overexpression of SOX10 decreased the susceptibility of cells

to NY-ESO-1-specific TCR-T cells. Conclusion: SOX10 has a
role in the intrinsic immune suppressive mechanisms of
melanoma through expression of PD-L1.  

Malignant melanoma is a major skin malignancy, with a
projected 99,780 new cases and 7,650 deaths in the United
States 2022 (1). Immunotherapy using immune checkpoint
inhibitors (ICIs) such as PD-1/PD-L1 blockade, CTLA-4
blockade, and LAG-3 blockade has improved the prognosis
of metastatic melanoma (2). Accordingly, the efficacy of
immunotherapy using PD-1/PD-L1 blockade is critical in
the prognosis of melanoma. PD-L1 expression is induced
via several mechanisms, including oncogenic and
inflammatory signaling, genomic alteration, and epigenetic
regulation (3). 

SOX10 belongs to the SOX transcription factor family and
is expressed in neural crest cells (4). SOX8, SOX9, and
SOX10 have a redundant DNA-binding motif, which suggests
redundant functions; however, SOX10 is expressed during
differentiation of peripheral nerves and melanoblasts,
indicating that SOX10 might be essential for these processes
(4). SOX10 is expressed at high rates in melanoma cells,
which are a malignant counterpart of melanocytes, and thus
SOX10 is a useful specific diagnostic marker for melanoma
(5). SOX10 induces the expression of microphthalmia-
associated transcription factor, an important transcription
factor for melanoma, and plays a role in cancer stem cells,
cell growth, and the invasion of melanoma cells (6). A recent
study revealed that SOX10 also plays a role in
melanomagenesis, partly evading immune response by
inducing immune checkpoint molecules such as CEACAM1
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and HVEM (7). However, another study reported that SOX10
suppressed the expression of PD-L1, thereby inhibiting the
IRF4-IRF1 axis (8). Considering these conflicting results, in
the present study, we aimed to further analyze the relationship
between SOX10 and the immune checkpoint molecule PD-
L1, and whether PD-L1 expression induced by SOX10 might
have a role in immune escape.  

Materials and Methods 

Cell lines and cell culture. A375, 888-mel, and Sk-mel-28
melanoma cell lines and T2 cells were purchased from the American
Type Culture Collection (Rockville, MD, USA). Cell lines were
maintained in Dulbecco’s modified Eagle’s medium or RPMI
(Sigma-Aldrich, St. Louis, MO, USA) supplemented with 10% fetal
bovine serum and 1% penicillin–streptomycin (5 mg/ml penicillin,
5 mg/ml streptomycin; Thermo Fisher Scientific, Waltham, MA,
USA). Cells were cultured in an incubator at 37˚C with humidified
air and 5% CO2.

SOX10 overexpression and down-regulation by siRNA. SOX10
cDNA was cloned from the 888-mel cell line. Total RNA was
isolated from 888-mel cells by RNeasy mini kit (Qiagen, Hilden,
Germany). cDNA was synthesized by RevertAid RT Reverse
Transcription Kit (Thermo Fisher Scientific), using 1 μg of total
RNA. The SOX10 gene was amplified using PrimeSTAR GXL
(Takara Bio Inc., Kusatsu, Japan) according to the manufacturer’s
protocol. Polymerase chain rection (PCR) was performed using
primers 5’-GGATCCATGGCGGAGGAGCAGGACCT-3’ and 5’-
CTCGAGTTACTTGTCGTCATCGTCTTTGTAGTCGCCCTTGTC
GTCATCGTCTTTGTAGTCGCCGGGCCGGGACAGTGTCGTAT-
3’; the PCR product was then digested by BamHI and XhoI and
subcloned into a pMXs-Puro expression vector. The sequence was
confirmed by Sanger sequencing. 

SOX10 cDNA transfection was performed using Lipofectamine
3000 reagent (Thermo Fisher Scientific) according to the
manufacturer’s protocol. For SOX10 knockdown, siRNA (Thermo
Fisher Scientific) was transfected using Lipofectoamine RNAi MAX
(Thermo Fisher Scientific) according to manufacturer’s protocol. 

Quantitative reverse transcription polymerase chain reaction. The
cells were transfected with SOX10 gene or siRNA, 36 h later the
cells were treated by IFN-γ, and then 12 h later mRNA was
extracted from cells using RNeasy Mini Kit (Qiagen). Total mRNA
from each sample was reverse-transcribed using the RevertAid RT
Reverse Transcription Kit (Thermo Fisher Scientific). Real-time
PCR (RT-PCR) was performed in triplicate for each sample, using
following primer sequences: human EF1α forward, 5’-CTGAAC
CATCCAGGCCAAAT-3’ and reverse, 5’-GCCGTGTGGCAATC
CAAT-3’; SOX10 forward, 5’-GCTGCTGAACGAAAGTG ACA-
3’ and reverse, 5’-GCCTGGGCTGGTACTTGTAG-3’; PD-L1
forward, 5’-TGAGGATATTTGCTGTCTTTATATTC-3’ and reverse,
5’-GTCCTTGGGAACCGTGACAGT-3’. Amplification of specific
PCR products was detected using PowerUP SYBR Green Master
Mix (Applied Biosystems, Foster City, CA, USA). Forty cycles of
PCR were performed using QuantStudio 3 Real-Time PCR System
(Thermo Fisher Scientific). Fold change of mRNA expression was
calculated as 2ΔCt before – ΔCt after, in which ΔCt=Ct specific probe
– Ct internal control. 

Flow cytometry and western blot. Flow cytometry was performed
using FACS Canto II (BD Biosciences, Franklin Lakes, NJ, USA)
as previously described (9). Anti-human PD-L1 (clone MIH3;
BioLegend, San Diego, CA, USA) and anti-human PD-1 (clone
EH12.2H7, BioLegend) were used to assess the surface expression
of PD-L1 and PD-1. Isotype control was used as a negative control. 

Western blot was performed as previously described (10). Total
cellular proteins were extracted from A375 cells at 4˚C using the
RIPA lysis buffer and then resolved on a 10% SDS-PAGE and
transferred to Immobilon-P membranes (Merck Millipore, Burlington,
MA, USA). Western blots were probed with the following antibodies:
anti-PD-L1 (clone E1L3N, Cell Signaling Technology, Danvers, MA,
USA), anti-IRF-1 (clone D5E4, Cell Signaling Technology), and anti-
β-actin (clone AC-15, Sigma-Aldrich). Anti-mouse IgG and anti-
rabbit IgG second antibodies (KPL, Gaithersburg, MD, USA) were
used at a dilution of 1:2,000. The membrane was visualized with
Chemiluminescent HRP Substrate (Merck Millipore). Imaging was
performed using the Odyssey XF imaging system (LI-COR
Biosciences Inc., Lincoln, NE, USA), and the bands were quantified
using LI-COR Image Studio software (LI-COR Biosciences). 

Establishment of TCR-T cells and IFNγ ELISPOT assay.
A*02:01/NY-ESO-1157-165 TCR (clone 1G4LY) was used to generate
T cell receptor gene–transduced T cells (TCR-T) cells as previously
described (11). TCRα and TCRβ sequences encoding 1G4 TCR
specific for HLA-A2 NY-ESO-1 peptide (12) were synthesized using
GeneArt (Thermo Fisher Scientific). PLAT-A amphotropic packaging
cells (Cosmo Bio) were transfected with the pMXs retroviral vector
encoding 1G4, using Lipofectamine 2000 reagent (Thermo Fisher
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Figure 1. SOX10 increased the expression of PD-L1 in A375 cells. (A)
Expression of SOX10 in SOX10-knockdown cells. A375 cells were
transfected with SOX10 siRNA, and 48 h later, the cells were treated
with IFNγ at several concentrations for 12 h, after which total RNA was
obtained and the expression of SOX10 was assessed by real-time
quantitative RT-PCR. Data are shown as means±SEM. (B) Expression
of SOX10 in SOX10-overexpressed cells. A375 cells were transfected
with SOX10 plasmid, and 48 h later, the cells were treated with IFNγ
at several concentrations for 12 h, after which total RNA was obtained
and the expression of SOX10 was assessed by real-time quantitative RT-
PCR. Data are shown as means±SEM. The expression of levels of
SOX10 showed no significant difference by IFNγ treatment. (C)
Expression of PD-L1 in SOX10-knockdown and -overexpressing cells.
A375 cells were transfected with SOX10 siRNA or SOX10 plasmid, and
48 h later, the cells were treated with IFNγ at several concentrations
for 12 h, after which total RNA was obtained and the expression of PD-
L1 was assessed by real-time quantitative RT-PCR. Data are shown as
means±SEM. SOX10 knockdown (KD) significantly decreased the
expression of PD-L1, on the other hand SOX10 overexpression (OE)
significantly increased the expression of PD-L1. (D) PD-L1 expression
under SOX10 knockdown and overexpression in 888-mel cells and SK-
MEL-28 cells. 888-mel cells and SK-MEL-28 cells were transfected with
SOX10 siRNA or SOX10 plasmid, 2 days later the expression of PD-L1
was addressed by qRT-PCR. Data are shown as mean±SEM. SOX10
knockdown (KD) significantly decreased the expression of PD-L1, on
the other hand SOX10 overexpression (OE) significantly increased the
expression of PD-L1. CTRL: Control.
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Scientific), and the culture supernatant was transduced onto PG13
cells (ATCC). Then, the peripheral blood mononuclear cells were
transduced with the PG13-derived retrovirus supernatants after
stimulation with 50 ng/mL anti-CD3 mAb (OKT3; BioLegend) for 3
days. The transduced cells were cultured in a complete AIM-V
medium (Thermo Fisher Scientific) containing 10% human AB
serum, rhIL-2 (100 IU/ml; PeproTech, Cranbury, NJ, USA), and rhIL-
15 (10 ng/ml; Miltenyi Biotec, Bergisch Gladbach, Germany) and
used for flow cytometry or the interferon-γ enzyme-linked
immunospot assay (IFNγ ELISPOT assay) as previously described
(13). Antigen-presenting cells (T2) were pre-incubated with 20 μM
synthetic peptides for 2 h at room temperature. Fifty-thousand TCR-
T cells were cultured with an equal number of target cells.

Statistical analysis. Student’s t-test was used to compare control group
and experimental group in qRT-PCR analysis and IFNγ ELISPOT
assay. p<0.05 was considered to indicate a significant difference. 

Results

Expression of PD-L1 was induced by SOX10 in melanoma
cells. SOX10 is a neural crest differentiation marker that is
expressed in tumors such as melanoma derived from the
neural crest, making SOX10 a useful diagnostic marker for
melanoma (5, 14). A previous study reported that SOX10
suppressed the expression of PD-L1 by inhibiting IRF1-IRF4

(8). However, there are several molecular mechanisms by
which expression of PD-L1 can be induced (3), and the data
presented by the authors in that study varied according to the
cell line used. In the present study, we further analyzed the
relationship between SOX10 and PD-L1 expression in
melanomas. We transfected SOX10 cDNA into melanoma
cells, including A375, 888-mel, and SK-MEL-28 (Figure 1A
and D). Then, PD-L1 gene expression was assessed by
quantitative RT-PCR (qRT-PCR). The expression of PD-L1
was increased by SOX10 overexpression, a finding that
conflicts the results of the previously mentioned study (8).
We thus further analyzed the expression of PD-L1 in protein
by using FACS analysis and western blot. FACS analysis
revealed that PD-L1 expression was obviously increased in
A375 melanoma cells (Figure 2). Based on these results, we
used A375 cells in the subsequent experiments. 

To confirm that SOX10 induces PD-L1 expression, we
performed SOX10 knockdown using siRNA. SOX10 siRNA
transfection decreased expression at the mRNA and protein
levels (Figure 1B, C and Figure 2).

SOX10 overexpression increased IRF1 protein expression. PD-
L1 expression is induced by IFNγ signaling (3), and we thus
investigated the effects of IFNγ under SOX10 expression.
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Figure 2. PD-L1 expression in SOX10 overexpression and knockdown. A375 cells were transfected with SOX10 siRNA or SOX10 plasmid, and 48 h
later, the cells were treated with IFNγ at several concentrations for 12 h, after which the expression of PD-L1 was assessed by FACS. Data are shown
as means±SEM. SOX10 knockdown (KD) decreased the expression of PD-L1, on the other hand SOX10 overexpression (OE) significantly increased
the expression of PD-L1 at protein levels. CTRL: Control. 



IFNγ stimulation increased PD-L1 at the mRNA and protein
levels (Figure 1C and Figure 2). A previous study revealed that
the expression of SOX10 decreased the transcription factor
IRF1 downstream of IFNγ signaling, and thus we analyzed the
expression of IRF1 under IFNγ stimulation. IFNγ stimulation
increased the protein expression of IRF1 in a dose-dependent
manner (Figure 3). In addition, overexpression of SOX10
increased IRF1 protein expression and downstream expression
of PD-L1 (Figure 3) in A375 cells. 

SOX10 overexpression attenuates reactivity of TCR-T cells.
Given that overexpression of SOX10 increased the immune
checkpoint molecule PD-L1, we hypothesized that T cell
recognition might be inhibited by overexpression of SOX10.
In this study, we used NY-ESO-1–specific TCR-T cells
because A375 cells express NY-ESO-1 endogenously and
can be recognized by NY-ESO-1 (12). We established an
HLA-A2–restricted 157-165 peptide of NY-ESO-1–specific
1G4 TCR-transduced TCR-T cells and the specificity was
confirmed by tetramer assay (data not shown). The TCR-T
cells specifically recognized NY-ESO-1 peptide-pulsed T2
cells (Figure 4A). 

We then investigated the TCR-T reactivity to SOX-10–
overexpressed A375 cells. The overexpression of SOX10 did
not decrease TCR-T recognition by IFNγ ELISPOT assay
(Figure 4C). Next, we performed FACS analysis to
investigate the expression of PD-1, the receptor for PD-L1.
FACS analysis revealed that TCR-T cells did not express PD-
1. We thus exhausted the TCR-T cells by treatment with
CD3/CD28 beads, which increased the expression of PD-1

(Figure 4B). Overexpression of SOX10 decreased recognition
by PD-1-positive TCR-T cells treated with CD3/CD28 beads
(Figure 4C).

Discussion 

Historically, melanoma has been considered a representative
immunogenic malignancy (15). Numerous cases of spontaneous
regression have been reported (16), and immunotherapy using
tumor-infiltrating lymphocytes (TILs) resulted in favorable
results, with 38%-56% objective responsive rates (17).
Furthermore, human tumor-associated antigens (TAAs) were
identified in melanoma for the first time in human malignancies
(18, 19). Genetic analysis revealed that melanoma carries the
highest mutational signature among human malignancies,
suggesting that melanoma expresses high rates of neoantigens
encoded by gene mutations (20, 21). However, most clinical
cases continue growing without therapeutic intervention,
suggesting that clinical melanoma might be in the escape phase
(22). The great success of immunotherapy using immune
checkpoint blockades indicates that immune checkpoint
molecules play a major role in immunological escape in
melanoma (23). Currently, small-molecule targeting immune
checkpoints have been developed (24). Therefore, mechanical
analysis of immune checkpoint molecules is essential to
overcome immunological escape in melanoma. In the present
study, we focused on SOX10 because it is a neural crest lineage
marker that is expressed at high rates in melanoma and plays a
transcriptional role. The immune checkpoint molecules HVEM
and CEACAM1 are reported to be downstream of SOX10,
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Figure 3. Western blots of PD-L1 and IRF-1 under SOX10 overexpression. A375 cells were transfected with SOX10 plasmid, and 48 h later, the
cells were treated with IFNγ at several concentrations for 12 h, after which the expression of IRF-1 and PD-L1 were assessed by western blotting.
β-actin was used as an internal positive control. The numerical data indicate the relative quantified data of the bands. SOX10 overexpression (OE)
increased the expression of PD-L1 and upstream protein IRF-1 at protein levels.



which plays a role in the tumorigenesis of melanoma via
immune escape (7). Similarly, microRNAs might also have a
role in immune escape (25). The expression of HVEM is
reported to be related to poorer prognosis in melanoma cases

(26). HVEM has a broader expression compared with PD-L1,
indicating that HVEM might be a novel target for
immunotherapy. However, another study reported that SOX10
inhibits IFNγ signaling by suppressing the expression of IRF1
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Figure 4. Overexpression of SOX10 enabled melanoma cell escape from TCR-T cells. (A) IFNγ ELISPOT assay of TCR-T cells. NY-ESO-1157-165–
specific TCR-transduced TCR-T cells were used. T2 cells were pulsed with NY-ESO-1157-165 peptide and used for IFNγ ELISPOT assay. HIV peptide
pulsed (+) and un-pulsed (−) samples were used as negative controls. (B) Expression of PD-1 in TCR-T cells treated with CD3/CD28 beads. NY-
ESO-1157-165–specific TCR-T cells were treated with CD3/CD28 beads for 3 days, and the expression of PD-1 was evaluated by FACS. An un-
treated sample (CD3/CD28 beads−) was used as a negative control. Isotype antibody was used a negative control for FACS. (C) IFNγ ELISPOT
assay of PD-1+ TCR-T cells for SOX10-overexpressed A375 cells. SOX10-overexpressed A375 cells were used for IFNγ ELISPOT assay. CD3/CD28
beads+ TCR-T cells were used as effector cells. CD3/CD28 beads− TCR-T cells were used as a negative control. Data are shown as means±SEM.
Statistical significance was evaluated by the Student’s t-test. SOX10 overexpression decreased the TCR-T reaction of CD3/CD28 beads treated PD-
1-positive cells, whereas did not decrease the CD3/CD28 bead un-treated PD-1-negative cells. 



and downstream PD-L1 (8). Their results are not in accordance
with ours; however, we used different melanoma cell lines, and
both studies found that reactivity to SOX10 varies according to
the cell line used. Thus, the SOX10 downstream reaction might
vary among cells given that SOX10 functions not only as
transcription factor but also as transcriptional repressor in many
target genes, reflecting the diversity of its functions (27, 28). 

Conclusion 
At present, it seems difficult to conclude whether SOX10
increases or decreases the expression of PD-L1. However,
PD-L1 can be induced by SOX10 in melanoma cells and PD-
L1 induced by SOX10 has a role in immunological escape
from CTLs. Therefore, SOX10 may be related to the intrinsic
immunological escape of melanoma cells. 

Conflicts of Interest 
The Authors have no financial conflicts of interest to disclose.

Authors’ Contributions
All Authors contributed to the study conception and design. Material
preparation, data collection, and analysis were performed by Kenta
Sasaki, Yoshihiko Hirohashi, Kenji Murata, Tomoyuki Minowa,
Munehide Nakatsugara, Aiko Murai, Yuka Mizue, Terufumi Kubo,
Takayuki Kanaseki, Tomohide Tsukahara, Hisashi Uhara, and
Akemi Ishida-Yamamoto. Data analysis was performed by Sadahiro
Iwabuchi and Shinichi Hashimoto. The first draft of the manuscript
was written by Kenta Sasaki, Yoshihiko Hirohashi, Akemi Ishida-
Yamamoto, and Toshihiko Torigoe, and all authors commented on
the revised versions of the manuscript. All Authors read and
approved the final manuscript. 

Acknowledgements 
This work was supported by the KAKENHI grant from the Japan
Society for the Promotion of Science (17H01540 to T. Torigoe and
20H03460 to Y. Hirohashi). This work was also supported by grants
from the Japan Agency for Medical Research and Development’s
Project for Cancer Research and Therapeutic Evolution (16770510 to
T. Torigoe and 20cm0106352h0002 to T. Kanaseki), the Project for
Promotion of Cancer Research and Therapeutic Evolution (22ama
221317h0001 to Y. Hirohashi), and the Japan Science and Technology
Agency’s CREST program (JPMJCR15G3 to S. Hashimoto).

References 
1 Siegel RL, Miller KD, Fuchs HE and Jemal A: Cancer statistics,

2022. CA Cancer J Clin 72(1): 7-33, 2022. PMID: 35020204.
DOI: 10.3322/caac.21708

2 Curti BD and Faries MB: Recent advances in the treatment of
melanoma. N Engl J Med 384(23): 2229-2240, 2021. PMID:
34107182. DOI: 10.1056/NEJMra2034861

3 Cha JH, Chan LC, Li CW, Hsu JL and Hung MC: Mechanisms
controlling PD-L1 expression in cancer. Mol Cell 76(3): 359-370,
2019. PMID: 31668929. DOI: 10.1016/j.molcel.2019.09.030

4 Bondurand N and Sham MH: The role of SOX10 during enteric
nervous system development. Dev Biol 382(1): 330-343, 2013.
PMID: 23644063. DOI: 10.1016/j.ydbio.2013.04.024

5 Mohamed A, Gonzalez RS, Lawson D, Wang J and Cohen C:
SOX10 expression in malignant melanoma, carcinoma, and normal
tissues. Appl Immunohistochem Mol Morphol 21(6): 506-510,
2013. PMID: 23197006. DOI: 10.1097/PAI.0b013e318279bc0a

6 Tudrej KB, Czepielewska E and Kozłowska-Wojciechowska M:
SOX10-MITF pathway activity in melanoma cells. Arch Med
Sci 13(6): 1493-1503, 2017. PMID: 29181082. DOI: 10.5114/
aoms.2016.60655

7 Rosenbaum SR, Tiago M, Caksa S, Capparelli C, Purwin TJ,
Kumar G, Glasheen M, Pomante D, Kotas D, Chervoneva I and
Aplin AE: SOX10 requirement for melanoma tumor growth is due,
in part, to immune-mediated effects. Cell Rep 37(10): 110085,
2021. PMID: 34879275. DOI: 10.1016/j.celrep.2021.110085

8 Yokoyama S, Takahashi A, Kikuchi R, Nishibu S, Lo JA, Hejna
M, Moon WM, Kato S, Zhou Y, Hodi FS, Song JS, Sakurai H,
Fisher DE and Hayakawa Y: SOX10 regulates melanoma
immunogenicity through an IRF4-IRF1 axis. Cancer Res 81(24):
6131-6141, 2021. PMID: 34728538. DOI: 10.1158/0008-
5472.CAN-21-2078

9 Sasaya T, Kubo T, Murata K, Mizue Y, Sasaki K, Yanagawa J,
Imagawa M, Kato H, Tsukahara T, Kanaseki T, Tamura Y,
Miyazaki A, Hirohashi Y and Torigoe T: Cisplatin-induced
HSF1-HSP90 axis enhances the expression of functional PD-L1
in oral squamous cell carcinoma. Cancer Med, 2022. PMID:
36200687. DOI: 10.1002/cam4.5310

10 Kubo T, Sato S, Hida T, Minowa T, Hirohashi Y, Tsukahara T,
Kanaseki T, Murata K, Uhara H and Torigoe T: IL-13 modulates
∆Np63 levels causing altered expression of barrier- and
inflammation-related molecules in human keratinocytes: A possible
explanation for chronicity of atopic dermatitis. Immun Inflamm
Dis 9(3): 734-745, 2021. PMID: 33792188. DOI: 10.1002/iid3.427

11 Nakatsugawa M, Yamashita Y, Ochi T, Tanaka S, Chamoto K,
Guo T, Butler MO and Hirano N: Specific roles of each TCR
hemichain in generating functional chain-centric TCR. J
Immunol 194(7): 3487-3500, 2015. PMID: 25710913. DOI:
10.4049/jimmunol.1401717

12 Robbins PF, Li YF, El-Gamil M, Zhao Y, Wargo JA, Zheng Z,
Xu H, Morgan RA, Feldman SA, Johnson LA, Bennett AD,
Dunn SM, Mahon TM, Jakobsen BK and Rosenberg SA: Single
and dual amino acid substitutions in TCR CDRs can enhance
antigen-specific T cell functions. J Immunol 180(9): 6116-6131,
2008. PMID: 18424733. DOI: 10.4049/jimmunol.180.9.6116

13 Matsuki M, Hirohashi Y, Nakatsugawa M, Murai A, Kubo T,
Hashimoto S, Tokita S, Murata K, Kanaseki T, Tsukahara T,
Nishida S, Tanaka T, Kitamura H, Masumori N and Torigoe T:
Tumor-infiltrating CD8(+) T cells recognize a heterogeneously
expressed functional neoantigen in clear cell renal cell
carcinoma. Cancer Immunol Immunother 71(4): 905-918, 2022.
PMID: 34491407. DOI: 10.1007/s00262-021-03048-6

14 Szumera-Ciećkiewicz A, Bosisio F, Teterycz P, Antoranz A,
Delogu F, Koljenović S, van de Wiel BA, Blokx W, van Kempen
LC, Rutkowski P, Christopher van Akkooi A, Cook M, Massi D
and EORTC Melanoma Group: SOX10 is as specific as S100
protein in detecting metastases of melanoma in lymph nodes and
is recommended for sentinel lymph node assessment. Eur
J Cancer 137: 175-182, 2020. PMID: 32781392. DOI:
10.1016/j.ejca.2020.06.037

Sasaki et al: SOX10 Induces PD-L1 Expression in A375 Melanoma

1483



15 Kalaora S, Nagler A, Wargo JA and Samuels Y: Mechanisms of
immune activation and regulation: lessons from melanoma. Nat
Rev Cancer 22(4): 195-207, 2022. PMID: 35105962. DOI:
10.1038/s41568-022-00442-9

16 Kalialis LV, Drzewiecki KT and Klyver H: Spontaneous
regression of metastases from melanoma: review of the
literature. Melanoma Res 19(5): 275-282, 2009. PMID:
19633580. DOI: 10.1097/CMR.0b013e32832eabd5

17 Rosenberg SA and Restifo NP: Adoptive cell transfer as
personalized immunotherapy for human cancer. Science 348(6230):
62-68, 2015. PMID: 25838374. DOI: 10.1126/science.aaa4967

18 van der Bruggen P, Traversari C, Chomez P, Lurquin C, De
Plaen E, Van den Eynde B, Knuth A and Boon T: A gene
encoding an antigen recognized by cytolytic T lymphocytes on
a human melanoma. Science 254(5038): 1643-1647, 1991.
PMID: 1840703. DOI: 10.1126/science.1840703

19 Kawakami Y, Eliyahu S, Delgado CH, Robbins PF, Rivoltini L,
Topalian SL, Miki T and Rosenberg SA: Cloning of the gene
coding for a shared human melanoma antigen recognized by
autologous T cells infiltrating into tumor. Proc Natl Acad Sci USA
91(9): 3515-3519, 1994. PMID: 8170938. DOI: 10.1073/pnas.
91.9.3515

20 Alexandrov LB, Nik-Zainal S, Wedge DC, Aparicio SA, Behjati
S, Biankin AV, Bignell GR, Bolli N, Borg A, Børresen-Dale AL,
Boyault S, Burkhardt B, Butler AP, Caldas C, Davies HR, Desmedt
C, Eils R, Eyfjörd JE, Foekens JA, Greaves M, Hosoda F, Hutter
B, Ilicic T, Imbeaud S, Imielinski M, Jäger N, Jones DT, Jones D,
Knappskog S, Kool M, Lakhani SR, López-Otín C, Martin S,
Munshi NC, Nakamura H, Northcott PA, Pajic M, Papaemmanuil
E, Paradiso A, Pearson JV, Puente XS, Raine K, Ramakrishna M,
Richardson AL, Richter J, Rosenstiel P, Schlesner M, Schumacher
TN, Span PN, Teague JW, Totoki Y, Tutt AN, Valdés-Mas R, van
Buuren MM, van ‘t Veer L, Vincent-Salomon A, Waddell N, Yates
LR, Australian Pancreatic Cancer Genome Initiative, ICGC Breast
Cancer Consortium, ICGC MMML-Seq Consortium, ICGC
PedBrain, Zucman-Rossi J, Futreal PA, McDermott U, Lichter P,
Meyerson M, Grimmond SM, Siebert R, Campo E, Shibata T,
Pfister SM, Campbell PJ and Stratton MR: Signatures of
mutational processes in human cancer. Nature 500(7463): 415-421,
2013. PMID: 23945592. DOI: 10.1038/nature12477

21 Schumacher TN, Scheper W and Kvistborg P: Cancer
neoantigens. Annu Rev Immunol 37: 173-200, 2019. PMID:
30550719. DOI: 10.1146/annurev-immunol-042617-053402

22 Schreiber RD, Old LJ and Smyth MJ: Cancer immunoediting:
integrating immunity’s roles in cancer suppression and
promotion. Science 331(6024): 1565-1570, 2011. PMID:
21436444. DOI: 10.1126/science.1203486

23 Topalian SL, Hodi FS, Brahmer JR, Gettinger SN, Smith DC,
McDermott DF, Powderly JD, Carvajal RD, Sosman JA, Atkins
MB, Leming PD, Spigel DR, Antonia SJ, Horn L, Drake CG,
Pardoll DM, Chen L, Sharfman WH, Anders RA, Taube JM,
McMiller TL, Xu H, Korman AJ, Jure-Kunkel M, Agrawal S,
McDonald D, Kollia GD, Gupta A, Wigginton JM and Sznol M:
Safety, activity, and immune correlates of anti-PD-1 antibody in
cancer. N Engl J Med 366(26): 2443-2454, 2012. PMID:
22658127. DOI: 10.1056/NEJMoa1200690

24 Akiyama Y, Ashizawa T, Iizuka A, Ando T, Ishikawa Y, Kondou
R, Miyata H, Maeda C, Kanematsu A, Sugino T and Yamaguchi
K: Development of novel small antitumor compounds inhibiting
PD-1/PD-L1 binding. Anticancer Res 42(11): 5233-5247, 2022.
PMID: 36288869. DOI: 10.21873/anticanres.16030

25 Weidle UH, AuslÄnder S and Brinkmann U: Micro RNAs
promoting growth and metastasis in preclinical in vivo models
of subcutaneous melanoma. Cancer Genomics Proteomics 17(6):
651-667, 2020. PMID: 33099468. DOI: 10.21873/cgp.20221

26 Malissen N, Macagno N, Granjeaud S, Granier C, Moutardier V,
Gaudy-Marqueste C, Habel N, Mandavit M, Guillot B, Pasero
C, Tartour E, Ballotti R, Grob JJ and Olive D: HVEM has a
broader expression than PD-L1 and constitutes a negative
prognostic marker and potential treatment target for melanoma.
Oncoimmunology 8(12): e1665976, 2019. PMID: 31741766.
DOI: 10.1080/2162402X.2019.1665976

27 Wegner M: All purpose Sox: The many roles of Sox proteins in
gene expression. Int J Biochem Cell Biol 42(3): 381-390, 2010.
PMID: 19631281. DOI: 10.1016/j.biocel.2009.07.006

28 Fufa TD, Harris ML, Watkins-Chow DE, Levy D, Gorkin DU,
Gildea DE, Song L, Safi A, Crawford GE, Sviderskaya EV,
Bennett DC, Mccallion AS, Loftus SK and Pavan WJ: Genomic
analysis reveals distinct mechanisms and functional classes of
SOX10-regulated genes in melanocytes. Hum Mol Genet 24(19):
5433-5450, 2015. PMID: 26206884. DOI: 10.1093/hmg/ddv267

Received December 29, 2022
Revised January 5, 2023

Accepted January 23, 2023

ANTICANCER RESEARCH 43: 1477-1484 (2023)

1484


