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ABSTRACT
◥

Loss-of-function mutations of JAK1/2 impair cancer cell respon-
siveness to IFNg and immunogenicity. Therefore, an understanding
of compensatory pathways to activate IFNg signaling in cancer cells is
clinically important for the success of immunotherapy. Here we
demonstrate that the transcription factor SOX10 hinders immuno-
genicity of melanoma cells through the IRF4–IRF1 axis. Genetic and
pharmacologic approaches revealed that SOX10 repressed IRF1
transcription via direct induction of a negative regulator, IRF4. The
SOX10–IRF4–IRF1 axis regulated PD-L1 expression independently
of JAK–STAT pathway activity, and suppression of SOX10 increased

the efficacy of combination therapy with an anti-PD-1 antibody and
histone deacetylase inhibitor against a clinically relevant melanoma
model. Thus, the SOX10–IRF4–IRF1 axis serves as a potential target
that can bypass JAK-STAT signaling to immunologically warm up
melanoma with a "cold" tumor immune microenvironment.

Significance: This study identifies a novel SOX10/IRF4 pathway
that regulates noncanonical induction of IRF1 independent of the
JAK–STAT pathway and can be targeted to improve the efficacy of
anti-PD-1 therapy in melanoma.

Introduction
Unresponsiveness to cancer immunotherapies, including immune

checkpoint inhibitors (ICB), is mainly determined by the immuno-
genicity of the cancer cells as well as surrounding tumor microenvi-
ronment (TME; ref. 1). In general, an immunologically inflamed “hot”
TME shows a signature of antitumor CD8þ T-cell responses and
corresponds to better clinical responses to ICBs, whereas an immu-
nologically “cold” TME corresponds to poor clinical responses to
ICBs (2). In such immunologically “cold”TME, cancer cells often show
low immunogenicity because of their lowmutation burden (3), lacking
expression of cancer-specific or cancer-associated antigens, or impair-
ing antigen-presentation machineries (4–6); therefore, they cannot be
recognized by antitumor CD8þ T cells.

IFNg is a proinflammatory cytokine and mainly produced by
cytotoxic CD8þ T cells, natural killer cells, and type I helper CD4þ

T cells. Once it binds to a specific receptor, IFNg activates the JAK–
STAT signaling pathway and induces proinflammatory gene expres-
sion through the transcription of IFN regulatory factor 1 (IRF1). IRF1

is considered as a master regulator of cell immunogenicity because
many of its target genes are critical for determining the immunoge-
nicity of cells such as antigen-presentingmolecules (MHCclass I, TAP,
b2M; ref. 7) and ligands of immune inhibitory receptors (PD-L1 and
PD-L2; ref. 8). In particular, the association between PD-L1 expression
on cancer cells and clinical responsiveness to ICBs has been reported in
a variety of cancers including melanoma, which is one of the most
immunogenic cancer types (9–12). Recently, JAK1/2 mutation was
identified as both a primary and acquired mechanism of resistance to
ICBs in cancers including melanoma (5, 6). By lacking responsiveness
to IFNg with loss-of-function mutations of JAK1/2, the immunoge-
nicity of cancer cells is significantly impaired; therefore, having an
understanding of other bypassing pathways that activate IRF1 in
cancer cells is clinically important.

In this study, we demonstrate that SOX10 regulates the immuno-
genicity of melanoma through transcriptional control of the IRF4–
IRF1 axis. Using both genetic and pharmacologic approaches, we also
demonstrate that SOX10 represses IRF1 transcription through the
direct induction of a negative IRF1 regulator, IRF4. Importantly, the
SOX10–IRF4 axis independently regulates IRF1 expression from the
JAK–STAT signaling pathway in melanoma, and the suppression of
SOX10 is involved in the efficacy of combination therapy of anti-PD-1
antibody and histone deacetylase inhibitor (HDACi) against a clin-
ically relevant murine melanoma model.

Materials and Methods
Reagents and plasmids

JAK inhibitor, baricitinib, was purchased from MedChem Express.
HDACis used were vorinostat (suberoylanilide hydroxamic acid;
Cayman Chemical), TMP269 (Cayman Chemical), ACY-1215
(BioVision), RGFP109 (MedChemExpress), CAY10683 (Cayman
Chemical), and BRD73954 (Sigma-Aldrich).

The plasmids used were pLenti CMV-E2/Crimson and pLenti-
CMV-SOX10, which subcloned E2-Crimson fluorescent gene (Takara
Bio) human SOX10 cDNA into pLenti CMVHygro DEST [a gift from
Eric Campeau and Paul Kaufman (Addgene plasmid #17454); ref. 13].
pLNCX and pLNCX-SOX10 were described previously (14).

1Department of Cancer Cell Biology, Faculty of Pharmaceutical Sciences,
University of Toyama, Toyama, Japan. 2Department of Dermatology, Cutaneous
Biology Research Center, Massachusetts General Hospital, Harvard Medical
School, Boston, Massachusetts. 3Department of Physics, University of Illinois,
Urbana-Champaign, Urbana, Illinois. 4Division of Pathogenic Biochemistry,
Institute of Natural Medicine, University of Toyama, Toyama, Japan.
5Department of Immunology, Center for 5D Cell Dynamics, Nagoya University
Graduate School ofMedicine, Nagoya, Japan. 6Department ofMedicalOncology,
Dana-Farber Cancer Institute, Boston, Massachusetts.

Note: Supplementary data for this article are available at Cancer Research
Online (http://cancerres.aacrjournals.org/).

Corresponding Author: Satoru Yokoyama, Department of Cancer Cell Biology,
Faculty of Pharmaceutical Sciences, University of Toyama, 2630 Sugitani,
Toyama 9300194, Japan. Phone: 81-76-434-7522; Fax: 81-76-434-7520; E-mail:
yokoyama@pha.u-toyama.ac.jp

Cancer Res 2021;81:6131–41

doi: 10.1158/0008-5472.CAN-21-2078

�2021 American Association for Cancer Research

AACRJournals.org | 6131

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/81/24/6131/3013963/6131.pdf by guest on 19 M

ay 2023

http://crossmark.crossref.org/dialog/?doi=10.1158/0008-5472.CAN-21-2078&domain=pdf&date_stamp=2021-12-2
http://crossmark.crossref.org/dialog/?doi=10.1158/0008-5472.CAN-21-2078&domain=pdf&date_stamp=2021-12-2


Cell cultures
Humanmelanoma linesUACC62,UACC257, andMalme-3Mwere

obtained from the NCI. 501mel was a gift from Ruth Halaban (Yale
UniversityMedical School, NewHaven, CT). Other humanmelanoma
cell lines were from ATCC. UACC257, A2058, SK-MEL-28, Malme-
3M,UACC62, and SK-MEL-2 humanmelanoma cells were cultured in
RPMI1640 medium (Nissui) containing 10% FBS and penicillin/
streptomycin/L-glutamine. A375, MeWo, Hs 940.T, M14, and SK-
MEL-5 human melanoma cells were cultured in DMEM (Nissui)
containing 10% FBS and penicillin/streptomycin/L-glutamine.
RPMI7951 human melanoma cells were cultured in Eagle Minimum
Essential Medium (Nissui) containing 10% FBS and penicillin/strep-
tomycin/L-glutamine. The D4M melanoma cell line was a gift from
DavidMullins (15). The D4M.3A.3 cell line, referred to as D4M in this
study, was derived from single-cell cloning of D4M.3A, as described
previously (16).

For siRNAknockdown experiments, siRNA for SOX10 (s13309 and
s13310, Thermo Fisher Scientific), siRNA for IRF1 (s7503, Thermo
Fisher Scientific), siRNA for IRF4 (s7511, Thermo Fisher Scientific), or
negative control #1 (Thermo Fisher Scientific) was used for transfec-
tion at a final concentration of 12.5 nmol/L of melanoma cells by
Lipofectamine RNAiMAX reagent (Thermo Fisher Scientific).

The stable A375 transformed cells containing pLNCX empty or
pLNCX-SOX10 (full-length SOX10; ref. 14) were selected with G418
(500 mg/mL; Sigma-Aldrich), and referred to as A375 (�) and A375/
SOX10. The stable A2058 transformed cells containing pLenti CMV-
E2/Crimson or pLenti-CMV-SOX10 were selected with hygromycin
(400 mg/mL; Sigma-Aldrich), and referred to as A2058 (�) and A2058
SOX10. The stable D4M/SOX10 cells were established similarly to
A2058/SOX10 cells.

Gene expression and bioinformatics
Gene profiles were analyzed byGenePattern (Broad Institute ofMIT

and Harvard, Cambridge, MA). Publically available datasets used in
this article were GSE7127 containing 63 melanomas (17) and data on
62 skin cancers were obtained from the Broad Novartis Cancer Cell
line Encyclopedia (http://www.broadinstitute.org/ccle/home; ref. 18).
Pearson correlation values of other mRNA expressions with PD-L1
mRNA expression were calculated by Excel.

qRT-PCR
Total RNAs were prepared using RNeasy Plus Mini Kit (Thermo

Fisher Scientific) from human melanoma cells. qRT-PCR was per-
formed using One Step SYBR PrimeScript RT-PCR Kit II (Perfect
Real-Time; Takara Bio). The primers used were: 50-AGC TCA GCA
AGA CGC TGG-30 (sense) and 50-CTT TCT TGT GCT GCA TAC
GG-30 (antisense) for SOX10 mRNA, 50-CCA GCA CAC TGA GAA
TCA ACA-30 (sense) and 50-ATT TGG AGG ATG TGC CAG AG-30

(antisense) for PD-L1 mRNA, 50-CTT CCA TGG GAT CTG GAA
GA-30 (sense) and 50-GAC CCT GGC TAG AGA TGC AG-30 (anti-
sense) for IRF1 mRNA, and 50-GCA CAG AGC CTC GCC TT-30

(sense) and 50-GTT GTC GAC GAC GAG CG-30 (antisense) for
b-actin mRNA. All reactions were run in triplicate, and mRNA levels
were normalized to b-actinmRNA expression. To check correlations,
expression values for each gene were normalized to amean of zero and
a SD of one.

Flow cytometry
Cells were reverse transfected with 12.5 nmol/L siRNA for 96 hours,

as above, treated with each HDACi for 24 hours, or treated with IFNg
for 24 hours.Human ormouseCD274was stainedwith PE-conjugated

anti-human or mouse CD274 antibody (eBioscience). Human CD273
or HLA-A/B/C was stained with PE-conjugated anti-human CD273
antibody (eBioscience) or FITC-conjugated anti-human HLA-ABC
(BD Pharmingen). For staining immune cells in melanoma tissues,
FITC-anti-CD3e (2C11), PE-anti-CD4, PerCP Cy5.5-anti-NK1.1
(PK136), PE Cy7-anti-4–1BB, and APC-anti-CD8 antibody were
purchased from BioLegend or eBioscience. All flow cytometry data
were analyzed using FlowJo software (Treestar Software).

Western blotting analysis
Whole-cell extracts (10 mg/lane) or nuclear extracts were prepared

using the method of Schreiber and colleagues (19) and then subjected
to Western blotting analysis using anti-SOX10 antibody (Santa
Cruz Biotechnology), anti-MITF antibody (C5), anti-IRF4 antibody
(Santa Cruz Biotechnology), anti-IRF1 antibody (Cell Signaling
Technology), anti-a-tubulin antibody (Sigma), or anti-histone H3
antibody (Abcam). The band intensities were measured by ImageJ and
normalized to that of each control lane.

Chromatin immunoprecipitation assay
Chromatin immunoprecipitation (ChIP) assays were performed as

described previously (20). Antibody used was anti-RNA polymerase II
serine2 phosphorylation (Abcam) or anti-SOX10 antibody (Santa cruz
Biotechnology). Primers used were: 50-GAG GAA ACT GAG GTC
CAAAGAA -30 (sense) and 50-GCCCAGACTTCAGAGCTAATC
-30 (antisense) for the PD-L1 intron 3 gene region, 50-GCA AAGGCA
TTCCACTGTTC -30 (sense) and 50-GCA TCTTCTACCTCCATC
CAT AC-30 (antisense) for the PD-L1 exon 7 gene region, 50-TGG
AGGGAATCGTGACCTA -30 (sense) and 50-GCTAAGACCAGG
ACG CTA AC-30 (antisense) for the IRF1 intron 1 gene region,
50-AGG GCA GCT GAT CTC TTC A-30 (sense) and 50-GGC TAA
ACC TGG CAC CAA A-30 (antisense) for the IRF4 intron 4 gene
region, and 50-TGG GCT GTT TCT GGT AAT CA-30 (sense) and
50-CAC CTT GGA ATT TCC TGT GC -30 (antisense) for the MIA
gene region.

The Cancer Genome Atlas patient survival data
We classified patients with The Cancer Genome Atlas (TCGA)

melanoma as SOX10low and SOX10high based on the bottom and top
quintile of SOX10 mRNA expression, respectively. We used the
“lifelines” package for Python to plot Kaplan–Meier curves and to
compute the associated log-rank P value. To control for age, we also
evaluated age-adjusted P values using the Cox model with two
parameters: patient age and indicator variable specifying SOX10high

and SOX10low groups. Since in the latest version of TCGA data, the
expression value of SOX10 is erroneously set to zero for all TCGA
samples across all cancers, our patient survival analysis used the
legacy TCGA data downloaded from the GDC Legacy Archive on
March 26, 2021.

Animal model
C57BL/6 mice (6 weeks old) were purchased from Japan SLC Inc..

All experiments were approved and performed according to the
guidelines of the Care and Use of Laboratory Animals of University
of Toyama (Toyama, Japan). The D4M or D4M/SOX10 cells were
inoculated subcutaneously (5� 105 cells/100 mL in PBS/mice) into the
flanks of anesthetized mice. Mice in each group intra-peritoneally
received vorinostat in 10% DMSO solution (25 mg/kg/day) or vehicle
every day and anti-PD-1 antibody (10mg/kg/day, RMP1–14, BioXcell)
on days 7 and 9. The tumor volume was assessed every 2 days starting
from day 3. The data are presented as the mean luminescence� SEM.
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Statistical analysis
Significancewas calculated usingGraphpadPrism software (Graph-

Pad Software, Inc.). All statistical analyses were performed using the
data from at least three independent experiments. More than three
means were compared using two- or one-way ANOVA with Bonfer-
roni correction, and two means were compared using the unpaired
Student t test. P < 0.01 was considered significant.

Results
SOX10 is negatively correlated with PD-L1 expression in
melanoma

To identify genes that intrinsically regulate PD-L1 expression in
melanoma, we first examined the correlation of gene expression
relative to PD-L1 in melanoma using publically available datasets
[GSE7127 (17) and datasets from the Broad Novartis Cancer Cell line
Encyclopedia (CCLE; ref. 18; Fig. 1A; Supplementary Fig. S1]. A gene
with one of the strongest negative correlations with PD-L1 expression
in melanoma is SOX10 (Pearson correlation values are�0.554, top of
54,676 probes inGSE7127, and�0.621, ninth of 18,988 genes inCCLE,
respectively), and it was also confirmed inmRNA expression (Pearson
correlation value is �0.349; Fig. 1B). To determine the negative
correlation at protein levels of SOX10 and PD-L1, we used four
melanoma cell lines that have a distinct SOX10 expression status
(Fig. 1C). As shown in Fig. 1C, the cell surface expression of PD-L1
on melanoma cell lines with a high SOX10 status (UACC257 and
A2058) was lower than that on melanoma cells with a low SOX10
status (RPMI7951 and Hs.940.T). The expression of SOX10 in
UACC257 and A2058 cells should be functional because MITF,
which is a downstream target of SOX10 (21–24), was coexpressed
in those cells. To examine the clinical relevance of our findings in
patients with melanoma, we reanalyzed the dataset of gene expres-
sion of patients with melanoma by classifying the SOX10high and
SOX10low status. As shown in Fig. 1D, there was a strong corre-
lation with poor survival in patients with the SOX10high status
compared with the patients with the SOX10low status, therefore
SOX10 expression could serve as a prognostic factor in patients with
melanoma (age adjusted Cox regression P value ¼ 0.041, log-rank P
value ¼ 0.023).

SOX10 negatively regulates PD-L1 expression in melanoma
Next, to understand the functional involvement of SOX10 in

regulating PD-L1 expression in melanoma, we knocked down SOX10
in several human melanoma cell lines with high SOX10 expression
(UACC257, A2058, andA375) ormedium SOX10 expression (MeWo,
SK-MEL-28, and Malme-3M). SOX10 knockdown using SOX10
siRNA in UACC257, A2058, MeWo, and A375 cells resulted in
upregulation of cell surface expression of PD-L1 (Fig. 2A; Supple-
mentary Fig. S2A). Although SOX10 knockdown in SK-MEL-28 and
Malme-3M cells did not solely affect their PD-L1 expression (Fig. 2A;
Supplementary Fig. S2A), IFNg-induced PD-L1 expression in both cell
lines was increased by SOX10 knockdown (Fig. 2B). These results
suggest that SOX10 also regulates PD-L1 expression in SK-MEL-28
and Malme-3M cells in response to IFNg . Conversely, SOX10 over-
expression inhibited IFNg-induced PD-L1 expression in A2058 cells
(Fig. 2C). Importantly, the JAK-dependent IFNg signaling pathway
was not involved in the SOX10-dependent control of PD-L1 expres-
sion, considering that treatment with the JAK inhibitor baricitinib did
not affect PD-L1 expression induced by siSOX10 treatment (Fig. 2D;
Supplementary Fig. S2B and S2C), although baricitinib could inhibit
IFNg-induced PD-L1 expression. These results clearly indicate that

SOX10 negatively regulates PD-L1 expression independently of the
JAK–STAT IFNg signaling pathway in melanoma.

SOX10 regulates PD-L1 expression by repressing IRF1
AsmRNA expression of PD-L1was inversely correlated with that of

SOX10 (Fig. 1A), we subsequently examined the role of SOX10 in
transcriptional control of PD-L1 gene expression by the ChIP assay
using antibody against polymerase II with Ser2 phosphorylation (Pol-
II S2). As shown in Fig. 3A, increased Pol-II S2 occupancy was seen in
intron 3 and exon 7 of the PD-L1 gene by SOX10 knockdown in
UACC257 cells. In addition, we also observed increased Pol-II S2
occupancy in intron 1 of the IRF1 gene, which is known as a key
regulator of PD-L1 expression (Fig. 3A; ref. 8). Consistently, mRNA
expression of PD-L1 and IRF1 was increased by SOX10 knockdown in
UACC257 cells (Fig. 3B), suggesting the function of SOX10 to control
IRF1 transcription machinery. To determine the role of SOX10 as a
negative regulator of IRF1, we analyzed the protein expression of IRF1
in different melanoma cell lines by knocking down SOX10. As shown
in Fig. 3C, SOX10 knockdown significantly upregulated IRF1 expres-
sion in A2058, UACC257, SK-MEL-28, andMalme-3M cells, suggest-
ing the function of SOX10 as a repressor of IRF1.We also observed that
such IRF1 induction after SOX10 knockdown was independent on
JAK activity (Supplementary Fig. S2B). In addition to PD-L1, both
PD-L2 and HLA-A/B/C are known as IRF1-target genes (7, 8), were
upregulated by SOX10 knockdown in UACC257 cells (Fig. 3D).
Conversely, IRF1 knockdown significantly impaired the PD-L1 upre-
gulation by SOX10 knockdown in UACC257 cells (Fig. 3E). Collec-
tively, these results indicate that SOX10 regulates PD-L1 expression in
melanoma cells through the repression of IRF1.

SOX10 represses IRF1 through direct binding to the IRF4
enhancer region

Considering that IRF4 is amajor pigmentation-associated gene (25)
and known to repress IRF1 (26), we subsequently investigated the role
of IRF4 in the SOX10-dependent regulation of PD-L1 expression in
melanoma cells. Similar toMITF, which is a direct target of SOX10, the
expression of IRF4 in four different melanoma cell lines was signif-
icantly decreased by knocking down SOX10 (Fig. 4A). Such IRF4
downregulation by SOX10 knockdown was likely due to the reduction
of IRF4 transcription, as seen in the decrease of Pol-II occupancy in the
PD-L1 gene (Fig. 4B). To further determine whether SOX10 directly
regulates IRF4 expression, binding of SOX10 to intron 4 of the IRF4
gene, which contains a pigmentation-associated enhancer region (25),
was tested using ChIP. As shown in Fig. 4C, the IRF4 region was
immunoprecipitated using anti-SOX10 antibody similar to the MIA
region, which is a direct SOX10 target gene (27), suggesting the direct
binding of SOX10 to the IRF4 enhancer region. Consistently, IRF4
knockdown significantly enhanced IFNg-induced PD-L1 expression,
whereas either IRF1 knockdown or IRF1/IRF4 double knockdown
reduced such an effect of IFNg (Fig. 4D). Collectively, these results
suggest that SOX10 negatively regulates PD-L1 expression by directly
binding to the IRF4 enhancer region to repress IRF1.

Involvement of HDAC1/3 in controlling PD-L1 expression
through SOX10

Because SOX10 expression is reportedly suppressed by (HDACis
(refs. 14, 28), we examined the effects of a clinically available pan-
HDACi vorinostat (suberoylanilide hydroxamic acid) on the expres-
sion of PD-L1 in melanoma. As shown in Fig. 5A, cell-surface PD-L1
expression was induced by vorinostat treatment in all four human
melanoma cell lines tested. Importantly, the vorinostat treatment
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reduced IRF4 expression and thereby induced IRF1 expression along
with suppressing SOX10 expression in those melanoma cell lines.
Similar with that after SOX10 knockdown, PD-L1 induction after
vorinostat treatment could not be impaired by JAK inhibitor
(Supplementary Fig. S3A). Furthermore, the overexpression of SOX10
in A375 cells significantly impaired the effect of HDACi to induce
PD-L1 expression (Fig. 5B), suggesting that SOX10 can be a major
target of HDACi to induce PD-L1 expression through the IRF4–IRF1
axis in melanoma.

To determine the specific subtype of HDACs involved in SOX10
suppression, we tested the effect of HDACi with different specificities
on SOX10 expression. ACY-1215 (inhibiting HDAC1, 2, 3, 6, and 8)
and RGFP109 (inhibiting HDAC1 and 2) significantly suppressed
SOX10 expression in UACC257 cells, whereas TMP269 (inhibiting

HDAC4, 5, 7, and 9), CAY10683 (inhibiting HDAC2), and BRD73954
(inhibiting HDAC6 and 9) did not show any effects on SOX10
expression (Supplementary Fig. S3B); therefore, HDAC1/3 can be
potential subtypes of HDAC involved in SOX10 suppression. Impor-
tantly, treatment with ACY-1215 or RGFP109 significantly
up-regulated PD-L1 expression of UACC257 cells (Supplementary
Fig. S3C), supporting the involvement of HDAC1/3 in controlling
PD-L1 expression through SOX10.

SOX10 suppression underlies the synergistic effect of HDACi
and PD-1 blockade

Both tumor immunogenicity and the presence of effector T cells are
key for successful immunotherapy against cancer. In this regard, it has
been reported that HDAC inhibition potentiates the efficacy of

Figure 1.

SOX10 is negatively correlated with
PD-L1 expression in melanoma. A,
Expression analysis of SOX10 mRNA
and all other mRNAs in melanoma
cell lines shows an inverse Pearson
correlation relative to PD-L1 mRNA
(GSE7127). B, SOX10 mRNA shows
a negative correlation with PD-L1
mRNA by real-time RT-PCR. Pearson
correlation value (r) is shown. C, The
expressions of SOX10 and MITF were
determined in melanoma cells with
high SOX10 levels (UACC257 and
A2058) or with low SOX10 levels
(RPMI7951 and Hs.940.T). PD-L1
expressions on the cell surface were
also determined by flow cytometry.
D, Kaplan–Meier curves for SOX10low

(red) and SOX10high (blue) groups
of patients with TCGA melanoma.
Log-rank P value ¼ 2.3 � 10�2, age-
adjusted Cox-model P value ¼ 4.1 �
10�2. The number of patients in each
group is indicated in parentheses.
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Figure 2.

SOX10 negatively regulates PD-L1 expres-
sion in melanoma. A, Melanoma cells with
high SOX10 expression (UACC257, A2058,
and A375) or medium SOX10 expression
(MeWo, SK-MEL-28, and Malme-3M) trans-
fected with siCNTL or siSOX10 (#9 or #10)
were subjected to flow cytometry. Repre-
sentative flow cytometry graphs are
shown. Themean fluorescent intensities are
presented as the mean � SD of at least
three independent experiments. � , P < 0.01
versus mean fluorescent intensity in each
siCNTL-transfected cells by one-way
ANOVA followed by the Bonferroni after
test. B, UACC257, A2058, SK-MEL-28, and
Malme-3M transfected with siCNTL or
siSOX10 (#10) were treated with IFNg and
then subjected to flow cytometry. Repre-
sentative flow cytometry graphs are
shown. Themean fluorescent intensities are
presented as the mean � SD of at least
three independent experiments. � , P < 0.01
versus mean fluorescent intensity in
siCNTL/IFNg-treated cells compared with
siSOX10/IFNg-treated cells by one-way
ANOVA followed by the Bonferroni after
test. Other conditions were similar to those
in A. C, A2058 (�) and A2058/SOX10 cells
were treated with IFNg and then subjected
to flow cytometry. Right, The overexpres-
sion of SOX10 determined byWestern blot-
ting. Representative flow cytometry graphs
are shown. Themean fluorescent intensities
are presented as the mean � SD of at least
three independent experiments. � , P < 0.01
versus mean fluorescent intensity in IFNg-
treated A2058 cells compared with IFNg-
treated A2058/SOX10 cells by two-way
ANOVA followed by the Bonferroni after
test. Other conditions were similar to those
in A. D, UACC257 cells were transfected
with siCNTL and siSOX10 #10, and treated
with 0.5 mmol/L baricitinib. After 72-hour
transfection, the culture medium was
refreshed with 0.5 mmol/L baricitinib. The
cells were subjected to flow cytometry.
Representative flow cytometry graphs
are shown. Themean fluorescent intensities
are presented as the mean � SD of at least
three independent experiments. Other
conditions were similar to those in A.
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immune checkpoint blockade to enhance T-cell infiltration into the
tumor site by upregulating chemokines (29), althoughHDACi showed
limited clinical efficacy as a single agent in a phase I trial involving
patients with melanoma (30). To test the involvement of SOX10
suppression in the efficacy of such combination therapy with HDACi
and immune checkpoint blockade, we used the D4M melanoma
model. D4M is a mouse melanoma cell line derived from
BRAFV600E/Pten�/� mice (15) with a low mutation burden (16);

therefore, it is known to show the lower level responsiveness to
PD-1 blockade (16). As seen in human melanoma cell lines (Fig. 5),
the expression of PD-L1 in D4M cells was increased on vorinostat
treatment in vitro (Fig. 6A). To test the effect of combination therapy
with HDACi and PD-1 blockade in vivo, we used the subcutaneous
implantation model of D4M melanoma cells. Although neither
HDACi (vorinostat) nor anti-PD-1 antibody treatment was solely
effective, their combination significantly suppressed D4M melanoma

Figure 3.

SOX10 regulates PD-L1 expression by repressing IRF1. A, UACC257 cells were transfected with the indicated siRNAs for 96 hours. The ChIP assay was performed using
antibody against the a-Pol II S2. Immunoprecipitated DNA was quantified by real-time PCR using primers specific to the gene region of PD-L1 or IRF1. Results are
normalized to thePol-II S2 occupancy in siCNTL-transfected cells. Data arepresented as themean� SDof three independent experiments. � ,P<0.01 versusa-Pol II S2–
precipitatedDNA in siCNTL-transfectedcellsby two-wayANOVAfollowedby theBonferroni after test.B,UACC257cells transfectedwith siCNTLor siSOX10 (#9or#10)
were subjected to qRT-PCR. Data are presented as themean� SD of three independent experiments. � , P < 0.01 versus mRNA in siCNTL-transfected cells by two-way
ANOVA followed by the Bonferroni after test. C,Melanoma cells transfected with the indicated siRNAs were subjected toWestern blotting. The band intensities were
measured by ImageJ, normalized to that of each histone H3. The relative expression values were normalized to that of siCNTL-transfected cells and are shown below
eachpanel.D,UACC257 cells transfectedwith siCNTLor siSOX10 (#9or#10)were subjected toflowcytometry after staining PD-L2orHLA-A/B/C. Representativeflow
cytometry graphs are shown. The mean fluorescent intensities are presented as the mean � SD of at least three independent experiments. � , P < 0.01 versus mean
fluorescent intensity in each siCNTL-transfected cells by one-wayANOVA followed by the Bonferroni after test.E,UACC257 cells transfectedwith siCNTL, siSOX10#10,
or siIRF1#3were subjected toflowcytometryandWesternblotting. Representativeflowcytometrygraphsareshown.Themeanfluorescent intensitiesarepresentedas
themean� SD of at least three independent experiments. � , P < 0.01 versusmean fluorescent intensity in siSOX10-transfected UACC257 cells comparedwith siSOX10/
siIRF1-transfected UACC257 cells by two-way ANOVA followed by the Bonferroni after test. Other conditions were similar to those in D.
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growth (Fig. 6B) and showed a beneficial effect on the survival of
tumor-bearing mice (Fig. 6C). Consistent with a previous report (30),
vorinostat treatment increased the frequency of tumor-infiltrating
CD3þ T cells compared with control mice (Fig. 6D); however, it was
not effective on its own to control D4M tumor growth (Fig. 6B). The
reduction of SOX10mRNA (Fig. 6E) and, conversely, the upregulation
of PD-L1 (Fig. 6F) were observed inD4M tumors treated withHDACi
in vivo. Importantly, combination therapy withHDACi and anti-PD-1
antibody induced the activation of tumor-infiltrating CD8þ T cells, as
seen in the expression of 4-1BB (Fig. 6G). Finally, to determine the
involvement of SOX10 in the efficacy of combination therapy with
HDACi and anti-PD-1 antibody, we used D4M cells overexpressing
SOX10 (D4M/SOX10). As shown in Fig. 6H, the effects of combina-
tion therapy with HDACi and anti-PD-1 antibody to control D4M/
SOX10 tumor growthwere completely blocked, suggesting that SOX10
suppression is an underlying mechanism explaining the efficacy of the
combination of HDACi with PD-1 blockade therapy.

Discussion
In the current study, we identified the regulatory role of the

SOX10–IRF4–IRF1 axis in melanoma immunogenicity indepen-

dent of JAK-dependent IFN signaling. Regarding the clinical
relevance of our findings, we demonstrated that HDACi can
improve the efficacy of anti-PD-1 therapy through a SOX10-
dependent mechanism, possibly by enhancing the immunogenicity
of melanoma cells.

SOX10 is known to be an indispensable gene for development of
melanocytes and peripheral glial cells, derived from neural crest
lineages; therefore, loss of function via SOX10 mutation causes
Waardenburg syndrome type 4 in humans, which is an auditory-
pigmentary syndrome associated with a megacolon (31). MITF is a
direct SOX10 target molecule (21–24) and master regulator of mela-
nocyte development, function, and survival, and is a genomically
amplified melanoma-specific oncogene in some cases (32–34). In
addition, some direct target proteins of SOX10 have been reported,
such as myelin protein zero (35), myelin basic protein (36), connexin
32 (36), involved in the differentiation of peripheral glial cells. Con-
trary to its important role in developmental processes, the biological
role of SOX10 in melanoma cells is less understood. In this regard, we
showed that SOX10 regulates PD-L1 expression inmelanoma through
the IRF4–IRF1 axis along with other IRF1-target genes, such as PD-L2
and HLA-A/B/C independently of the JAK–STAT IFN signaling
pathway (Fig. 3D). These results strongly support the suggestion that

Figure 4.

SOX10 represses IRF1 through direct binding to the IRF4 enhancer region. A,Melanoma cells transfected with indicated siRNAs were subjected toWestern blotting.
The same image of histone H3 was used as in Fig. 3C. The band intensities were measured by ImageJ, normalized to that of each histone H3. The relative expression
values were normalized to that of siCNTL-transfected cells and are shown below each panel. B, The ChIP assay was performed using antibody against Pol-II S2.
Immunoprecipitated DNA was quantified using the specific primers for IRF4 gene region. Results are normalized to the input DNA in each siRNA-transfected cell.
Relative Pol-II occupancies are presented as themean� SD of three independent experiments. � , P <0.01 versus Pol-II occupancy in siCNTL-transfected cells by one-
way ANOVA followed by the Bonferroni after test. Other conditions were similar to those in Fig. 2A. C, The ChIP assay was performed using antibody against SOX10
(a-SOX10). Immunoprecipitated DNAwas quantified by real-time PCR using primers specific to the enhancer region of IRF1 andMIA, known as a SOX10-binding site.
Results are normalized to the input DNA in each region. Data are presented as the mean � SD of three independent experiments. � , P < 0.01 versus a-SOX10–
precipitated DNA in theACTB region by two-wayANOVA followed by the Bonferroni after test.D,UACC257 cells transfectedwith the indicated siRNAswere treated
with IFNg for 24 hours. Total RNAwas subjected to qRT-PCR. Results are normalized toPD-L1 expression in siCNTL-transfected cellswithout IFNg . Data are presented
as themean� SD of three independent experiments. � , P < 0.01 versus siCNTL-transfected cells with IFNg by two-way ANOVA followed by the Bonferroni after test.
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SOX10 functions as a cell-intrinsic regulator of immunogenicity
through IRF1 regulation in melanoma cells.

Such SOX10-dependent suppression ofmelanoma immunogenicity
is supported by the negative correlation between SOX10 mRNA and
PD-L1 mRNA in mRNA expression data from melanoma cell lines
(Fig. 1A) and also CCLE from patients with melanoma (Supplemen-
tary Fig. S1). In addition, the correlation values of IRF4 (�0.239 vs.
PD-L1) and IRF1 (0.547 vs. PD-L1) in the GSE7127melanoma dataset
also support the importance of the IRF4–IRF1 axis. Contrary to
melanoma, there was no significant correlation between SOX10 and
PD-L1 expression in breast cancer, which expresses SOX10 (Pearson
correlation value of �0.042, 9,996 of 18,988 genes in CCLE; ref. 37).
Although there is a report that IRF1 inhibits antitumor immune
responses through the up-regulation of PD-L1 in several different

types of mouse tumormodels (38), no relevance of SOX10 and IRF4 to
control IRF1 expression is known elsewhere. Considering that SOX10
directly regulates IRF4 through binding of a pigmentation-associated
enhancer region (Fig. 4C), SOX10 regulates IRF1 expression specif-
ically in melanoma cells.

Regarding the clinical relevance of our findings, it is known that a
tumor in an immunologically “cold” state corresponds to low PD-L1
expression and is correlated with a poor prognosis of patients with
cancer including patients with melanoma receiving PD-1/PD-L1
blockade therapy. Considering the current results (Fig. 6), SOX10
suppression by HDACi treatment may change such an immunolog-
ically “cold” tumor state into a “hot” state by activating IRF1 as seen by
increasing CD8þ T-cell infiltration. However, those tumor-infiltrating
CD8þ T cells were not fully activated because SOX10 suppression by

Figure 5.

Involvement of HDAC1/3 in controlling PD-L1 expression through SOX10.A,Melanoma cells were treatedwith 2 mmol/L vorinostat for 24 hours and then subjected to
flow cytometry or Western blotting. Representative flow cytometry graphs are shown. The mean fluorescent intensities are presented as the mean� SD of at least
three independent experiments. � , P <0.01 versusmean fluorescent intensity in DMSO-treated cells by Student t test. The band intensitiesweremeasured by ImageJ,
normalized to that of each histone H3. The relative expression values were normalized to that of DMSO-treated cells and are shown below each panel. B, A375 and
A375/SOX10 cells were treated with 2 mmol/L vorinostat for 24 hours and then subjected to flow cytometry. Results are normalized to PD-L1 expression in non-
treated A375 (�) cells. Representative flow cytometry graphs are shown. The mean fluorescent intensities are presented as the mean � SD of at least three
independent experiments. � , P < 0.01 versus mean fluorescent intensity in DMSO-treated cells by two-way ANOVA followed by the Bonferroni after test. Right, the
overexpression of SOX10 determined by Western blotting.
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HDACi treatment also induced PD-L1 expression on melanoma cells
through an IRF1-dependent mechanism. Such SOX10-dependent PD-
L1 induction may correspond to the lack of beneficial effects in a
clinical trial of HDACi in patients withmelanoma (30). In this context,
it is clinically important to classify the patients with SOX10high

melanoma, because SOX10 suppression in their patients can improve
or enhance the efficacy of PD-1/PD-L1 blockade therapy. Moreover,
the defect of IFNg signaling in cancers bearing JAK1/2mutation is also
involved inprimaryandacquired resistance toanti-PD-1 therapy (5, 6).
Importantly, we found that HDACi could also induce PD-L1 inde-
pendent of the JAK–STAT pathway (Supplementary Fig. S3A); there-

fore, HDACi may show “warm-up” effects in immunologically “cold”
tumors with JAK1/2 mutation through the SOX10–IRF4–IRF1 axis.

Although we clearly demonstrated that HDACi can increase immu-
nogenicity inmelanoma cells through the SOX10–IRF4–IRF1 axis, the
exact subtype of HDAC that specifically controls SOX10 expression
remains unknown. The chemical inhibition of HDAC1 and HDAC3
by ACY-1215 and RGFP109 antagonized SOX10 expression in
melanoma (Supplementary Fig. S3B), suggesting the involvement of
those two HDACs. Using genetic inhibition by siRNA, the triple
knockdown of HDAC1, 2, and 3, instead of the double knockdown
ofHDAC1 and 3, strongly suppressed SOX10 expression inmelanoma

Figure 6.

SOX10 suppression underlies the syn-
ergistic effect ofHDACi andPD-1 block-
ade. A, D4M melanoma cells were
treated with 2 mmol/L vorinostat for
24 hours and then subjected to flow
cytometry. Representative flow cyto-
metry graphs are shown. The mean
fluorescent intensities are presented
as themean� SD of three independent
experiments. Other conditions were
similar to those in Fig. 5A. B, D4M
melanoma cells were engrafted subcu-
taneously in C57BL/6Jmice. Mice were
randomly divided into four groups
(n ¼ 6 mice/group) and treated with
vehicle (�) as a control, vorinostat,
anti-PD-1 antibody (aPD-1), or a
combination of vorinostat and aPD-1
(vorinostat þ aPD-1). Tumor volumes
weremeasured three timesperweekby
Vernier calipers and the values were
plotted as means � SEM. Mice were
sacrificed if the tumorwas> 1,000mm3.
� , P < 0.01 by two-way ANOVA with
Bonferroni correction compared with
the vehicle-treated group. C, Kaplan–
Meier survival curve displaying percent
survival among treatment groups after
treatment (n ¼ 6 mice/group). Signifi-
cance was determined by the log-rank
(Mantel–Cox) test. D, Percent of CD3þ

Tcells infiltratingmelanoma tissueswas
measured on day 7. E, SOX10 mRNA
expression on tumors at an endpoint
was determined by qRT-PCR. F, PD-L1
expression on tumor cells on day 7 are
shown. Results are normalized to the
average of PD-L1 expression in tumor
cells prepared from melanoma tissues
with nontreatedmice onday 7. Data are
presented as themean� SEMof 8mice.
G,Medianfluorescent intensityof 4-1BB
on CD8þ T cells is shown on day 11.
H, D4M cells overexpressing SOX10
(D4M/SOX10) were engrafted subcuta-
neously in C57BL/6J mice. Mice were
randomly divided into two groups
(n ¼ 6 mice/group) and treated with
vehicle (�) as a control or a combination
of vorinostat and aPD-1 (vorinostat þ
aPD-1). Other conditions are similar to
those in Fig. 5B. Right, the overexpres-
sion of SOX10 determined by Western
blotting.
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(Supplementary Fig. S3D). Considering that HDAC1 and 2 are
functionally redundant HDACs (39, 40) that colocalize in super
enhancer regions together with HDAC3 (40), and SOX10 expression
is predominantly regulated by superenhancers in melanoma (41, 42),
we speculate that HDAC1, 2, and 3 predominantly control SOX10
expression among other subtypes of HDACs. Although there was a
discrepancy in the response between SOX10 knockdown and HDACi
treatment to induce PD-L1 expression in SK-MEL-28 andMalme-3M
cells (Fig. 2A), such a discrepancy can be explained by the different
efficiency of siRNA knockdown and pharmacologic inhibition of
SOX10. Alternatively, HDACi may also induce IRF1 expression in
thosemelanoma cells throughmechanismother than the SOX10–IRF4
axis, considering that there is a report that HDACi treatment induces
PD-L1 and IRF1 expression in myeloid cells (43).

In summary, we identified SOX10 as a regulator of the immuno-
genicity of melanoma through an IRF4-IRF1–dependent transcrip-
tional mechanism. Regarding the clinical relevance of our findings,
treatment with HDACi, such as clinically available vorinostat, reinvi-
gorates the immunogenicity of melanoma cells and enhances the
efficacy of anti-PD-1 therapy through a SOX10-dependent mecha-
nism. Thus, we strongly consider the SOX10–IRF4–IRF1 axis to be a
promising target to immunologically warm up patients with melano-
ma showing a “cold” state in their TME.
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