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Abstract

The transcription factor, SOX10, plays an important role in the differentiation of neural

crest precursors to the melanocytic lineage. Malignant transformation of melanocytes leads to

the development of melanoma, and SOX10 promotes melanoma cell proliferation and tumor
formation. SOX10 expression in melanomas is heterogeneous, and loss of SOX10 causes a
phenotypic switch towards an invasive, mesenchymal-like cell state and therapy resistance; hence,
strategies to target SOX10-deficient cells are an active area of investigation. The impact of

cell state and SOX10 expression on anti-tumor immunity is not well understood but will likely
have important implications for immunotherapeutic interventions. To this end, we tested whether
SOX10 status affects the response to CD8+ T cell-mediated killing and T cell-secreted cytokines,
TNFa and IFN+y, which are critical effectors in the cytotoxic killing of cancer cells. We observed
that genetic ablation of SOX10 rendered melanoma cells more sensitive to CD8+ T cell-mediated
killing and cell death induction by either TNFa or IFN+y. Cytokine-mediated cell death in SOX10-
deficient cells was associated with features of caspase-dependent pyroptosis, an inflammatory
form of cell death that has the potential to increase immune responses.

Implications: These data support a role for SOX10 expression altering the response to T cell-
mediated cell death and contribute to a broader understanding of the interaction between immune
cells and melanoma cells.
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Introduction

During embryonic development, the transcription factor SRY-box transcription factor 10
(SOX10) plays an essential role in the differentiation of melanocytes from the neural crest
lineage (1). Transformation of melanocytes can give rise to melanoma in the skin, eye,
mucosal membranes and acral sites. In cutaneous melanoma, SOX10 promotes cancer cell
proliferation /n vitro and tumor formation /n vivo (2,3). Tumorigenesis critically relies on
the development of evasion mechanisms to escape immune cell destruction (4), but the
role of SOX10 in regulating anti-tumor immunity has not been well established. In concert
with other developmental factors, SOX10 regulates a ‘proliferative’ cell state. Melanoma
displays intratumoral heterogeneity and plasticity, and the loss of SOX10 expression is
associated with dedifferentiation to a mesenchymal-like, invasive cell state, marked by
alterations in epithelial-to-mesenchymal transition (EMT) and cell cycle signatures (5-7).
The SOX10-negative cell state has also been shown to promote resistance to targeted therapy
(5,7-9), but how to specifically target this resistant population remains an open question.

Anti-tumor immune responses rely on the activation of cytotoxic T cells, which can kill
cancer cells through the release of cytolytic granules such as granzyme and perforin,
engagement of cell death receptors, or secretion of the cytokines TNFa and IFN+y (10-12).
CRISPR/Cas9-based screens have identified TNFa and IFN+y signaling pathways as critical
regulators of cancer cell sensitivity to T cell cytotoxic killing and immunotherapy (13-17).
Importantly, TNFa blockade reduced the ability of antigen-specific T cells to control

tumor growth (13,14), and a reduction in IFN-y-driven apoptosis is associated with T cell
resistance (18). Thus, cancer cell sensitivity to T cell-secreted cytokines may have important
implications for the efficacy of immune cell killing.

Beyond the activation of cytotoxic effectors, successful anti-tumor immune responses rely
on the ability of immune cells to properly traffic and infiltrate tumors. Currently, antibodies
that target immune checkpoint proteins are FDA-approved for use in melanoma, and these
therapies boost anti-tumor immunity by blocking the negative signals that dampen T cell
activation. Immune checkpoint inhibitors improve patient survival in melanoma; however,
40-50% of tumors do not respond to therapy (19). Tumors that do not respond to immune
checkpoint blockade exhibit lower levels of immune cell infiltrates (20); thus, strategies that
increase immune infiltration to the tumor site may improve response. One such strategy is
to induce pyroptotic cell death, which causes the release of inflammatory cytokines (21).
Pyroptosis can promote the recruitment of immune cells and amplify anti-tumor immune
responses, contributing to the success of multiple cancer therapies (21,22).

The interaction between tumor cells and immune cells is complex, and approaches to
promote immune cell killing of invasive cells are an active area of investigation. In
melanoma, SOX10 expression decreases the percentage of CD8+ T cells in the tumor,
and loss of SOX10 delays tumor growth in a CD8+ T cell-dependent manner (23,24). In
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the present study, we investigated whether SOX10 status can affect melanoma response to
CD8+ T cell-mediated killing. We observed that the loss of SOX10 renders melanoma cells
sensitive to either TNFa or IFNy-induced inflammatory cell death.

Materials and Methods

Cell culture

A375 cells (purchased from ATCC in 2005, RRID: CVCL_6233) and MeWo cells (donated
by Dr. Barbara Bedogni in 2014, RRID: CVCL_0445) were cultured in DMEM with

10% FBS and 1% penicillin/streptomycin. 1014 cells (donated by Dr. Lionel Larue in
2018, also known as MaNRAS2, RRID: CVCL_B9UU) were cultured in Ham’s F-12

with 10% FBS and 1% penicillin/streptomycin. YUMML.1 cells (donated by Dr. Marcus
Bosenberg in 2014, RRID: CVCL_JK10) were cultured in DMEM/F-12 (1:1) with 10%
FBS, 1% penicillin/streptomycin, and 1% MEM non-essential amino acids. 1014 and
YUMML.1 Sox10-knockout cells and A375 and MeWo SOXZ0-knockout cells were
generated previously (7,23). All cells were maintained in a humidified incubator at 37°C

in 5% CO,. All cell lines were tested for mycoplasma monthly using the MycoScope Kit
(Genlantis; San Diego, CA). Human cell lines were authenticated by sequencing at NRAS
and BRAFloci, and STR analysis was completed for A375 parental and CR.SOX10 cells
(August 2020, October 2020), MeWo parental and CR.SOX10 cells (April 2019, June 2021)
and YUMML1.1 parental and CR.SOX10 cells (June 2021). All cell lines matched a known
and expected STR profile. 1014 cells do not have a publicly available STR authentication
profile but matched (May 2021, March 2022) to a STR profile from an early passage from
that line.

Inhibitors, growth factors, and cytokines

Human recombinant IFN+y, TNFa, TRAIL, FasL, IFNa2, IFNB1, and TGFp1 were
purchased from R&D Systems (Minneapolis, MN). Mouse recombinant IFNy, TRAIL,
and FasL were purchased from R&D Systems, and mouse recombinant TNFa was
purchased from Sigma-Aldrich (St. Louis, MO). Z-VAD-FMK and staurosporine (STS)
were purchased from Selleck Chemicals (Houston, TX). Necrostatin-1 (Nec-1) was
purchased from Cayman Chemical Company (Ann Arbor, MI).

Western blotting

Protein lysates were collected in Laemmli sample buffer, separated by SDS-PAGE,

and transferred to PVDF membranes. Immunoreactivity was detected using horseradish
peroxidase-conjugated secondary antibodies (CalBioTech; Spring Valley, CA or Invitrogen;
Waltham, MA) and chemiluminescence substrate (ThermoScientific; Waltham, MA) on a
Versadoc or Chemidoc Imaging System (Bio-Rad; Hercules, CA). Primary antibodies are
listed in Supplementary Materials and Methods. For analysis of cell supernatant, cells were
plated in three wells of a 6-well plate per condition with 2 mL serum-free media —/+
cytokine treatment for 24 hours. Medium (6 mL) was collected and concentrated in Amicon
Ultra-15 Centrifugal Filter tubes (EMD Millipore; Burlington, MA) to a volume of 250

pl. 15 pl of concentrate was combined with 5 pl 2X Laemmli sample buffer, and a 15 pl
sample was loaded per well. Membranes were stained for 1 hour with Ponceau red solution
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(Sigma-Aldrich) to assess protein loading prior to overnight incubation with HMGB1
antibody. For Western blot quantification, band intensity was analyzed in ImageJ (RRID:
SCR_003070). The expression of cleaved-caspase-8 and cleaved-GSDME was normalized
to actin expression for each replicate. The expression of HMGB1 was normalized to
Ponceau red stain for each replicate. Uncropped blots are available in supplementary data.

Reverse Phase Protein Array (RPPA)

RPPA analysis was performed according to the protocol from the MD Anderson Reverse
Phase Protein Array Core Facility (Houston, TX) (25). A375 and MeWo parental or
SOX10-knockout cells were plated in 6-well plates (2.5 x 10° cells/well). The next day,
cells were treated with either 50 ng/mL TNFa or 100 ng/mL IFNvy for 72 hours. Cells
were then lysed in RPPA lysis buffer (1% Triton X-100, 50 mM HEPES (pH 7.4), 150
mM NacCl, 1.5 mM MgCl,, 1 mM EGTA, 100 mM NaF, 10 mM Na pyrophosphate,

1 mM NazgVOy, 10% glycerol, and freshly added protease and phosphatase inhibitors
(Roche; Basel, Switzerland)) for 20 minutes on ice. Lysates were centrifuged, supernatants
containing protein were collected, and protein concentration was determined using a
Bradford assay. Lysates from three independent experiments were run for RPPA analysis
at the MD Anderson Reverse Phase Protein Array Core Facility. RPPA data were then
used to determine changes in expression of cell death pathway proteins due to TNFa or
IFNy treatment in parental and SOXZ0-knockout cell lines. Comparisons were performed
between each group by the two-sample t-test method with 1,000 permutations and assumed
unequal variance. Antibodies with a p-value < 0.05 were considered significant. Statistical
analyses were performed in Matlab® (v2022a, RRID: SCR_001622) using the mattest
function. Apoptosis, ferroptosis and necroptosis pathway gene sets were collected from
the Gene Ontology (26,27) and KEGG Pathway (28) databases. The pyroptosis gene

set has been previously described (22). Briefly, the gene set was determined using
http://amigo.geneontology.org/amigo/term/G0:0070269 and recommendations on cell death
nomenclature (29), and the genes included were GSDMA/B/C/D/E, CASP1/2/3/4/5/8,
NLRC4, IL1B, and 1L18. RPPA data can be found in Supplementary Table S1.

Crystal violet staining

The same number of parental or Sox10/SOX10-knockout cells was plated in 12-well plates
and treated with TNFa or IFN+y the next day. For experiments involving YUMM1.1 parental
and SoxI0-knockout cells, plates were coated with 0.01% poly-I-lysine (Sigma-Aldrich)
prior to plating to improve cell adhesion. After 72 hours, cells were washed twice with

PBS and stained with crystal violet solution (0.2% crystal violet in 10% buffered formalin).
Plates were washed with water and air-dried. Wells were imaged using a Nikon Eclipse

Ti inverted microscope with NIS-Elements AR 3.00 software (Nikon; Melville, NY, RRID:
SCR_002776), and plate coverage was quantified using ImageJ.

Propidium iodide uptake assay

The same number of parental or Sox10/SOX10-knockout cells was plated in 12-well plates
and treated with TNFa or IFNy the next day. 0.5 pM propidium iodide (PI) was added to
each well, and plates were placed into an IncuCyte S3 Live-Cell Imaging System (Essen
BioScience; Goettingen, Germany, RRID: SCR_023147). Phase contrast and RFP Images

Mol Cancer Res. Author manuscript; available in PMC 2024 August 01.


http://amigo.geneontology.org/amigo/term/GO:0070269

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rosenbaum et al.

Page 5

were acquired every 2 hours across 25 regions in each well at 10X magnification for 72
hours. The percentage of cells with Pl uptake was calculated using the formula (percent red
confluence/percent phase confluence) x 100. Cell morphology was examined after 72 hours
of treatment, and plasma membrane swelling was identified.

Flow cytometry staining

The same number of parental or Sox10/SOX10-knockout cells was plated in 6-well plates
and treated with TNFa or IFNy the next day. For experiments involving YUMM1.1 parental
and Sox10-knockout cells, plates were coated with 0.01% poly-I-lysine (Sigma-Aldrich)
prior to plating to improve cell adhesion. For cell death analysis, cells were incubated in 100
pul of binding buffer (10 mM HEPES, 0.14 M sodium chloride, 2.5 mM calcium chloride),
and stained with 5 pl of Annexin V-APC (BD Biosciences; San Jose, CA) and 2 pl of 1
mg/mL propidium iodide (ThermoScientific) for 25 min. For calreticulin staining, cells were
incubated with calreticulin antibody (Cell Signaling Technology; Danvers, MA,; #12238,
RRID: AB_2688013) or a rabbit 1gG control for 1 hour, followed by incubation with a
rabbit-specific fluorochrome-conjugated secondary antibody for 30 mins (Molecular Probes;
Eugene, OR), then fixed using the BD Cytofix/Cytoperm Kit from BD Biosciences. All
samples were run on a BD Celesta or LSR 11 flow cytometer and analyzed using FlowJo
software (BD Biosciences, RRID: SCR_008520).

In vitro T cell killing assays

Splenocytes were collected from the spleens of Pmel-17 mice (B6.Cg-Thyla /Cy
Tg(TcraTcrb)8Rest/J, purchased from Jackson Laboratory, RRID: IMSR_JAX:005023),
and used fresh or frozen in CryoStor C10 Freeze Media (BioLife Solutions; Bothell,

WA). Pmel-1 splenocytes were cultured in T cell media (RPMI-1640, 10% FBS, 1%
penicillin/streptomycin, 0.00038% B-mercaptoethanol) at 1 x 106 cells per 2 mL with

1.0 ug/mL gp100 peptide (EGSRNQDWL; GeneMed, San Francisco, CA, or JPT Peptide
Technologies, Berlin, Germany). Two days later, rIL2 (BioLegend; San Diego, CA) was
added to the culture. Media and rIL2 was refreshed after three days. On day 7, T cells
were used for killing assays. Cells were stained with a fluorochrome-conjugated anti-CD8a.
antibody (BioLegend; #100741, clone 53-6.7, RRID: AB_11124344) and analyzed by flow
cytometry to confirm CD8* T cell purity. For co-culture assays, cancer cells plated in
6-well plates one day prior were pulsed with 1 nM gp100 peptide for 3 hours, washed
twice, and then incubated with CD8+ T cells at varying ratios. For transwell co-culture
assays, 0.4 uM transwell culture inserts were placed above cancer cells that had been
plated in the lower chamber one day prior, while CD8+ T cells were added to the upper
chamber with 1.0 pg/mL gp100 peptide added. After 48 hours of co-incubation, cancer
cells were washed 3 times and stained with crystal violet solution (0.2% crystal violet in
10% buffered formalin). Wells were imaged using a Nikon Eclipse Ti inverted microscope
with NIS-Elements AR 3.00 software (Nikon), and plate coverage was quantified using
ImageJ. All studies involving animals were approved by the Institutional Animal Care
and Use Committee (IACUC protocol #1052) and performed in a facility at Thomas
Jefferson University accredited by the Association for the Assessment and Accreditation
of Laboratory Animal Care (AAALAC).
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TCGA analysis

The Cancer Genome Atlas (TCGA) SKCM RNA-sequencing (RNA-seq) V2 RSEM
normalized counts data was collected from the Broad GDAC Firehose data run (doi:10.7908/
C11GOKMD9) (30,31). Gene Set Enrichment Analysis (GSEA) was performed using the
pyroptosis gene set and the TCGA melanoma dataset in IGV (v2.15.2, RRID: SCR_011793)
(Broad Institute and the Regents of the University of California).

Statistical analysis

All in vitro studies were conducted three independent times unless otherwise indicated;
values were averaged, and representative images are shown. Bar graphs show mean + SD.
Line graphs show mean = SEM. For T cell killing assays and crystal violet growth assays,
the log-transformed percentages of plate coverage were analyzed using linear mixed-effects
(LME) models with fixed effects of treatment, clone, and their interaction, and random
effect of biological replicate to adjust for correlation between multiple images per plate.
Separate models were fitted for data from each cell line (including Sox10/SOX10-knockout
clones). The residuals were evaluated to validate the assumptions of the models. The effects
of treatment were evaluated and compared between clones and parental cell lines based

on the fitted LME models. For Annexin V/PI staining following cytokine or staurosporine
treatment, percent staining was analyzed using a two-way ANOVA model and Dunnett’s
correction for multiple comparisons. Annexin V/PI staining in experiments involving Z-
VAD-FMK or Necrostatin-1 pre-treatment was analyzed using a two-way ANOVA model
and Tukey’s correction for multiple comparisons. For Pl uptake assays, the area under the
curve (AUC) was calculated for each replicate, and log-transformed AUCs were analyzed
using a two-way ANOVA model and Bonferroni’s correction for multiple comparisons.
Statistical analyses were performed in GraphPad Prism (v.9.4.1, RRID: SCR_002798)

or in R (R Foundation for Statistical Computing https://www.R-project.org/, RRID:
SCR_001905). A p-value of < 0.05 was considered statistically significant. Significance

is denoted by *p< 0.05, **p< 0.01, ***p< 0.001, ****p< 0.0001.

Data Availability Statement

Results

TCGA data analyzed in this study were obtained from The Cancer Genome Atlas SKCM
RNA-sequencing V2 RSEM normalized counts data collected from the Broad GDAC
Firehose data run (doi:10.7908/C11GOKM0). All other data generated in this study are
available within the article and its supplementary data files, or upon request from the
corresponding author.

Cytotoxic T cell-secreted cytokines reduce the growth of SOX10/Sox10-knockout cells

Sox10-knockout cells grow slower than their parental counterparts /n vivo due, in part, to
the presence of CD8+ T cells (23). Therefore, we used parental and SoxZ0-knockout Nras
mutant mouse melanoma 1014 cells (Fig. 1A) to test whether SOX10 expression alters
tumor cell response to CD8+ T cell-mediated Killing (23,32). We expanded T cells from
splenocytes of transgenic Pmel-1 mice (Suppl. Fig. 1A), a model in which T cells are
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specific for the melanoma antigen gp100 (33). We pulsed parental and SoxZ0-knockout
1014 cells with gp100 peptide and co-cultured the cells with varying ratios of Pmel-1
CD8+ T cells for 48 hours. We then performed a crystal violet assay to determine the
percent surviving cells at each T cell dilution relative to the untreated condition for each
cell line (Fig. 1B, 1C). We observed that at low effector-to-tumor cell ratios (1:4, 1:8), 1014
CR.SOX10 #1.3 and CR.SOX10 #1.30 cells, but not parental cells, exhibited significantly
decreased survival (Fig. 1B). 1014 CR.SOX10 #2.35 cells trended towards decreased
survival at a 1:4 ratio. Ata 1:1 ratio, T cells were effective at killing both parental and
Sox10-knockout cells. As both direct and indirect methods of T cell killing exist, we also
performed an indirect co-culture experiment where T cells and tumor cells were separated
by a transwell insert. At a 1:8 effector to tumor cell ratio, two of the SoxZ¢-knockout

cell lines trended towards reduced survival compared to parental cells (Suppl. Fig 1B, 1C),
indicating that an indirect killing method alone may be able to kill SOX10-deficient cells.

To determine whether cytotoxic T cell cytokines are more effective at reducing the growth
of SOX10-deficient melanoma cells, we utilized parental and SoxZ0-knockout Aras mutant
1014 and Brafmutant YUMMZ1.1 mouse cells, as well as parental and SOX1¢-knockout
BRAF mutant A375 and BRAFand NRAS wild type MeWo human cell lines (7,23) (Fig.
1A, Suppl. Fig. 1D). We treated parental and SoxZ0/SOX10-knockout cells with TNFa. or
IFNy and examined cell viability by crystal violet staining (Fig. 1D-I, Suppl. Fig. 1E-F).
We found that TNFa treatment reduced the growth of 1014, A375, and YUMML.1 Sox10/
SOXI10-knockout cell lines, but not their parental counterparts (Fig. 1D-E, 1G-H, Suppl.
Fig. 1E-F). IFNy reduced the growth of both parental and SOXZ¢-knockout A375 and
MeWo cells (Fig. 1E-F, 1H-1). Conversely, TNFa had no effect in the MeWo cell lines and
IFN-y did not consistently affect the growth of the 1014 and YUMML1.1 cell lines. These
data suggest that SOX10 loss can reduce cell viability/growth in the presence of cytotoxic
cytokines.

SOX10/Sox10-knockout sensitizes melanoma cells to cytokine-mediated cell death

T cell-secreted cytokines can induce cytotoxicity as well as decrease cell proliferation in
tumor cells (10,11,34). To determine if cytokine treatment contributes to increased cell death
in Sox10/SOX10-knockout cells, we treated parental and SoxZ0/SOX10-knockout cells with
TNFa and IFN+y and assessed cell death by Annexin V and propidium iodide (PI) staining
and flow cytometry (Fig. 2A-C, Suppl. Fig. 1G-H). A375 and YUMML1.1 parental cells
were sensitive to cell death induction by IFNy, while 1014 and MeWo parental cells were
resistant (Fig. 2A-2C, Suppl. Fig 1H). In 1014 and A375 Sox10 SOX10-knockout cells,

we observed a significant increase in cell death in response to TNFa treatment (Fig. 2A,
2B). YUMML1.1 Sox10-knockout cells trended towards increased cell death in response

to TNFa treatment (Suppl. Fig 1H). We observed a significant increase in cell death in
response to IFNy, but not TNFa, in the MeWo CR.SOX10 cell lines as compared to
parental cells (Fig. 2C). PI uptake assays using live-cell imaging confirmed significantly
increased cell death in A375 SOXZ0-knockout cells treated with TNFa and in MeWo
SOX10-knockout cells treated with IFN-y (Fig. 2D-E). As a control, we treated cells with
IFNa, IFNB, and transforming growth factor beta (TGF) and assessed cell death by flow
cytometry. These cytokines had moderate to no effect on cell death in A375 parental and
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SOX10-knockout cells, while IFN led to similar levels of cell death in both parental and
SOXI10-knockout MeWo cells (Suppl. Fig. 2A, 2B). We also evaluated the effect of other
cell death-inducing ligands expressed or secreted by T cells, including tumor necrosis factor-
related apoptosis-inducing ligand (TRAIL) and Fas ligand (FasL). We observed increased
sensitivity to TRAIL in A375 SOXI0-knockout cells, but not in 1014 SoxZ0-knockout lines
(Suppl. Fig. 2C, 2D).

To understand whether SOX10-deficient cells are more sensitive to cell death in general,

we treated cells with staurosporine, an apoptotic inducer (35). We observed no differences
in cell death between SOX10-proficient and SOX10-deficient cells at staurosporine
concentrations (0.5 uM and 1 pM) used in previous publications (35-37), although SOX1¢-
knockout cells were sensitized to cell death at low concentrations (0.1 uM) (Suppl. Fig. 2E,
2F). Overall, these data indicate that TNFa or IFN-y alone are sufficient to promote death in
SOX10-knockout melanoma cells.

SOX10-deficient cells exhibit unaltered canonical cytokine pathway signaling

Low SOX10 expression has been linked to alterations in cytokine signaling pathways
(5,7,38). To assess the effect of SOX10 loss on melanoma cell response to cytokine
stimulation, we evaluated signaling downstream of canonical TNFa (NFxB p65
phosphorylation and activation) or IFN-y (STAT1 phosphorylation and activation) receptor
activation by Western blot. We did not detect a consistent difference in NFxB p65
phosphorylation between A375 or MeWo parental and SOXZ0-knockout cells following
TNFa treatment, although we observed decreased expression of the NFxB p105/p50
subunits in both SOXZ0-knockout models, as well as decreased NFxB p65 expression

in MeWo SOX10-knockout cells (Fig. 3A, 3B). In both A375 and MeWo cells, we
observed similar expression of phosphorylated STAT1 in parental and SOXZ0-knockout
cells following IFN+y treatment (Fig. 3C, 3D). Total levels of STAT1 were increased in
MeWo SOX10¢-knockout cells; however, we did not detect consistent alterations in its
downstream targets, SOCS2 and SOCS3 in either the A375 or MeWo SOX1(-knockout
cells as compared to their parental counterparts (Fig 3C, 3D). In MeWo SOXZ0-knockout
cells, we observed decreased levels of the TNF pathway effectors, TRADD and FADD,
and the apoptosis effector BCL2; however, these effects were not replicated in A375 cells
(Suppl. Fig. 3A, 3B). We also examined the expression of negative regulators of canonical
TNFa signaling (OTULIN, A20, and CYLD) and IFNvy signaling (IRF-2 and SHP-2) in
parental and SOXZ0-knockout cells treated with cytokine (Suppl. Fig. 3C, 3D) (39,40).
While OTULIN and CYLD were decreased in A375 SOXI0-knockout cells at baseline,
there were no consistent differences following TNFa treatment (Suppl. Fig. 3C). There was
no change in SHP-2 or IRF-2 expression in MeWo parental versus SOXI¢-knockout cells,
untreated or treated with cytokine (Suppl. Fig. 3D). Lastly, we analyzed the expression

of TNFa and IFNy receptors by flow cytometry. While TNFa receptor (TNFR1) was
increased only in A375 CR.SOX10 #2.18 cells, SOXZ0-knockout resulted in a moderate
increase in A375 cells and a moderate decrease in MeWo cells of IFN-y receptor (IFNGR)
(Suppl. Fig. 4A-D). From these data, we conclude that there are no obvious differences in
TNFa or IFN+y intracellular signaling pathways following SOX1¢-knockout.
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SOX10-knockout cells undergo caspase-dependent cell death

Since we did not detect a SOX10-dependent effect on canonical cytokine-mediated signaling
pathways, we investigated whether SOX10 status affects cytokine-mediated cell death.
Multiple mechanisms of cell death exist including apoptosis, necroptosis, ferroptosis, and
pyroptosis (41). To evaluate the mechanism of cell death induced in SOXZ(-knockout cells
by T cell-secreted cytokines, we performed Reverse Phase Protein Array (RPPA) analysis
on A375 and MeWo parental and SOXZ0-knockout cells treated with TNFa or IFN+y and
identified cell death pathway proteins that were differentially regulated following treatment
(Suppl. Table S1). Treatment with either cytokine affected the expression of proteins from
multiple cell death pathways (Fig. 4A, 4B, Suppl. Fig. 5A, 5B). Notably, TNFa treatment
in A375 SOX10-knockout cells and IFNvy treatment in MeWo SOXZ(-knockout cells led to
increased caspase cleavage, which is involved in both apoptotic and pyroptotic cell death
pathways (Fig. 4A, 4B) (21).

We confirmed that TNFa treatment and IFN-y treatment in A375 and MeWo SOX1¢
knockout cells, respectively, led to cleavage/activation of apoptotic caspases-3 and —8 (Fig.
4C-D, Suppl. Fig. 5C-D). Pre-treatment of cells with the pan-caspase inhibitor Z-VAD-
FMK prevented caspase-8 cleavage and cytokine-mediated cell death in A375 and MeWo
SOX10-knockout cells (Fig. 4E-F, Suppl. Fig. 5E-F). To rule out caspase-independent cell
death, we investigated the possible activation of receptor-interacting serine/threonine-protein
kinase 1 (RIPK1)-mediated necroptosis. We did not detect RIPK1 activation, assessed by
phosphorylation or cleavage following TNFa treatment in A375 CR.SOX10 #4.21 cells
(Suppl. Fig. 6A). In addition, treatment with the RIPK1 inhibitor, necrostatin-1, did not
prevent TNFa-induced cell death (Suppl. Fig. 6B-C). Thus, we observed that cytokine
treatment induced a caspase-dependent, RIPK1-independent cell death response in SOX10-
knockout cells.

Cytokine-mediated cell death of SOX10-knockout cells is associated with markers of
pyroptotic cell death

Crosstalk between cell death pathways can occur (21). For example, the apoptosis effectors
caspase-3 and caspase-8 can directly cleave gasdermin E (GSDME) to also promote
pyroptosis, an inflammatory form of cell death that is capable of amplifying immune
responses (21,22,42-44). We determined if cytokine-mediated caspase cleavage is associated
with inflammatory cell death in SOXZ0-knockout cells. We observed enhanced cleavage of
GSDME in A375 and 1014 SOX10/Sox10-knockout cells following TNFa treatment and

in MeWo SOXI10-knockout cells following IFN+y treatment as compared to their parental
counterparts (Fig. 5A-B, Suppl. Fig. 7A-C). Pre-treatment with Z-VAD-FMK abolished
cytotoxic cytokine-induced GSDME cleavage in A375 and MeWo SOXZ0-knockout cells,
suggesting a caspase-dependent effect (Suppl. Fig. 7D-E). In line with effects on cell

death, the cytokines TGFB, IFNa, and IFN did not induce cleavage of GSDME in A375
cells, while of these, IFNB induced GSDME cleavage in both MeWo parental and SOX1¢
knockout cells (Suppl. Fig. 8A-D). Pyroptotic cell death is characterized by pore formation
that leads to plasma membrane swelling (45). Using live-cell imaging, we identified
membrane swelling in dying SOX20-knockout cells treated with TNFa and IFNy (Fig. 5C).
To further examine markers of pyroptotic cell death, we measured exposure of calreticulin
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by flow cytometry and release of high mobility group box protein 1 (HMGB1) by Western
blotting (22). Upon TNFa or IFN+y cytokine treatment, A375 and MeWo SOXZ0-knockout
cells showed increased cell surface levels of calreticulin (Fig. 5D). SOXZ0-knockout led to
higher HMGBL1 secretion at the resting state, which was further increased in the presence
of cytokine treatment in A375 CR.SOX10 #2.18, A375 CR.SOX10 #4.21, and MeWo
CR.SOX10 #2.1 knockout cells, although these changes were not statistically significant
(Suppl. Fig. 8E-H). Additionally, we investigated the relationship between SOX10 and
pyroptosis by analyzing a publicly available database of melanoma patient samples (30,31).
We observed that SOX10 mRNA levels are negatively correlated with a pyroptosis gene set
(22) in a statistically significant manner (Fig. 5E), suggesting that SOX10 may negatively
regulate pyroptosis-related genes. These data demonstrate that SOXZ0-knockout renders
cells sensitive to pyroptotic cell death induction by CD8+ T cell-secreted cytokines.

Discussion

The reactivation of neural crest lineage programs is linked to melanoma initiation, and the
neural crest lineage transcription factor SOX10 is a key effector in this process (2,46).
Notably, SOX10 expression limits the formation of functional anti-tumor immune responses
(23,24) and SOXIZ0-knockout has been associated with an enrichment in inflammatory
signaling pathways (7). In this study, we investigated the role of SOX10 expression in the
cellular response to T cell-secreted cytokines. Following SOX10 depletion, we observed
increased sensitivity to T cell-mediated killing and an increase in the induction of cell
death in response to either IFNy or TNFa.. Conversely, FasL or TRAIL treatment did not
have a consistent differential effect on cell death in parental versus SOXZ¢0-knockout cells.
Treatment with IFNy or TNFa induced caspase-dependent, RIPK1-independent cell death
in SOX10-knockout cells that was associated with markers of pyroptosis, an inflammatory
form of cell death capable of amplifying immune responses (21).

The role of SOX10 in melanoma is complex, as it also positively regulates the expression

of MITF, a master regulator of pigmentation genes (47). Melanoma cell lines with low

levels of MITF have been shown to exhibit higher inflammatory pathway activity (48), and
MITF modulates anti-tumor immune responses (49). Downregulation of MITF is critical for
IFNy-mediated cytotoxicity in melanoma cells and is associated with response to immune
checkpoint blockade in patients (50,51). Thus, it is possible that MITF loss may contribute
to the cytokine-mediated cell death observed in our SOX10-deficient cells. Heterogeneity

in MITF expression and cell state in our parental cell lines may also explain why we see
differences in sensitivity to TNFa versus IFNvy treatment following SOXZ0-knockout; while
A375 cells are considered MITF-low and ‘neural-crest-like’, MeWo cells express high levels
of both MITF and SOX10, suggesting they have a more ‘melanocytic’ or ‘proliferative’ cell
state (5,52). Given that tumors are composed of cells in various cell states, heterogeneity
could affect how SOX10-deficient cells respond to T cell killing. SOX10 and MITF loss
also reduces the transcription of melanocytic antigens (53,54), which are common targets
for antigen-specific T cells. While T cells are activated toward antigen for an /in vitro T

cell killing assay, it is possible that the loss of tumor-specific antigens limits the overall
effect of direct and indirect T cell killing in patient tumors. Thus, exploiting the vulnerability
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of SOX10-deficient cells in tumors to T cell killing may require the induction of immune
responses against non-melanocytic neoantigens.

The loss of SOX10 has been observed in tumor cells that have acquired metastatic
capabilities or become resistant to targeted therapy (5-8). Our findings suggest that these
invasive, therapy-resistant SOX10-deficient cells are still vulnerable to T cell killing, which
is in line with other studies that demonstrate SOX10 regulation of tumor growth in a

T cell-dependent manner (23,24). Thus, we hypothesize that factors independent of T

cell killing may contribute to the persistence of SOX10-deficient cells in patient tumors,
including an immunosuppressed tumor niche or immune cell exclusion. The loss of SOX10
differentially affects immune checkpoint protein expression (23,55), but the effect on T
cell activation is not known. Alterations in the secretome of SOX10-deficient cells may
lead to the recruitment and differentiation of pro-tumorigenic immune cell populations (56).
Blocking inhibitory checkpoints or cytokines could be effective in promoting T cell killing
of SOX10-deficient melanoma cells. Additionally, the production of stromal components
by tumor cells or cancer-associated fibroblasts may limit T cell infiltration into the tumor
(57-59). Therefore, developing therapeutic options that increase the interaction between T
cells and tumor cells will be beneficial.

SOX10 was recently shown to positively regulate the expression of pyroptosis-related
genes and gasdermin-D cleavage in a non-oncogenic cell model (60). Here, we observed
that cytokine-mediated cell death of SOX1(-deficient melanoma cells was associated

with markers of GSDME-mediated pyroptosis. We cannot rule out that other forms of

cell death, particularly apoptosis, may also be occurring in our SOXZ0-knockout cells.
However, pyroptotic cell death is of particular interest given that it promotes the release

of multiple inflammatory and immune stimulatory factors (21). Secreted HMGBL1 elicits
pro-inflammatory effects on the immune system and is thought to be critical for cell

death to be immunogenic (61,62). Cell surface exposure of calreticulin promotes the
phagocytic clearance and engulfment of tumor cells by antigen presenting cells, which

also promotes immunogenicity (63,64). Importantly, this mode of cell death can promote
immune cell recruitment and augment immune responses in cancer. Thus, it is possible that
the requirement for SOX10 in melanomagenesis may be partially dependent on its ability to
protect malignant cells from T cell killing and cytokine secretion. Our findings suggest that
SOX10-deficient cells are not only sensitive to T cell-mediated killing, but the resulting cell
death may further propagate anti-tumor immune responses. Future studies should focus on
finding therapies that enhance immunogenic cell death and immune cell recruitment in this
subpopulation of tumor cells.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Cytotoxic T cell-secreted cytokinesreduce the growth of SOX10/Sox10-knockout cells
A) CRISPR/Cas9 knockout of Sox10/SOX10in 1014, A375, and MeWo cells was verified

by Western blot. B) 1014 parental or SoxZ0-knockout cells were peptide-pulsed for 3 hours
and incubated with Pmel-1 T cells for 48 hours. Cancer cells were washed and stained by
crystal violet. Wells were imaged, well coverage was quantified on ImageJ, and % surviving
cells was graphed. C) Images representative of three independent experiments from (B).
Scale bars represent 250 pm D) 1014 parental or SoxI0-knockout cells were treated with
100 ng/mL IFNy or 50 ng/mL TNFa for 72 hours. Cancer cells were washed and stained
with crystal violet. Wells were imaged, and percent well coverage was quantified on ImageJ.
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E) As in D, for A375 parental or SOXZ-knockout cells. F) As in D, for MeWo parental

or SOX10-knockout cells. G) Images representative of three independent experiments from
(D). Scale bars represent 500 um. H) As in G, for data shown in (E). 1) As in G, for data
shown in (F). All data are representative of three independent experiments. Bar graphs show
mean + SD. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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Figure 2: SOX10/Sox10-knockout sensitizes melanoma cellsto cytokine-mediated cell death
A) 1014 parental or SoxZ0-knockout cells were treated with 100 ng/mL IFNvy or 50 ng/mL

TNFa for 72 hours. Cell death was evaluated by Annexin V, propidium iodide (PI), and

dual Annexin V/PI staining by flow cytometry. B) As in A, for A375 parental or SOXI0-
knockout cells. C) As in A, for MeWo parental or SOXZ0-knockout cells. D) A375 parental
or SOX10-knockout cells were treated with 50 ng/mL TNFa. for 72 hours. Pl was added to

a final concentration of 0.5 uM at the time of treatment, and phase contrast and RFP images
were taken every 2 hours at 10x using live-cell imaging. Percent Pl uptake at each time point
was calculated using the formula (percent red confluence/percent phase confluence) x 100.
E) As in D, for MeWo parental or SOXZ0-knockout cells treated with 100 ng/mL IFN-y. All
data are representative of three independent experiments, except in (C) and (E) where six
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and four independent experiments were conducted, respectively. Bar graphs show mean +
SD. Line graphs show mean £ SEM. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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Figure 3: Analysis of canonical cytokine signaling pathwaysin SOX10-deficient cells
A) A375 parental or SOX10-knockout cells were treated with 100 ng/mL IFN-y or 50 ng/mL

TNFa for 72 hours. Cells were lysed and lysates were probed for canonical signaling
downstream of TNFa receptor activation by Western blot. B) As in A, for MeWo parental

or SOX10-knockout cells. C) A375 parental or SOXI(-knockout cells were treated with 100
ng/mL IFNy or 50 ng/mL TNFa for 72 hours. Cells were lysed and lysates were probed for
canonical signaling downstream of IFN-y receptor activation by Western blot. D) As in C, for
MeWo parental or SOXZ0-knockout cells. All data are representative of three independent
experiments.
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Figure 4: Cytokine-induced cell death in SOX10-knockout cellsis caspase-dependent
A) A375 parental or SOXZ0-knockout cells were treated with 50 ng/mL TNFa for 72

hours and lysates were collected for RPPA analysis. A heat map displays median-centered,
log2-transformed group average expression data for cell death pathway proteins with a
p-value < 0.05 for any comparison. B) As in A, except MeWo parental or SOX10-knockout
cells were treated with 100 ng/mL IFN-y for 72 hours. C) A375 parental or SOXZ0-knockout
cells were treated with 100 ng/mL IFNvy or 50 ng/mL TNFa for 72 hours. Cells were

lysed and lysates were probed for cleavage of caspases by Western blot. D) As in C, for
MeWo parental or SOXZ0-knockout cells. E) A375 parental or SOX1¢-knockout cells were
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pre-treated with 50 UM of the pan-caspase inhibitor Z-VAD-FMK for 30 minutes prior to
treatment with 50 ng/mL TNFa for 72 hours. Cell death was then evaluated by Annexin V,
propidium iodide (P1), and dual Annexin V/PI staining by flow cytometry. F) As in E, except
MeWo parental or SOXZ0-knockout cells were treated with 100 ng/mL IFNy after 50 uM
Z-VAD-FMK pre-treatment. All data are representative of three independent experiments.
Bar graphs show mean + SD. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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Figure5: Cytokine-induced cell death in SOX10-knockout cellsis associated with markers of

pyroptosis

A) A375 parental or SOX10-knockout cells were treated with 100 ng/mL IFNy or 50 ng/mL
TNFa for 72 hours. Cells were lysed and lysates were probed for cleavage of GSDME by
Western blot. Data are representative of three independent experiments. B) As in A, for
MeWo parental or SOXZ0-knockout cells. C) A375 or MeWo, parental or SOXZ0-knockout
cells were treated with 50 ng/mL TNFa or 100 ng/mL IFNvy, respectively. 0.5 uM PI was
added at the time of treatment, and phase contrast and RFP images were taken after 72
hours at 10x using live-cell imaging. Examples of plasma membrane swelling are indicated
with red arrows in inset images. Scale bars represent 100 pm. Images are representative of
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three independent experiments. D) A375 or MeWo, parental or SOXZ¢-knockout cells, were
treated with 100 ng/mL IFNvy or 50 ng/mL TNFa for 72 hours, and calreticulin expression
was evaluated by flow cytometry staining. Data are representative of three independent
experiments. E) A TCGA melanoma dataset was evaluated for the correlation between
SOX10 mRNA levels and a pyroptosis gene signature.
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