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SUMMARY

Developmental factors may regulate the expression of immune modulatory proteins in cancer,
linking embryonic development and cancer cell immune evasion. This is particularly relevant

in melanoma because immune checkpoint inhibitors are commonly used in the clinic. SRY-box
transcription factor 10 (SOX10) mediates neural crest development and is required for melanoma
cell growth. In this study, we investigate immune-related targets of SOX10 and observe positive
regulation of herpesvirus entry mediator (HVEM) and carcinoembryonic-antigen cell-adhesion
molecule 1 (CEACAML). Sox10knockout reduces tumor growth in vivo, and this effect is
exacerbated in immune-competent models. Modulation of CEACAML expression but not HVEM
elicits modest effects on tumor growth. Importantly, SoxZ0knockout effects on tumor growth

are dependent, in part, on CD8+ T cells. Extending this analysis to samples from patients

with cutaneous melanoma, we observe a negative correlation with SOX10 and immune-related
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pathways. These data demonstrate a role for SOX10 in regulating immune checkpoint protein
expression and anti-tumor immunity in melanoma.

In brief

SOX10 is a lineage-specific transcription factor that facilitates neural crest cell development
and contributes to melanoma cell growth. Rosenbaum et al. investigate potential immune-related
roles for SOX10 in melanoma. They observe that SoxZ0knockout reduces expression of the
immune checkpoint proteins HYEM and CEACAML1 and mediates effects on tumor growth in
immune-competent models.
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INTRODUCTION

During embryonic development, neural crest cells migrate and differentiate into numerous
cell types, including neurons of the peripheral nervous system, smooth muscle cells of the
cardiovascular system, and pigment cells of the skin. Developmental processes are tightly
controlled by the temporal and tissue-specific expression of a network of key transcription
factors. Melanocytes are pigmented cells and their differentiation is largely dependent

on the expression of SRY-box transcription factor 10 (SOX10) and melanocyte-inducing
transcription factor (MITF). The transformation of melanocytes gives rise to melanoma, and
SOX10 expression in melanoma cells promotes proliferation, tumor formation, and growth
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(Cronin et al., 2013; Shakhova et al., 2012). In contrast, the loss of SOX10 is associated with
resistance to BRAF-targeted inhibitors (Sun et al., 2014). Thus, although SOX10 initially
promotes melanoma growth, it may play different roles in resistant tumors.

In fetal development, immune checkpoint proteins, inflammatory mediators, and major
histocompatibility (MHC) proteins play important roles in promoting immunotolerance

at the maternal-fetal interface (Kanellopoulos-Langevin et al., 2003; Miko et al., 2019;
Tersigni et al., 2020). Several studies have demonstrated a link between embryonic
transcription factors and the expression of immune modulatory proteins. The early
embryonic transcription factor double homeobox 4 (DUX4) negatively regulated the
expression of MHC class | proteins and was associated with reduced survival in response to
immune checkpoint blockade in cutaneous melanoma (Chew et al., 2019). In a mouse model
of melanoma, the transcription factor Snail, which promotes the epithelial-to-mesenchymal
transition (EMT) during embryonic development, promoted immunosuppression through
upregulation of the angiogenic protein thrombospondin-1 (TSP-1) (Kudo-Saito et al., 2009).
In breast cancer, positive regulation of the immune checkpoint programmed death-ligand

1 (PD-L1) by the developmental regulator Eya3 promoted tumor growth (Vartuli et al.,
2018). We also recently demonstrated that the embryonic transcription factor FOXD3
regulates expression of the immune checkpoint VISTA in melanoma (Rosenbaum et al.,
2020). Immune checkpoint proteins fine-tune the anti-tumor immune response and regulate
the ability of cancer cells to escape immune surveillance and attack from CD8+ T cells.
Furthermore, these proteins are commonly targeted in the clinic. Immune checkpoint
inhibitors targeting cytotoxic lymphocyte-associated protein 4 (CTLA-4) or programmed
cell death 1 (PD-1) have been approved by the US Food and Drug Administration (FDA)
for the treatment of cutaneous melanoma. Although immune checkpoint inhibitors improve
survival and response durability for patients with melanoma, many tumors still do not
respond to these therapies, prompting the investigation of alternative immune-related targets.

Although it is evident that there are connections between embryonic development and
cancer, a thorough understanding of the role of developmental regulators in modulating
anti-tumor immunity is lacking. Given that SOX10 is a critical regulator of melanocytic
development and melanoma cell growth, we tested whether SOX10 regulates immune-
related targets in melanoma. We observed that SOX10 regulates expression of the immune
checkpoint proteins herpesvirus entry mediator (HVEM) and carcinoembryonic-antigen cell-
adhesion molecule 1 (CEACAML) and that SoxZ0ablation decreases tumor growth in
immune-competent models in a T-cell-dependent manner. Overall, we offer insight into the
role of SOX10 in promoting melanoma tumor growth and provide evidence that it regulates
multiple immune checkpoint proteins in melanoma.

Immune checkpoints CEACAM1 and HVEM are downstream targets of the SOX10
regulatory network

To understand the role of SOX 10 inanti-tumorimmunity, we investigated the regulation
of potential immune-related targets. We used CRISPR-Cas9 to knockout expression of
Sox10in the BrafV60% Cakn2a™~Pten™~ mouse melanoma cell line YUMM1.1 (Meeth
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et al., 2016). We chose this mouse cell line because it was generated with genetic
alterations that resemble driver mutations in human melanoma (Meeth et al., 2016) and
shows a high expression of SOX10 (Figure S1A). Compared to other mouse melanoma

cell lines, YUMML.1 showed equivalent levels of the pigmentation protein tyrosinase but
low expression of other pigmentation proteins such as gp100 and Mitf(Figure S1A). Two
independent SoxZ0knockout clones were generated (referred to as CR. #1.41 and CR.
#1.51), and SoxZ0knockout was verified by western blot (Figure 1A) and by sequencing of
genomic DNA at regions targeted by SoxZ0guide RNA (Figure S1B). CRISPR-Cas9 was
also used to knockout the expression of SOXZ0in the BRAF wild-type human melanoma
cell line MeWo (full details in C.C., unpublished data), and SOXZ0knockout was verified
by western blot (Figure 1B) and by sequencing of genomic DNA (Figure S1B). We

next performed RNA sequencing (RNA-seq) analysis comparing parental cells with Sox10
knockout cells (BioProject: PRINA688784; BioProject: PRINA701949) and analyzed path
way alterations by gene set enrichment analysis (GSEA)(Table S1). This analysis did not
support an immune-related signature, which is not surprising considering the multifaceted
role of SOX10 in melanoma. Given the translational relevance of immune checkpoint
proteins, we mined the datasets for alterations across a panel of immune modulatory proteins
(Figures 1C and 1D). We selected immune modulatory proteins for further study based on
fold changes that were significant and comparable between the two models. Based on this
selection, we identified SOX10-depdent alterations in Galectin-9 (Gal-9; LGALS9), HVEM
(TNFRSF14), cluster of differentiation 47 (CD47; CD47), PD-L1 (CDZ274), and CEACAM1
(CEACAM]).

We next sought to validate the expression of Gal-9, CD47, PD-L1, HVEM, and CEACAM1
at the protein level. Ananalysis was performed in both the absence and presence of
interferon-,, (IFN,), which is known to induce PD-L1 expression (Garcia-Diaz et al., 2017).
We did not detect basal or IFN.-inducible expression of Gal-9 in YUMML.1 cells (Figure
S1C). PD-L1 was not expressed basally in YUMML1.1, and IFN,, induction of PD-L1 was
not altered in SoxZ0knockout cells (Figure S1D). CD47 was detectable but not consistently
altered in MeWo SOXZ0knockout cells and expressed at low levels in YUMML.1 cells
(Figures S1E and S1F).

In contrast to Gal-9, CD47, and PD-L1, we observed SOX10-dependent regulation of
HVEM and CEACAM1. HVEM and CEACAML1 transcript levels were markedly altered in
Sox10knockout cells within the RNA-seq dataset compared to other genes (Figure 1E). Cell
surface expression of HVEM was IFN,, inducible in mouse YUMM1.1 parental cells; Sox10
ablation reduced IFN-inducible but not basal HVEM levels (Figure 2A). Human MeWo
parental cells displayed high basal levels of HVEM, and SOXZ0ablation reduced both

basal and IFN. -inducible expression (Figure 2B). Cell surface expression of CEACAML1
was not IFN,, inducible, and basal levels were reduced in YUMM1.1 SoxZ0knockout cells
(Figure 2C). In human MeWo parental cells, CEACAM1 was IFN,, inducible and levels
were reduced in SOXZ0knockout cells (Figure 2D). CEACAML1 is heavily glycosylated and
alternatively spliced as short and long isoforms (Gray-Owen and Blumberg, 2006; Houde

et al., 2003). To visualize CEACAML1 expression with associated glycosylation changes in
parental and SoxZ0knockout cells, we performed western blotting. In mouse YUMM1.1
cells, expression of both high- and low-molecular-weight isoforms of CEACAM1 was
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reduced in SoxZ0knockout cells (Figure 2E; Figure S2A). In human MeWo cells, only high-
molecular-weight isoforms of CEACAML were expressed, and both endogenous and IFN.-
inducible CEACAM1 expression were reduced in SOXZ0knockout cells (Figure 2F; Figure
S2B). Transient knockdown of SoxZ0in additional mouse melanoma (B16F10) and human
melanoma (SKMel28 and SKMel30) cell lines also showed that CEACAML1 expression was
SOX10dependent (Figures S2C-S2E). Lastly, re-expression of SOX10 partially rescued the
expression of CEACAML in YUMML.1 CR. Sox10#1.41 cells and in MeWo CR. SOX10
#4.11 cells (Figures S2F and S2G) and had a modest effect on cell surface expression of
HVEM in MeWo CR. SOX10#4.11 cells (Figure S2H).

To further interrogate the relationship between SOX10 and CEACAM1 and HVEM, we
analyzed data from a publicly available study (GEO: GSE114557) containing assay for
transposase-accessible chromatin using sequencing (ATAC-seq) analysis on samples from
patients with melanoma after SOXZ0knockdown (Bravo Gonzalez-Blas et al., 2019). We
observed regions of open chromatin surrounding the transcription start site of CEACAM!1
and at the transcription start site of TAVFRSF14 (gene name for HVEM), which significantly
decreased upon SOXZ0knockdown (Table S2), suggesting that SOX10 may modulate

the chromatin accessibility of these genes. Although these data provide evidence that
CEACAML1 and HVEM are a part of the larger regulatory network controlled by SOX10,
whether or not they are direct targets of SOX10 remains to be established in future studies.
Altogether, these data identify HVEM and CEACAML as putative targets of the SOX10
regulatory network.

SOX10 expression is positively correlated with CEACAM1 and HVEM in sample datasets
from patients with melanoma

To extend the analysis of SOX10 regulation of immune checkpoint proteins, we analyzed
patient sample databases (Cerami et al., 2012; Gao et al., 2013). When we compared
datasets from The Cancer Genome Atlas (TCGA) across cancer types, SOX10, HVEM,

and CEACAML were highly expressed in cutaneous melanoma compared to other cancers
(Figure S3). Furthermore, within the cutaneous melanoma TCGA dataset (Cerami et al.,
2012; Gao et al., 2013), SOX10 mRNA levels were moderately correlated with HVEM
MRNA levels (Spearman = 0.33) and CEACAM1 mRNA levels (Spearman = 0.17) (Figures
3A and 3B). Because the bulk RNA-seq data from TCGA are derived from tumor samples
containing some stromal components, we used publicly available single-cell RNA-seq data
of tumors from patients with melanoma (Jerby-Arnon et al., 2018) to evaluate the expression
of HYEM and CEACAM1 compared to SOX10 specifically in malignant cells at the single-
cell level (Figure 3C). We observed heterogenous expression of all three targets within
tumors but that the two SOX10-negative tumors also lacked expression of both HVEM and
CEACAML. We applied a zero-inflated negative binomial regression model to quantitatively
evaluate the dependency of HVEM and CEACAM1 expression on SOX10 expression in

this dataset. We observed a statistically significant association in the expression of HVEM
and SOX10, reflected as an odds ratio of <1 and a positive mean difference, but the
association between CEACAM1 and SOX10 was not significant (Figure S3D). These results
suggest that the expression of SOX10 correlates with HVEM in samples from patients with
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melanoma. The weaker correlation between SOX10 and CEACAML suggests that additional
mechanisms may control CEACAML1 in melanoma cells.

Sox10 ablation decreases tumor growth and extends survival in immune-competent

models

Given the multiple effects of SOX10 on immune modulatory proteins, we investigated
immune-dependent effects of SOX10 in melanoma. We evaluated effects of SoxZ0knockout
on /n vitro proliferation and observed a decrease in cell growth (Figures 4A and 4B). Next,
we intradermally injected parental and SoxZ0knockout cells into either severely immune-
deficient NOD. Cg-Prkadcsc@1L 2rg?™IWjl/SzJ (NSG) mice or immune-competent C57BL/6
(BL6) mice and monitored tumor growth. In the immune-deficient NSG mouse model, we
observed modest effects on tumor growth and survival in one of the two SoxZ0knockout
clones compared to parental cells (Figures 4C and 4D). In immune-competent BL6 mice,
we observed striking effects of SoxZ0knockout on tumor growth and survival (Figures

4E and 4F). Only 3/5 (60%) mice injected with CR. Sox10#1.41 formed tumors, with
delayed growth for the other two tumors (Figure 4E). Similarly, with CR. Sox10#1.51,

only 1/5 (20%) tumors formed, and this mouse was sacrificed early due to tumor necrosis
(Figure 4E). We used a second mouse melanoma model, 1014 cells, which harbors a human-
relevant NRAS mutation (Petit et al., 2019) and expresses high levels of SOX10 (Figure
S1A). Using CRISPR-Cas9, we generated two independent SoxZ0knockout clones, verified
Sox10knockout by western blot, and observed similar effects on CEACAML1 expression

in these cells (Figure S4A). In immune-competent BL6 mice, we observed similar effects
of Sox10knockout in delaying tumor growth and extending survival (Figures S4B-S4D).
These findings indicate that SoxZ0knockout reduces tumor growth and that this effect is
exacerbated in immune-competent models.

Modulating expression of individual immune checkpoints alone has moderate effects on
tumor growth in immune-competent models

We identified HVEM and CEACAML1 as putative immune-related targets of SOX10.
First, we tested the ability of HVEM re-expression to rescue effects of SoxZ0ablation

on tumor growth. To this end, we engineered YUMM1.1 CR. Sox10#1.41 knockout
cells to overexpress HVEM and validated HVEM expression by flow cytometry staining
(Figure 5A). Notably, HVEM levels in overexpressing cells were comparable to IFN.,-
inducible HVEM levels in parental cells (Figure SAE). Next, we tracked tumor growth
of HVEM-overexpressing tumors. We observed no difference in tumor growth of HVEM-
overexpressing tumors compared with that of parental YUMM1.1 cells, and HVEM
overexpression did not rescue tumor growth effects of CR. SoxZ0#1.41 knockout cells
(Figure 5B). Consistent with these effects, HVEM expression did not alter time-to-tumor
onset, defined as reaching a tumor volume of ~50 mm?3 (Figure 5C).

We next tested the effect of CEACAM1 on tumor growth. Because CEACAML can be
found in numerous isoforms, either short or long, glycosylated or non-glycosylated, we used
a CRISPR-Cas9 knockout approach to study the effects of this immune checkpoint. Two
independent Ceacam1 knockout clones were generated, and Ceacam1 ablation was verified
by flow cytometry and western blot (Figure 5D; Figure S4F). In tumor growth assays, we
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observed moderate effects of Ceacam knockout on tumor growth and time to tumor onset
(Figures 5E and 5F); however, effects of Ceacam knockout on tumor growth were not
comparable to the effects of SoxZ0knockout (Figures 4E and 4F). These findings suggest a
contribution of CEACAML1 to immune-related effects, although it is clear that modulation of
individual SOX10-regulated immune targets alone does not sufficiently emulate the effects
of Sox10ablation on tumor growth in immune-competent models.

Immune-dependent effects of Sox10 ablation on tumor growth are mediated, in part, by T

cells

Multiple immune cell types are either absent or defective in NSG mice, including B cells,

T cells, dendritic cells, macrophages, and natural killer (NK) cells. Any of these immune
cell types might be responsible for controlling the growth of SoxZ0knockout tumors.

We interrogated the contribution of individual immune cell populations to the immune-
dependent effects of SoxZ0ablation on tumor growth. To this end, we injected parental or
Sox10knockout cells into B6.129S7-Rag1imIMom|y (Rag1 KO) mice, which are lacking in B
and T cells. In comparison to parental cells, CR. Sox10#1.51 had a delay in tumor growth

in Ragl KO mice (Figure 6A). However, CR. Sox10#1.51 tumors formed more frequently
and significantly faster in RagZ KO mice than immune-competent BL6 mice (Figures 6B
and 6C). Furthermore, we observed decreased survival in RagZ KO mice compared with that
of immune-competent BL6 mice (Figure 6D). A similar trend was observed with CR. Sox10
#1.41 cells, namely, 100% (5/5) of tumors formed in RagZ KO mice compared to 60% (3/ 5)
of tumors in BL6 mice (Figures 4E and S5).

Ragl KO mice lack both CD8+ and CD4+ T cells in addition to lacking B cells. Because
CD8+ T cells play an important role in the elimination of cancer cells, we treated BL6 mice
with an anti-mouse CD8a. antibody (clone 53-6.72) to specifically deplete CD8+ T cells
or treated mice with an isotype control. Mice were injected intradermally with parental or
Sox10knockout cells, and tumor growth was monitored. CR. SoxZ0#1.51 formed tumors
more frequently and significantly faster in CD8+-depleted mice than mice treated with
the isotype control (Figures 6B and 6C). We observed a trend toward decreased survival
in CD8+-depleted mice (Figure 6D); however, this result was not statistically significant.
Of note, in both CR. SoxZ0#1.51 and CR. Sox10#1.41 experiments, the isotype control
exerted effects on tumor formation and growth, which were exaggerated in CR. Sox10
#1.41 tumors (Figures 6B—6D; Figures S5B-S5D). The absence or depletion of T cells
was verified in RagZ KO (Figures S6A and S6B) and CD8+ T cell depletion experiments
(Figures S6C and S6D) by flow cytometry staining. These results demonstrate that the
effects of SoxZ0ablation on tumor growth are mediated in part by CD8+ T cells.

SOX10 is inversely correlated with immune-related gene pathways in melanoma

To broadly evaluate the relationship between SOX10 mRNA expression and immune cell
infiltration, we used a TCGA dataset of cutaneous melanoma (Cancer Genome Atlas
Network, 2015). Each patient sample in the melanoma TCGA dataset has been evaluated
by immunohistochemistry for lymphocyte distribution and density, and these two values
were summed together, resulting in a lymphocyte score (Lscore). We observed that the
SOX10 mRNA level is inversely correlated with this Lscore in melanoma in a statistically
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significant manner (Figure 7A). Because SOX10 is highly expressed in melanoma cells,

we also evaluated the relationship of other melanoma-expressed genes with immune
infiltration. In contrast to SOX10, other pigment-related melanoma-expressed genes, such
as MCAM, S100A1, and MLANA, showed a markedly weaker correlation with immune
cell infiltration (Figure S7A). Next, we performed GSEA on TCGA data of SOX10

MRNA expression to determine enriched pathways in the Kyoto Encyclopedia of Genes

and Genomes (KEGG) gene set collection. Multiple metabolism-related pathways positively
correlated with SOX10, including oxidative phosphorylation, amino sugar nucleotide sugar
metabolism, and pentose phosphate pathway (Figure S7B). Most significantly enriched
pathways found to be negatively correlated with SOX10 expression were associated

with immune-related pathways (Figure 7B). Interestingly, pathways involved in NK cell
cytotoxicity and T cell receptor signaling were among the top enriched pathways found

to be negatively correlated with SOX10 expression (Figures 7B and 7C). In contrast,

the pigment-related, melanoma-expressed genes MLANA and MCAM were enriched for
very few immune-related gene pathways, and MLANA was not negatively correlated with
pathways for NK cell cytotoxicity or T cell receptor signaling (Figures S7C and S7D).
These data are consistent with our preclinical findings and indicate that SOX10 is negatively
correlated with several immune-related pathways in samples from patients with melanoma.

DISCUSSION

SOX10 is known to be required for tumor formation and melanoma cell growth; however,
its role in modulating tumor-immune interactions is poorly understood. In this study, we
investigated immune-related roles of SOX10. We identified two putative targets, namely,
HVEM and CEACAML, and showed that SOX10 effects on melanoma growth are
dependent, in part, on an intact immune system. SOX10 effects were partially mediated

by CD8+ T cells; however, modulating expression of HVEM and CEACAML individually
did not completely emulate effects of SoxZ0knockout on tumor formation and growth. In
sample databases from patients with cutaneous melanoma, SOX10 was negatively correlated
with immune infiltrates and immune-related pathways. Thus, the ability of SOX10 to
promote melanomagenesis may be, in part, due to its regulation of immune-related targets.

We show that SOX20knockout reduces the expression of the immune checkpoints HVEM
and CEACAML1 in melanoma cells. It is important to note that although HVEM was
constitutively expressed in MeWo cells, IFN,, stimulation was required to detect HVEM

in YUMML1.1 cells, resembling the heterogeneous IFN. -inducible patterns of PD-L1
expression observed in cancer cells (Atefi et al., 2014; Thiem et al., 2019). The mechanism
by which SOX10 regulates these genes requires further investigation. Although SOX10
can regulate genes by binding to the promoter or to distal enhancers (Fufa et al., 2015),
other mechanisms could be also involved. Using publicly available ATAC-seq data (Bravo
Gonzalez-Blas et al., 2019), we observed that areas of open chromatin surrounding the
CEACAMI and TNFRSF14 gene loci are reduced following SOX10knockdown, suggesting
that SOX10 may regulate these genes at the chromatin level. Previous studies have also
shown that CEACAM1 may be indirectly regulated by the related SOX family member
SOX9 (Ashkenazi et al., 2016; Zalzali et al., 2008). Furthermore, the SOX10-regulated
protein MITF has been reported to modulate HVEM expression (Malissen et al., 2019).
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Thus, although HVEM and CEACAML1 are controlled by the SOX10 regulatory network, the
exact mechanism of regulation requires further investigation.

We observed that HVEM re-expression was not sufficient to rescue the effects of Sox10
ablation on tumor growth. HVEM interacts with multiple inhibitory and stimulatory ligands
and receptors to modulate T cell function, acting as a molecular switch for T cell co-
stimulation (Murphy et al., 2006; Rodriguez-Barbosa et al., 2019). Its engagement with the
receptors BTLA and CD160 on T cells inhibits T cell function (Cai et al., 2008; Sedy et al.,
2005; Zhang et al., 2016), and expression of HVEM and BTLA have been associated with
poor prognosis in several cancers (Inoue et al., 2015; Lan et al., 2017; Tang et al., 2019).
Alternatively, HVEM engagement with the protein LIGHT triggers bidirectional stimulatory
signaling that has been shown to promote T cell proliferation and activation or apoptosis in
a context-dependent manner (Mortarini et al., 2005; Rodriguez-Barbosa et al., 2019; Tamada
et al., 2000). Thus, the role of HVEM in cancer is not yet thoroughly understood, and its net
effect on anti-tumor immunity may depend on the expression of stimulatory and inhibitory
receptors on immune cells in the tumor microenvironment.

CEACAML serves roles in cell-cell adhesion, invasion, metabolism, and immune
modulation (Gray-Owen and Blumberg, 2006) and may be a prognostic indicator of
melanoma progression and metastasis (Dankner et al., 2017). CEACAM1 modulates T
cell activity either through homophilic interactions or interactions with the inhibitory
receptor TIM-3, igniting interest in CEACAML1 as a potential immunotherapy target
(Huang et al., 2015). We observed that expression of CEACAM1 had moderate effects

on tumor formation, which is consistent with reports that CEACAML silencing reduces
tumor growth in melanoma and colon cancer models (Chen et al., 2011; Wicklein et al.,
2018). These tumor growth effects have been attributed both to the role of CEACAM1

in modulating anti-tumor immune responses and in performing tumor intrinsic functions.
The role of CEACAML1 in cancer is controversial, with several reports showing that
CEACAM1 may promote tumor progression and others demonstrating that it acts as a
tumor suppressor (Sienel et al., 2003; Takeuchi et al., 2019; Thies et al., 2002). CEACAM1
is alternatively spliced into 12 different isoforms that are primarily defined by the number
of C2-like immunoglobulin (Ig) domains in the extracellular region and by the length of
the cytoplasmic domain, namely, long (CEACAM1-L) or short (CEACAM1-S) (Dankner
et al., 2017). Furthermore, CEACAML is heavily posttranslationally modified by N-linked
glycosylation (Houde et al., 2003). In tumor cells, knockdown studies demonstrated that
tumor-specific expression of CEACAML inhibits specific lysis by T cells and NK cells
(Chen et al., 2011; Markel et al., 2002, 2009). However, another study found that the
specific expression of the 3S isoform in tumor cells, but not other isoforms, promotes
NK-cell-mediated lysis (Ullrich et al., 2015). Alternative roles for long and short isoforms
are also observed in T cells and NK cells in which the long isoform predominates and acts
as an inhibitory receptor, whereas the short isoform acts as a costimulatory receptor (Chen
et al., 2004). Thus, the controversy surrounding the role of CEACAML in cancer may be
the result of complex splicing patterns and the context-specific expression of CEACAM1
isoforms. For this reason, in our studies, we used a knockout approach to focus on the
endogenous role of CEACAML in tumor formation. Future studies should further address
the differential roles of CEACAML1 isoforms in modulating anti-tumor immunity.

Cell Rep. Author manuscript; available in PMC 2022 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rosenbaum et al.

Page 10

SOX10 executes tumor intrinsic functions, and consistent with previous publications (Cronin
et al., 2013; Shakhova et al., 2012), its knockout reduced cell proliferation of mouse
melanoma cells /n vitro and tumor growth /n vivo in immune-deficient mice. In immune-
competent mice, SOX10 effects on tumor growth were exacerbated, and this effect was
partially dependent on CD8+ T cells, suggesting a role for an intact immune system.
Although CD8+ T cells are major effectors of anti-tumor immunity, there are many other
immune cell types that contribute to immune surveillance and immune cell killing. NK cells
play a crucial role in eliminating cancer cells during tumorigenesis (Huntington et al., 2020).
The role of B cells in cancer is not yet fully understood, with studies showing either pro-

or anti-tumorigenic roles (Largeot et al., 2019). This is especially relevant to the study of
CEACAML1 and HVEM because these checkpoints have been demonstrated to exert effects
not only on T cells but also on NK cells and B cells (Chen et al., 2011; Mintz et al., 2019;
Ullrich et al., 2015). Furthermore, macrophages play both pro- and anti-tumorigenic roles
and can modulate the activity and infiltration of T cells (Pathria et al., 2019). Thus, although
we observed a partial dependency of SOX10 effects on CD8+ T cells, other immune cell
types are likely involved in melanoma tumorigenesis.

The role of SOX10 in melanoma is multi-faceted. SOX10 is required for the formation

of melanoma tumors by regulating a “proliferative” state (Shakhova et al., 2012; Verfaillie
et al., 2015). Altered expression of SOX10 has been associated with tumor cell plasticity
and phenotype switching. Specifically, the loss of SOX10 expression is associated with a
switch to a de-differentiated, mesenchymal phenotype that promotes invasion and resistance
to targeted therapy (Rambow et al., 2018, 2019; Sun et al., 2014; Verfaillie et al., 2015;
Wouters et al., 2020). This result is supported by ATAC-seq studies in melanoma that
observed an increase in chromatin accessibility at mesenchymal-like genes and a collapse
of melanocytic gene regions upon SOXZ0knockdown, providing evidence that SOX10 may
modulate global gene expression through epigenetic mechanisms (Bravo Gonzélez-Blas et
al., 2019; Wouters et al., 2020). Although SOX10 positively regulates tumor growth and
formation, its effect on cell phenotype suggests that it may play a different role in metastasis
and therapeutic resistance. We did not observe a phenotype switch as a result of Sox10
knockout (data not shown), and we recognize that a limitation of mouse models is that

they imperfectly recapitulate the high degree of heterogeneity in melanoma. Recent work
has developed additional melanoma mouse models with differences in basal differentiation
status, which will have important implications for the study of phenotype switching and
tumor cell plasticity (Pérez-Guijarro et al., 2020). Nonetheless, an advantage of SoxZ0loss
in the YUMML1.1 syngeneic mouse melanoma model is that it permits the study of effects
on anti-tumor immunity in the absence of phenotypic alterations. Importantly, we have
validated our findings in human melanoma cell models and patient samples. Future studies
should address the effect of SOX10-related phenotype switching on anti-tumor immune
responses.

Limitations of the study

There are several limitations to the experiments conducted in this study. Given that SoxI0-
deficient cells either did not form tumors or formed tumors at a much later time point than
parental cells, we were not able to collect tumors at early time points for the analysis of
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tumor-infiltrating lymphocytes. This issue may be addressed in the future by using models
that allow for inducible knockdown of SoxZ0. Furthermore, this study would benefit from
the use of additional models. We were unable to generate Sox0knockout clones in an
additional mouse melanoma cell line, B16F10, and speculate that this cell line may rely
strongly on SOX10 for proliferation. Lastly, we were limited in our study of CEACAM1
due to the complex regulation of its expression by alternative splicing, its interaction with
various binding partners, and post-translational modification. Further analysis of the role
of CEACAML1 alternative splicing and post-translational modification in modulating tumor
growth is an interesting avenue for future studies. Overall, our data demonstrate that SOX10
regulates anti-tumor immunity, providing further insight into the complex role of SOX10
in melanoma and expanding our understanding of how it may regulate melanoma tumor
growth.

STARMETHODS
RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents
should be directed to and will be fulfilled by the lead contact, Andrew Aplin
(Andrew.Aplin@jefferson.edu).

Materials availability—All novel reagents generated in this study are available from the
lead contact and are typically dependent on drawing up of a Uniform Biological Materials
Transfer Agreement (MTA) by the Technology Transfer Office at Thomas Jefferson
University.

Data and code availability

. YUMM1.1 RNA-seq data generated in this study have been deposited in
the NCBI BioProject database (BioProject: PRINA688784) and are publicly
available as of the date of publication. RNA-seq data from SOX10 knockout in
MeWo cells are publicly available in BioProject (BioProject: PRINA701949).
ATAC-Seq data is available in the GEO database under the accession number
GSE114557. TCGA data are publicly available from chioportal.org. Single cell
RNA-seq data used in this study are publicly available from the single cell portal
(https://singlecell.broadinstitute.org/single_cell). All other raw data reported in
this paper are available from the lead contact upon request.

. This paper does not report original code.

. Any additional information required to reanalyze the data reported in this paper
is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell culture—MeWo cells (donated by Dr. Barbara Bedogni, Case Western Reserve,
Cleveland, OH in 2014), and B16F0 (purchased from ATCC, Manassas, VA) were cultured
in DMEM with 10% fetal bovine serum (FBS). SKMel30 (donated by Dr. David Solit,
Memorial Sloan Kettering Cancer Center, New York, NY) were cultured in RPMI-1640.
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SKMel28 (purchased from ATCC) were cultured in MCDB 153 medium containing 20%
Leibovitz L-15 medium, 2% FBS and 0.2% sodium bicarbonate (WM medium). YUMM1.1
(donated by Dr. Marcus Bosenberg, Yale School of Medicine, New Haven, CT in 2014)
were cultured in DMEM/F12 with 10% FBS and 1% non-essential amino acids. 1014 cells
(donated by Dr. Lionel Larue, Institut Curie, Orsay, France in 2017) were cultured in Ham’s
F-12 with 10% FBS and 1% penicillin/streptomycin. All cells were maintained at 37°C in
5% CO5. Human cell lines were authenticated by sequencing at NRAS and BRAF loci and
by STR analysis.

Animals—Six-eight weeks old male C57BL/6 mice were purchased from Jackson
Laboratories. Male C57BL/6 mice were used for YUMM1.1 studies because this melanoma
cell line was originally derived from male mice, which could generate an immune reaction
when injected into immunocompetent female mice. Female C57BL/6 mice were used for
1014 studies because this melanoma cell line was originally derived from female mice. Male
and female NOD.Cg-Prkdcscidll2rgtm1Wjl/SzJ (NSG) mice and C57BL/6-Tg(TcraTcrb)
1100Mjb/J (OT-1) mice were originally purchased from Jackson Laboratories and bred at
Thomas Jefferson University. Animals were randomly assigned to experimental groups,

or evenly distributed between sexes for NSG experiments. B6.129S7-Rag1imIMomyy (Rag1
KO) mice were kindly provided by Dr. Luis Sigal, originally purchased from Jackson and
bred at Thomas Jefferson University. All animal experiments were approved by the 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).

METHOD DETAILS

In vivo studies—Cells were injected intradermally onto the backs of C57BL/6, NOD. Cg-
Prikdcsci@}2rg"™IWil/S7 ] (NSG), or B6. 129S7-Rag1mMom)j (Rag1 KO) mice. Cell
numbers were based on previous publications and past experiments (YUMM1.1 = 1x10%
cells; 1014 = 5x10° cells) (Meeth et al., 2016). Tumors were considered fully formed when
they reached ~50mm3. For CD8+ depletion, animals were treated with 300 ug of anti-CD8a
(clone 53-6.72) or the corresponding isotype control (Rat 1gG2a, clone 2A3) (BioXCell;
West Lebanon, NH) by intraperitoneal injection 2 days prior to tumor implantation and 2
times per week for the duration of the experiment. Treatments were determined based on
previous publications. Animals were sacrificed when tumors exceeded 650mms3 (Erkes et al.,
2020).

Inhibitors, growth factors, and reagents—Recombinant IFN., was purchased from
R&D Systems (Minneapolis, MN) and was used at a concentration of 100ng/mL for 48
hours.

CRISPR/Cas9—CRISPR/Cas9 gene editing was accomplished utilizing tools and
protocols purchased from Dharmacon (Lafayette, CO). Briefly, a synthetic guide RNA
transfection complex was prepared with 2 uL of 10 pM crRNA, 2 pL of 10 pM tracrRNA
and 6 pL of Tris buffer. In a 24-well plate, cells were transfected for 48 hours with 10 pL
of the RNA transfection complex, 0.2ng Cas9 plasmid, and 6 pg/well DharmaFECT Duo in
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500 L antibiotic-free media. Cells were then selected with puromycin for an additional
48 hours. Individual clones were picked and screened for efficient knockout. crRNA
target sequences used were: SOX10 #1- TCTGGGTTCCCATCTGAC AT; CEACAML1 #1-
GTAGACTCCCATATCCTTCA.

siRNA transfection—Cells were transfected for 4 hours with chemically synthesized
siRNA at a final concentration of 25nmol/L using Lipofectamine RNAIMAX (Invitrogen)
transfection reagent. Cells were harvested after 72 hours of knockdown. Target sequences
used were as follows: non-targeting control (UGGUUUACAUGUCGACUAA), SOX10 #1
(GAACGAAAGUGACAAGCGC), SOX10 #2 (GAGAUCAGCC ACGAGGUAA), SOX10
#3 (GCGGGAAGCCUCACAUCGA). siRNAs were purchased from Dharmacon.

Lentiviral construction and transduction—Mouse HVEM was amplified from a
Tnfrsfl14 (NM_178931.2) expression plasmid (Sino Biological; Chesterbrook, PA), cloned
into pPENTR/D-TOPO (Invitrogen; Carlsbad, CA), and LR recombined into pLenti-4/TO/
V5-DEST. Mouse SOX10 was amplified from cDNA, cloned into pENTR/D-TOPO and LR
recombined into pLentihygro/TO/V5-DEST. pDONR221-SOX10 was a gift from William
Pavan, Addgene plasmid # 24749 (Cronin et al., 2009), and this was LR recombined

into pLentipuro3/TO/GW/DEST for expression of human SOX10. Corresponding GFP
control plasmids were pLentihygro/TO/GFP and pLentiPuro3/TO/GW/emGFP. Expression
constructs and packaging plasmids pLP1, pLP2, pLP/VSVG were cotransfected into
HEK?293FT cells to generate viral particles. Cells were transduced with particles for 48
hours and then selected with zeocin, hygromycin, or puromycin, as previously described
(Abel and Aplin, 2010).

Flow cytometry—Cells were stained for 30 mins with fluorochrome-conjugated
antibodies: anti-mouse CEACAML1 (BioLegend; San Diego, CA,; clone mAb-CC1),
anti-mouse HVEM (BioLegend, clone HMHV-1B18), anti-mouse CD47 (BioLegend,

clone miap301), anti-mouse PD-L1 (BioLegend, clone 10F.9G2), anti-mouse Galectin-9
(BioLegend, clone RG9-35), anti-human HVEM (BioLegend, clone 122), anti-human
CEACAML1 (R&D Systems, clone 283340), anti-human CD47 (BioLegend, clone CC2C6),
Armenian hamster IgG isotype control (BioLegend, clone HTK888), mouse IgG1 x isotype
control (BioLegend, clone MOPC-21), mouse 1gG2b « isotype control (BioLegend, clone
MPC-11). Cells were fixed using the BD Cytofix/Cytoperm Kit from BD Biosciences
(Franklin Lakes, NJ). For TIL analysis of mouse tumors, tumor pieces were minced with
the gentleMACS™ Octo Dissociator using C Tubes (Miltenyi Biotec; Bergisch Gladback,
Germany) in digestion media (1x HBSS, 0.1mg/ml Collagenase IA, 60 U/ml DNase I) and
incubated at 37°C for 30 minutes with continuous rotation. Cells were washed with medium
(RPMI 1640 with L-glutamine, 10% FBS, 1% PenStrep, and 5x10~° B-mercaptoethanol),
filtered through a 70um nylon filter, fixed in formalin/BSA/PBS, and then incubated with
Zombie Fixable Viability Dye (Bio-Legend) for 10 mins. After live/dead stain, cells were
stained for 30 mins with fluorochrome-conjugated antibodies. Mouse tumors were stained
with a cocktail of antibodies against CD45.2 (BioLegend, clone 104), CD3 (BioLegend,
clone 17A2), CD8a (BioLegend, clone 53.6.7), CD8b (BioLegend, clone YTS156.7.7).
Cells were fixed using the BD Cytofix/Cytoperm Kit (BD Biosciences). All samples were
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analyzed on an LSR |1, BD Celesta, or Fortessa flow cytometer (BD Biosciences) using
FlowJo software (TreeStar, Ashaland, OR).

Western blot analysis—~Protein lysates were prepared in Laemmli sample buffer,
separated by SDS-PAGE, and proteins transferred to PVDF membranes. Immunoreactivity
was detected using horseradish peroxidase-conjugated secondary antibodies (CalBioTech;
Spring Valley, CA) and chemiluminescence substrate (ThermoScientific; Waltham, MA)
on a Versadoc Imaging System (Bio-Rad; Hercules, CA). For detection of human SOX10
(#D5VIL) and CD47 (#D307P), mouse MITF (#D5G7V), mouse ZEB1 (#E2G6Y), or
human and mouse CEACAML1 (#D1P4T) antibodies were purchased from Cell Signaling
Technology (Danver, MA). Mouse CEACAML polyclonal antibody (#AF6480) was
purchased from R&D Systems. ACTIN (A2066) antibody was purchased from Sigma (St.
Louis, MO). Mouse SOX10 antibody (Clone A-2) was purchased from Santa Cruz (Dallas,
TX). TYROSINASE (ab61294), GP100 (ab137078), and MELAN-A (ab210546) antibodies
were purchased from Abcam (Cambridge, United Kingdom).

IncuCyte® live cell analysis—Cells were trypsinized and plated onto a 6-well plate.
Photomicrographs were taken every 2 hours using an Incucyte Live cell imager (Essen
Biosciences; Ann Arbor, MI). Plate confluence was measured using IncuCyte® software and
presented as percentages.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistics—For /nvivo studies, survival curves and curves showing % tumor-free mice
were analyzed using a Log-rank (Mantel-Cox) test. A p value of < 0.05 was considered
statistically significant. Significance is denoted by *p < 0.05, **p < 0.01, ***p < 0.001. For
analysis of single cell RNA-seq data, zero-inflated negative binomial (ZINB) regression
models were used to model single cell RNA-seq counts of TNFRSF14 (HVEM) and
CEACAML as dependent on SOX10 counts and the total RNA-seq counts per cell as an
exposure. The ZINB regression model includes a mean model for the negative binomial
mean of TNFRSF14/CEACAML count as dependent on SOX10 counts, and a zero-inflation
probability model, which is essentially a logistic regression predicting the odds of zero
counts as dependent on SOX10 counts.

RNA-sequencing analysis—RNA-seq libraries were prepared from triplicate samples
of parental YUMML.1 and SoxZ0KO clones (#1.41 and #1.51) using RNeasy plant mini
kit (QIAGEN; Hilden, Germany) following manufacturer’s protocol. The final libraries

at the concentration of 4nM were sequenced on NextSeq 500 using 75bp paired-end
chemistry. Raw FASTQ sequencing reads were mapped against the reference genome

of Mus musculus Ensembl Version GRCm38 utilizing further information from the gene
transfer format (.gtf) annotation from GENCODE version M19 using RSEM (Li and Dewey,
2011). Total read counts, and normalized Transcripts Per Million (TPM) were obtained
using RSEM’s calculate-expression function. Before differential expression, batch effects
or sample heterogeneity was tested using iSeqQC (Kumar et al., 2020). Differential gene
expression was performed between SoxZ0 KO clones (#1.41 and #1.51) versus parental
control using the DESeq?2 package in R/Bioconductor (Love et al., 2014). Genes were
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considered differentially expressed (DE) if they had adjusted p value % 0.05 and absolute
fold change = 2. All plots were constructed using R/Bioconductor. Gene Set Enrichment
Analysis (GSEA) was performed to evaluate Kyoto Encyclopedia of Genes and Genomes
(KEGG) terms in the resulting differential expression lists. The DESeq?2 test statistic was
used as a ranking metric to perform GSEA in pre-ranked mode, with genes having zero base
mean or “NA” test statistic values filtered out to avoid providing numerous duplicate values
to GSEA. GSEA pre-ranked analysis was performed using the “weighted” enrichment
statistic (Subramanian et al., 2005).

TCGA analyses—The Cancer Genome Atlas (TCGA) SKCM RNA sequencing (RNA-
seq) V2 RSEM normalized counts data were retrieved from http://www.cbioportal.org/
(Cerami et al., 2012; Gao et al., 2013), and analyzed for gene set enrichment using
IGV_2.8.6 software. For all correlation analyses, TCGA Firehose Legacy Skin Cutaneous
melanoma dataset was utilized; for pan-cancer analyses, TCGA Pan-Cancer Atlas Skin
Cutaneous melanoma dataset was utilized. For analysis of lymphocyte levels in TCGA
samples, each sample was previously classified by Lscore, which is equal to the sum of
lymphocyte distribution and lymphocyte density scores as determined by sample histology
(Cancer Genome Atlas Network, 2015). For patients with multiple samples, only metastatic
samples were retained, and mRNA expression from the Broad GDAC Firehose data run
(stddata_ 2016 01 28) were correlated with Lscore.

ATAC-Seq analysis—ATAC Seq. merged peaks raw counts data for SOX10 time-series
knockdown and control samples from two melanoma cell lines were obtained from the Gene
Expression Omnibus (GEO) under the accession number GSE114557. DESeq?2 (v 1.28.1)
(Love et al., 2014) was used to perform differential peak analysis. Analysis was performed
between SOX10 KD and control samples, while controlling for cell line.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Sox10knockout reduces expression of the immune checkpoint proteins
HVEM and CEACAM1

In immune-competent models, SoxZ0knockout reduces melanoma tumor
growth

Sox10 effects on tumor growth are dependent, in part, on CD8+ T cells

In TCGA cutaneous melanoma data, SoxZ0is inversely correlated with
immune pathways
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Figure 1. SOX10 alters mRNA levels of immune checkpoint proteins
(A) SOX10 expression was probed by western blot in parental mouse melanoma YUMM1.1

cells and SoxZ0knockout clones.

(B) SOX10 expression was probed by western blot in parental human melanoma MeWo
cells and SOX10knockout clones.

(C) RNA was collected from 3 biological replicates of parental and SoxZ0knockout clones,
RNA-seq was performed, and data were mined for immune checkpoint proteins. Shown

are fold changes of mRNA levels in SoxZ0knockout clone #1.41 (CR. #1.41) or Sox10
knockout clone #1.51 (CR. #1.51) versus parental. *p < 1.0E -5; #p < 0.01.

(D) RNA-seq was performed on parental and SOXZ0knockout clones, and data were mined
for immune checkpoint proteins. Shown are fold changes of mRNA levels across SOX10
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knockout clones #2.1, 2.2, and 2.8 versus parental (CR. #2.1, 2, and 8) or SOX10knockout
clone #4.11 (CR. #4.11). *p < 1.0E -5; #p < 0.01.

(E) Differentially expressed genes in YUMMZ1.1 SoxZ0knockout cells compared to those in
parental cells were plotted by gene rank against log2 fold change.
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Figure 2. SOX10 knockout reduces expression of HYEM and CEACAM1
(A) Parental mouse melanoma YUMML.1 cells and SoxZ0knockout clones were treated

with or without 100 ng/mL IFN.,, and HVEM expression was probed by flow cytometry
staining. Mean fluorescence intensity (MFI) was quantified.

(B) Parental human melanoma MeWo cells and SOXZ0knockout clones were treated with
or without 100 ng/mL IFN,,. HVEM expression was probed by flow cytometry staining, and

MFI was quantified.
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(C) Parental mouse melanoma YUMML.1 cells and SoxZ0knockout clones were treated
with or without 100 ng/mL IFN.,. CEACAML expression was probed by flow cytometry
staining, and MFI was quantified.

(D) Parental human melanoma MeWo cells and SOXZ0knockout clones were treated with
or without 100 ng/mL IFN.,. CEACAML expression was probed by flow cytometry staining,
and MFI was quantified.

(E) CEACAML1 expression was probed by western blot in parental mouse melanoma
YUMML1.1 cells and SoxZ0knockout clones. The arrow indicates a nonspecific band
("n.s.").

(F) CEACAML1 expression was probed by western blot in parental human melanoma MeWo
cells and SOXZ0knockout clones. All data in this figure represent 3 biological replicates; *p
< 0.05, **p < 0.01, ***p < 0.001.
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Figure 3. SOX10 is correlated with CEACAM1 and HVEM expression in patient datasets
(A) RNA-seq from the melanoma TCGA dataset was visualized using cBioportal, and the

MRNA expression level of HVEM ( TNVFRSF14) was plotted versus SOX10 expression
(Cerami et al., 2012; Gao et al., 2013). Shown are values batch normalized from Illumina
HiSeq_RNASeqV2. SOX10 mutation type, structural variant, and copy number are indicated
for each sample.

(B) RNA-seq from the melanoma TCGA dataset was visualized using cBioportal, and the
MRNA expression level of CEACAM1 was plotted versus SOX10 express ion (Cerami

etal., 2012; Gao et al., 2013). Shown are values batch normalized from Illumina
HiSeq_RNASeqV2. SOX10 mutation type, structural variant, and copy number are indicated
for each sample.

(C) Single-cell RNA-seq data of malignant cells (Jerby-Arnon et al., 2018) were visualized
by t-distributed stochastic neighbor embedding (tSNE) plots by using the Single Cell portal
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(https://singlecell.broadinstitute.org/single_cell), whereby each cluster represents a distinct
melanoma tumor and each circle represents an individual cell.
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Figure 4. Sox10 ablation reduces tumor growth, and this effect is exacerbated in an immune-

competent setting

(A) CRISPR-Cas9 was used to knockout SoxZ0from the mouse melanoma cell line
YUMML.1. Cell lysates were probed by western blot, and Sox0knockout was verified

in two individual clones.

(B) /n vitro cell growth of SoxI0knockout clones was evaluated using the IncuCyte live-
cell imager. Data are representative of 3 independent experiments, each with 3 technical

replicates.

(C) YUMML.1 parental or SoxZ0knockout cells were injected into NSG mice. Tumors were
measured using digital caliper every 2—-3 days. Data were collected from 5 mice per group.
(D) Related to (C), mice were sacrificed when tumors exceeded 650 mms3 in volume. Shown

is a Kaplan-Meier survival curve.

(E) YUMML.1 parental or SoxZ0knockout clones #1.41 or #1.51 were injected into
C57BL/6 mice, and tumors were measured by caliper every 2—-3 days. Data were collected

from 5-6 mice per group.

(F) Related to (E), mice were sacrificed when tumors exceeded 650 mms3 in volume. Shown
is a Kaplan-Meier survival curve. **p < 0.01.

Cell Rep. Author manuscript; available in PMC 2022 January 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Rosenbaum et al. Page 28
A B Tumor growth C Tumor onset
O YumM1.1 [J CR. Sox10#1.41 —YUMM1.1 (n=7) —CR. Sox10#1.41 (n=7) —YUMM1.17  —CR. Sox10#1.41
[0 YUMM1.1 [] CR. Sox10#1.41 YUMM1.1 —CR. Sox10 #1.41 YUMM1.1 © " —CR. Sox10#1.41
+HVEM +HVEM + HVEM (n=7) +HVEM (n=7) + HVEM +HVEM
ol 10007 100
—~ 800 80-
£
13
© 3
20 £ 6004 & 60+
= =
= [}
, e £
g 400+ = 404
ES
3
=
2001 201
0 0 T T T T T 1
0 0 10 20 30 40 50 60
Days post tumor inoculation Days post tumor inoculation
D E Tumor growth F Tumor onset
O yumm1.1 —YUMM1.1 (n=10) —YUMM1.1
O cr. ceacam? #1.8 —CR. Ceacam1 #1.8 (n=10) —CR. Ceacam1 #1.8 :| :| "
CR. Ceacam1 #1.30 CR. Ceacam1 #1.30 (n=10) CR. Ceacam1 #1.30
100 10007 100~
60 80-
“ 3
& 604
2 1<}
1S
=
9 Ty T b_ 40-
o 10 x
CEACAM1 —>
20+
0 T T T T T 1
0 10 20 30 40 50 60
Days post tumor inoculation Days post tumor inoculation

Figure 5. Effects of HVEM or CEACAML alone on tumor growth
(A) HVEM was expressed in YUMML.1 parental and CR. #1.41 Sox10knockout cells by

lentiviral transduction. HVEM expression was validated by flow cytometry staining. Data
are representative of 3 biological replicates. An unstained control is shown in light gray.
(B) YUMML.1 parental, CR. #1.41 Sox10knockout cells, or HYEM-overexpressing cells
were injected into BL6 mice, and tumors were measured by digital caliper every 2-3 days.
Data were collected from 7 mice per group.

(C) Related to (B), time-to-tumor onset was tracked. Tumors were considered fully formed
when they reached ~50 mm3.

(D) Two individual clones were generated from CRISPR-Cas9 knockout of Ceacam?in
YUMML1.1 cells. CEACAML surface expression was evaluated by flow cytometry. Data are
representative of 3 biological replicates. An unstained control is shown in light gray.

(E) YUMML1.1 parental, CR. #1.8, or CR. #1.30 Ceacam1 knockout cells were injected into
BL6 mice, and tumors were measured by caliper every 2—-3 days. Data were collected from
10 mice per group.

(F) Related to (E), time-to-tumor onset was tracked. Tumors were considered fully formed
when they reached ~50 mm3.**p < 0.01, ***p < 0.001.
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Figure 6. SOX10 effects on tumor growth are partially dependent on CD8+ T cells
(A) YUMML1.1 parental or SoxZ0knockout clone #1.51 cells were injected into Rag1

knockout mice, and tumors were measured by caliper every 2—3 days. Data were collected
from 6—7 mice per group.

(B) BL6 mice were treated with 300 ug of either CD8-depleting antibody or the relevant
isotype control 2 days before tumor inoculation, and twice per week throughout the course
of the experiment. YUMM1.1 parental (n = 3) or SoxZ0knockout clone #1.51 (n = 6) cells
were injected into treated mice, and tumors were measured by caliper every 2-3 days.

(C) Related to (A), (B), and Figure 1C, and Figure 1E. Tumors were measured every 2—-3
days by caliper measurement, and time-to-tumor onset was tracked. Tumors were considered
fully formed when they reached 50 mm3,

(D) Related to (C), mice were sacrificed when tumors exceeded 650 mm3 in volume. Shown
is a Kaplan-Meier survival curve. **p < 0.01, ***p < 0.001.

Cell Rep. Author manuscript; available in PMC 2022 January 01.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rosenbaum et al. Page 30

A Correlation: Lymphocyte Infiltration
Gene Symbol |Spearmans L |Speam1an -val
SOX10 | -0.350494437| 5.68E-11

Neg.-Correl. With SOX10

TYPE_|_DIABETES_MELLITUS =
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HEMATOPOIETIC_CELL_LINEAGE =
INESTINAL_IMMUNE_NETWORK_FOR_IGA_PRODUCTION —
CYTOKINE_CYTOKINE_RECEPTOR_INTERACTION
LEISHMANIA_INFECTION =
GRAFT_VERSUS_HOST_DISEASE =]
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T_CELL_RECEPTOR_SIGNALING_PATHWAY =1
NOD_LIKE_RECEPTOR_SIGNALING_PATHWAY =
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C Enrichment plot: Enrichment plot:
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Figure 7. SOX10 is anti-correlated with immune infiltrates and immune-related gene pathways
(A) Melanoma immunohistochemistry (IHC) samples from TCGA (Cancer Genome Atlas

Network, 2015) were previously scored for lymphocyte density and lymphocyte distribution.
These two scores were summed to give a lymphocyte score. A Spearman’s correlation was
conducted to determine the relationship between SOX10 mRNA levels and lymphocyte
scores.

(B) Gene set enrichment analysis (GSEA) was performed on patient data from the cutaneous
melanoma TCGA dataset to determine the relationship between SOX10 mRNA levels

and Kyoto Encyclopedia of Genes and Genomes (KEGG) gene pathways. Shown are

the pathways significantly negatively correlated with SOX10 expression and normalized
enrichment scores (p < 0.05). In bold are immune-related pathways.

(C) Shown are enrichment plots, related to (B).

Cell Rep. Author manuscript; available in PMC 2022 January 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Rosenbaum et al.

KEY RESOURCES TABLE

Page 31

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

SOX10 Cell Signaling D5VIL; RRID:AB_2792980
SOX10 Santa Cruz A-2; RRID:AB_10844002
CEACAM1 Cell Signaling D1PA4T; RRID:AB_2798605
CEACAM1 R&D Systems Polyclonal; #AF6480; RRID:AB_10718854
ACTIN Sigma A2066: RRID:AB_476693
TYROSINASE Abcam ab61294; RRID:AB_946016
GP100 Abcam ab137078; RRID:AB_2732921
MELAN-A Abcam abh210546; RRID:AB_2889292
MITF Cell Signaling D5G7V; RRID:AB_2616024
ZEB1 Cell Signaling E2G6Y; Catalog no. 70512T

CD47 Cell Signaling D307P; RRID:AB_2799637
CEACAM1 BioLegend mAb-CC1; RRID:AB_2632799
CEACAM1 R&D Systems 283340: RRID:AB_2077348
HVEM BioLegend HMHV-1B18; RRID:AB_2303381
HVEM BioLegend 122; RRID:AB_2565472

PD-L1 BioLegend Clone 10F.9G2; RRID:AB_2563635
CD47 BioLegend miap301; RRID:AB_2629538
CD47 BioLegend CC2C6; RRID:AB_2721547
Galectin-9 BioLegend RG9-35; RRID:AB_2562296
CD45.2 BioLegend Clone 104; RRID:AB_10900256
CD3 BioLegend Clone 17A2; RRID:AB_2621731
CD8a BioLegend Clone 53-6.7; RRID:AB_11124344
CD8p BioLegend YTS156.7.7; RRID:AB_2260149
Armenian Hamster 1gG isotype control BioLegend HTK888; Catalog no. 400912
Mouse IgG1, x isotype control BioLegend MOPC-21; RRID:AB_893664
Mouse 1gG2b, x isotype control BioLegend MPC-11; Catalog no. 400313
CD8a BioXCell 53-6.72; RRID:AB_1107671

Rat 1gG2a BioXCell 2A3; RRID:AB_1107769

Chemicals, peptides, and recombinant proteins

IFNy R&D Systems 285-1F-100

Critical commercial assays

RNeasy Plant Mini Kit QIAGEN 74904

Deposited data

YUMML.1 CRISPR SOX10 RNA-seq This paper BioProject ID: PRINA688784

MeWo CRISPR SOX10 RNA-seq
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

ATAC-seq SOX10 knockdown

PMID: 25516281

GEO DataSets: GSE114557

Experimental models: Cell lines

Human: MeWo Melanoma Cell line Case Western Reserve MeWo

Human: SKMel28 Melanoma Cell Line ATCC SKMel28

Human: SKMeL30 Melanoma Cell Line Memorial Sloan Kettering Cancer SKMel30
Center

E/!ouse: YUMML1.1 BRAF V600E Melanoma Cell Yale University YUMML1.1

ine

Mouse: B16F10 Melanoma Cell Line ATCC B16F10

Mouse: 1014 Melanoma Cell Line Institut Curie, Orsay, France 1014

Experimental models: Organisms/strains

Mouse: C57BL/6 Mice Jackson Labs C57BL/6

Mouse: NOD. Cg-Prkdcs@/2rg"™ Vi /Sz] Jackson Labs then bred at Thomas NSG
Jefferson University

Mouse: B6.129S7-RagltmiMom/J Jackson Labs then bred at Thomas RAG1 KO
Jefferson University

Oligonucleotides

SOX10 siRNA #1 Dharmacon Inc. D-017192-01

SOX10 siRNA #2 Dharmacon Inc. D-017192-02

SOX10 siRNA #3 Dharmacon Inc. D-017192-03

Non-targeting CTL siRNA Dharmacon Inc. D-001810-01

SOX10crRNA #1
CEACAMI crRNA #1

Dharmacon Inc.

Dharmacon Inc.

CM-049957-01-0002
CM-055898-01-0002

Recombinant DNA

pLenti4/TO/mHVEM Generated by S. Rosenbaum N/A
pLentihygro/mSOX10-noV5 Generated by S. Rosenbaum N/A
pLentihygro/TO/GW/GFP Generated in Aplin lab N/A
pLentiPuro3/TO/GW/emGFP Generated in Aplin lab N/A
pLentiPuro3/TO/GW/hSOX10 Generated in Aplin lab N/A
pDONR221-SOX10 Addgene #24749
Software and algorithms

FlowJo FlowJo, LLC N/A
Quantity One BioRad N/A
Graphpad Prism GraphPad N/A
Integrated Genome Viewer (IGV 2.8.6) program Broad Institute N/A
IncuCyte® software Essen Biosciences N/A

R project

N/A

http://www.R-project.org
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