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Abstract

SOX9 and SOX10 have both pro-and anti-tumourigenic functions. In melanoma, SOX9 and
SOX10 expression are mutually exclusive, suggesting they play unique roles. Here we assessed
the role of SOX9 and SOX10 on therapy resistance in BRAF VV600E-driven melanoma. We used
a panel of syngeneic murine YUMM (Yale University Murine Melanoma) cell lines and
demonstrated that these YUMM cells indeed have mutually exclusive expression of SOX9 and
SOX10, correlated with their vemurafenib resistance (a BRAFV600E inhibitor). Unexpectedly,
exogenous expression of SOX9 or SOX10 did not alter resistance to vemurafenib. Interestingly,
SOX9 knockout cells that underwent a vemurafenib treatment regimen didn’t transition to a
resistant state and remained sensitive. Sox9 gene activation and Sox10 repression during the
transition to the resistant state were in part due to chromatin remodeling. To further explore the
role of SOX10 in resistance, we treated vemurafenib resistant YUMM lines with the oncolytic
virus VSVAS1, an emerging therapy. We showed that these resistant cells were also resistant to
oncolytic virotherapy. Furthermore, loss of SOX10 recapitulates both the vemurafenib and the
oncolytic resistant state in melanoma. SOX10 deletion resulted in an upregulation of various
interferon stimulated genes which could play key roles in this cross resistant state. To gain further
insights into the role of SOX10 in melanoma, we generated Sox10 knock-out YUMM lines. We
found that the loss of SOX10 alters tumour growth by two distinct mechanisms. The loss of SOX10
induces cancer stem cell-like (CSC) properties and lead to a downregulation of CEACAML, an
inhibitory immune receptor found on both immune and cancer cells. This SOX10-CEACAM1 axis
led to a decrease in anti-tumour CD8+ T cell infiltration in melanoma tumours. Taken together,
we find that SOX9 plays a gatekeeper role during the transition to a targeted therapy resistant state

while SOX10 enhances immune evasion and the differentiated state.
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Chapter 1

General Introduction



1.1 Molecular Subtypes of Melanoma

1.1.1 The four subtypes of melanoma

Melanoma is the most aggressive form of skin cancer. Although accounting for less than
2% of all skin cancer cases in the United States it does account for most skin-related deaths(1,2).
Melanoma can be divided into four groups; cutaneous melanoma (CM) (melanoma of the skin),
mucosal melanoma (mucous membrane), acral melanoma (located on palms, nail beds and the
soles of feet), and uveal melanoma (melanoma of the eye)(3). CM is the most common and is the

focus of my work.

CM can be further divided according to the molecular landscape of genes that can modulate
the mitogen-activated protein kinase (MAPK) cascade(4). The most common subtype, the B-
Rapidly Accelerated Fibrosarcoma (BRAF) mutants account for approximately 40-50% of all
CM(4,5). This mutation status is common in melanomas arising from intermittent sun exposure
and tend to have less somatic mutations compared to the other subtypes(6,7). The Ras subtype,
typically NRAS accounts for about 30% of all melanoma(4,5). Unlike the BRAF subtype, NRAS
melanomas occur in older patients following chronic sun exposure(8,9). The third common
subtype is associated with a neurofibromatosis type I (NF1) loss of function mutation which causes
a lack of negative regulation on RAS proteins, leading to hyper activation of the MAPK
cascade(4,5,10). The least common CM subtype is the triple wild type which has no mutations on
BRAF, NRAS, or NF1 but tend to have increased mutations and amplifications of genes associated
cell cycle progression or receptor tyrosine kinases that signal downstream to the MAPK

cascade(4,5,11).



1.1.2 The mitogen-activated protein kinase (MAPK) pathway

The most common MAPK pathway observed to be altered in cancer is the RAS-RAF-
MEK-ERK cascade(12). Although many cancer types have an activating mutation within this
cascade, others stimulate this pathway through the amplification of receptor tyrosine kinases
(RTK) found at the surface of the cell(13,14). Canonical RAS-RAF-MEK-ERK signalling can be
initiated by the activation of various RTKs (HER, FGFR, PDGFR) found at the surface of the
cell(15). Following activation, RTKs can dimerize and autophosphorylate, allowing various
adaptor protein docking such as GRB2(15). GRB2 can then recruit various Ras guanine nucleotide
exchange factors such as SOS which facilitates the exchange of GDP to GTP on RAS proteins(15).
GTP bound RAS can interact with RAF proteins at the plasma membrane, facilitating the homo,
or heterodimerization of RAF proteins and activating their kinase activity(15). RAF dimers can
then phosphorylate the serine/threonine kinase MEK, and subsequently ERK(15). ERK, the final
kinase of the canonical MAPK pathway, can phosphorylate a plethora of proteins including
transcription factors c-Jun and c-Myc, promoting cell growth, proliferation and

survival(15)(Figure 1.1A).

1.1.3 BRAF(V600E) subtype

BRAF is a serine/threonine kinase part of a larger family of active RAF proteins including
ARAF and CRAF(16). Three conserved regions make up the RAF proteins (CR1, CR2 and
CR3)(17). CR1 contains two specific domains: the RAS-binding domain (RBD) and the cysteine-
rich domain (CRD), where it functions as the GTP-binding domain used for its interaction with
RAS proteins(18,19). CR2 acts as a hinge to allow for conformational changes of RAF proteins
and to enter an open/active or closed/inactive state. This region is predominantly serine-rich and

allows for 14-3-3 protein binding(20). CR3 is the catalytic domain and allows for the

3



phosphorylation of RAF specific targets(20-22). Interestingly BRAF is the most commonly
mutated RAF protein in various cancer types such as colorectal cancers, thyroid cancers and
melanoma(23). Although it is not fully understood why BRAF is a preferential target for
mutations, various explanations have been proposed such as tissue specificity and expression level.
Since BRAF has the highest basal kinase activity compared to other RAF proteins due to its
constitutively negative charge in the kinase domain, it may also be the reason for its oncogenic

potential(24-26).

Before an activation signal, BRAF remains as a monomer in the cytosol in its closed
conformation(27). It is held in this conformation through autoinhibition by CR1 and CR3 binding
and through interaction with a 14-3-3 protein that is mediated through phosphorylation in the CR2
domain(17,20). This stabilizes the closed conformation and blocks kinase activity. BRAF
activation begins with GTP bound RAS binding to the RBD on BRAF(28-32). This binding allows
for BRAF recruitment to the plasma membrane where the CRD can bind to phosphatidyl-serines
in the plasma membrane(28-33). Once both the RBD and CRD are engaged, BRAF loses its
autoinhibitory conformation(32,33). At the plasma membrane, interaction with phospholipids
allows for the release of 14-3-3 bound to the CR2 region and dephosphorylation of the CR1 domain
converting BRAF into its open state(34-36). Once in its active conformation, BRAF can form
homo or heterodimers with other RAF proteins, where they can allosterically activate one another
in the CR3 region(36). Active BRAF can phosphorylate MEK which in turn can phosphorylate

ERKZ1/2 to complete signal transduction(37)(Figure 1.1A).

Over 80% of all BRAF mutations found in melanoma revolve around the missense
mutation at nucleotide 1799 where is a thymine to adenine substitution(23). This mutation converts

the amino acid at position 600 from a valine to a glutamic acid. This is important since the V600



position is part of the glycine rich segment that allows for hydrophobic interactions with other
segments of BRAF, keeping the DFG motif in its inactive/closed conformation(38,39). Due to the
V600E mutation, the hydrophobic valine is now a charged glutamic acid, disrupting the
hydrophobic interaction and forcing the DFG motif into its open active conformation, aligning
ATP and the peptide recognition, leading to constitutive kinase activity(38,39). Normally ERK
phosphorylation is a negative regulator of BRAF activity. ERK phosphorylates BRAF at S705 and
T753, disrupting the formation of a dimer, which causes BRAF to enter an inactive
conformation(40,41). Valine 600 is located in the activation loop, where it keeps BRAF in an
inactive conformation. Following a V600E mutation, BRAF switches to an active confirmation
and can signal independently of upstream stimuli or downstream negative feedback

regulation(39)(Figure 1.1B).

The oncogenic potential of BRAF(V600E) is dependent on the genetic landscape.
BRAFV®%E expression in melanocytes leads to a common phenomenon called oncogene-induced
senescence(42-44). Following a rapid cell division, melanocytes lose their growth capabilities and
begin to stain positive for senescent markers such as p16™K4A and SA-B-gal(45). In mice it was
found that BRAF V8% expression in melanocytes gave rise to melanocytic nevi(43,44). These nevi
undergo growth arrest following multiple cell cycles and share the expression of senesce-induced
genes. Although these nevi are not truly senescent but rather in this quiescent-like state, they can
bypass this growth arrest and form melanoma. This is achieved through the loss or inhibition of
tumour suppressors like PTEN or CDNK2a which removes the growth arrest signal to induce a

malignant tumour(46,47).
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regrowth. Figure was generated in BioRender.



1.1.4 Generation of murine models using the V600E mutation

Various murine melanoma models do exist that usually recapitulate various RAS or BRAF-
driven melanomas. The most common studies focus on the NRAS?®!R and BRAFY®%E mutations
which all produce melanocytic nevi in mice(48). Interestingly many models pair these oncogenic
mutations with conditional deletions of various tumour suppressors including p16'™<* PTEN and
P53(48). These deletions are accomplished using the Cre-lox recombinase system where two loxP
sites are flanking critical domains within the gene of interest. Tissue-specific expression of Cre
allows critical exons to be excised, resulting in null alleles in organs of interest(49). In melanoma
models, two main promoters are typically used: the DCT or Tyrosinase (Tyr) promoter(48).
Current melanoma models use an inducible system. For example, the BRAFV6%E pTENM
Cdkn2™M utilizes the CreER that is driven off the Tyr promoter(46). This allows for topical or
systemic melanoma induction that is dependent on 4-OHT treatment(46). Interestingly, termed
YUMM, various C57 cell lines from BRAFY®%E models harboring various genetic mutations have
been derived(50). These cell lines have a similar genetic makeup but differ in various properties
including in vitro and in vivo growth potential, immune infiltration and resistance to targeted

therapies(50).

1.2 Therapeutic approach to treating BRAF(V600E) melanomas

1.2.1 Targeted therapies

Targeted therapies use various forms of agents to target specific proteins to halt and kill
cancer cells. This strongly differs from chemotherapies as those target rapidly cycling cells, which
is not always the case in some cancers(51). Targeted therapies are aimed at specific mutations,
amplifications, or increased enzyme activity that is specific to particular cancers, increasing

specificity and decreasing the death of normal neighbouring tissue(51).
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Targeted therapies usually come in two forms: monoclonal antibodies (eg. Herceptin), and
small molecules (eg. Imatinib)(52-54). One of the first tested targeted therapies used against
melanoma consisted of two kinase inhibitors, sorafenib and RAF-265(55). These two molecules
are both non-selective inhibitors, targeting multiple proteins due to the similarity of the kinase
structure. Although functioning as intended, they lack the specificity leading to increased toxicity
in patients(55). The high mutation burden found in melanoma thus allowed for the ability to

develop targeted therapies.

The first targeted therapy developed against melanoma was the BRAF inhibitor Zelboraf
(further known as vemurafenib)(56). Vemurafenib is a small molecule inhibitor that functions
similarly to sorafenib by competing with ATP, but rather than targeting the inactive kinase,
vemurafenib primarily inhibits BRAF in its active/open conformation, increasing specificity for
the BRAFY5%%F variant(56,57). Although vemurafenib caused inhibition of BRAFY5E (31nM) it
could also inhibit other kinases at various potencies including c-RAF-1 (48nM) and wild-type
BRAF (100nM)(56,57). Differences in inhibition were negligible when tested in biochemical
assays but this was not the case when vemurafenib was tested in vitro and in vivo(58-61). In
clinical trials, vemurafenib was shown to extend overall survival and progression free survival in
metastatic BRAFV®%E melanoma, making it an important treatment(62—64). Vemurafenib was able
to produce great response rates with an increase in clinical response by approximately 50% (62—
64)(Figure 1.1C). However, within a year patients no longer responded to vemurafenib treatment
and began to relapse(65). This lack of response to vemurafenib was due to the activation of various

resistant mechanisms currently being studied in melanoma(65).



1.2.2 Immunotherapies

Like targeted therapies, immunotherapies are one of the best lines of defense for advanced
metastatic melanoma. Immunotherapies exist in various forms, with the most common being the
immune checkpoint inhibitors (ICI). They utilize monoclonal antibodies to block ligand access to
inhibitory receptors on cytotoxic lymphocytes. Ligands such as PDL-1, CD80, LAG3, HVEM and
CEACAM1 can bind to their respective receptors on immune cells and impose an

immunosuppressive effect(66).

Currently approved IClIs include Ipilimumab and Nivolumab(67-69). These antibodies
block CTLA-4 and PD-1, respectively, two inhibitory receptors usually found on cytotoxic T-cells
(67—69). These checkpoint blockers function through binding to their respective receptor, no
longer allowing ligand-receptor interaction and therefore, blocking the T-cells from entering an
exhausted, shutdown state (66). This allows for the reactivation of the host's immune cells,
recognition of the cancer and immune-mediated cell death. Although these various checkpoint
blockers show great efficacy and are utilized in metastatic melanoma in conjunction with targeted
therapies, the patients once again relapse and lose sensitivity(70-72). Combined with the loss of
vemurafenib sensitivity, this dual resistance is referred to as “cross resistance”. Following
resistance, a vast majority of these ligands become expressed at the cellular surface causing
increased immunosuppression (66). Other ICIs blocking LAG-3 and TIM-3 interactions are
currently being tested to circumvent this overall resistance observed. Combination therapy of anti-
PD-1/LAG-3 has shown approximately a 13% objective response rate in patients previously
treated with anti/PD-1 therapy(73,74). Although minuscule these findings provide initial proof for

the use of other ligand/receptor blockers to allow for re-sensitization to checkpoint inhibitors.



Although anti-PD-1 and CTLA-4 blocking antibodies are currently used in the clinic, other
advancements have been made in various forms of immunotherapy. One therapy that is beginning
to gain traction is a form of adoptive cell therapy using host tumour infiltrating lymphocytes
(TILs)(75). Briefly, TILs are harvested from the patient, expanded and activated ex vivo, and then
subsequently administered back to the patient. Since they were harvested from the host’s tumour
microenvironment, they harbor an inherent recognition of the tumour-associated antigens, and
therefore can recognize and properly clear the tumour. In a phase Il clinical trial, the efficacy of
TIL therapy was compared to ipilimumab where the overall objective response rate and overall
survival was found to be higher in the TIL-treated compared to the ipilimumab-treated group(76).
Overall, TIL therapy is a promising avenue which is currently being tested in a co-treatment
regimen with ICIs to allow for reactivation of the host’s immune system and complete tumour

clearance.

1.2.3 Virotherapies

Oncolytic virotherapy functions in two major ways: 1) through the direct lysis of cancer
cells and 2) through the recruitment of anti-tumour immune cells to the tumour microenvironment.
Although there are various forms of oncolytic viruses, only the herpes simplex virus, T-Vec, has
been FDA-approved for medical use in melanoma(77). But with the breakthrough of targeted and
ICI therapies, the mode of action of T-VEC has not been fully elucidated as well as for other

oncolytic viruses(78).

Vesicular stomatitis virus (VSV) is a single negative strand RNA virus that belongs to the
Rhabdoviridae family. Interestingly, VSV tends to infect horses, rodents and cattle but minimally
infects humans with only mild/asymptomatic outcomes. VSV harbors an 11kbp genome
containing only 5 genes, the Nucleocapsid protein (N), Phosphoprotein (P), Matrix protein (M),
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Glycoprotein (G) and the Large polymerase protein (L)(79,80). These 5 proteins make up the bullet

shaped envelope virus and allow for its viral entry, replication and spread(79-81).

During viral infection, the cells have a multipurpose defense/sense mechanism that
activates the type I IFN response that inhibits viral replication(82). During viral infection, the Type
| interferon response can be activated through various pathways known as pattern recognition
receptors (PRRs)(82). Although PRRs come in many forms against RNA viruses, two families are
mainly involved including Toll like receptors and RIG-I-like receptors. These PRRs sense VSV
proteins or genomic RNA that are not familiar to the hosts or have improper localization and can
further induce the type I IFN response(82). The type | IFN response signals through its receptors
IFNAR1/2 which dimerize following IFN binding(82). This binding promotes the
autophosphorylation of JAK1 and TYK2 which phosphorylates STAT1 and STAT2 promoting
their dimerization(82). Following STAT1/2 phosphorylation, they can enter the nucleus as a trimer
with IRF9 where they can activate various interferon-stimulated genes (ISG)(82). These ISGs play

various roles in blocking viral infection and propagation, terminating the viral spread(82).

Although resistance can be observed following oncolytic treatment, understanding the
mechanisms behind this resistance can help improve treatments. A majority of studies have looked
into VSV treatment and potential mechanisms of resistance to oncolytic infection. Specifically in
melanoma, it has been shown that different human melanoma cells have varying susceptibility to
VSVA51(83). Pre-treatment with IFNB was able to resolve these differences but at varying
concentrations, indicating that certain cells have various levels of defects in the antiviral IFN
response (83). Following immune checkpoint inhibitor resistance in melanoma, a proportion of
patients show a loss of function mutation within the IFN-JAK-STAT pathway(84). Oncolytic virus

treatment post ICI resistance has shown an increase in VSV susceptibility which is due to the loss
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of function of JAK2 and an impaired IFN signaling pathway (84), providing a potential alternative

treatment for ICI resistance.

1.3 Targeted therapy resistance

1.3.1 Modes of resistance

One major mechanism of targeted therapy resistance in melanoma is the ability of the cells
to reactivate the MAPK pathway(65). This is primarily achieved through the upregulation of
various receptor tyrosine kinases such as PDGFR, EGFR, AXL and IGF1R(85-87)(Figure 1.1D).
These kinases perpetuate the downstream signaling of the MAPK cascade independently of the
BRAFV®%E mutation through the activation of either wild-type BRAF, other RAF proteins and or
neighbouring signalling pathways. The administration of MEK inhibitors in conjunction with
BRAF inhibitors has been introduced to eliminate MAPK cascade reactivation(88-91). This dual
treatment prolonged patient survival compared to single agent use and is the current therapy
standard of care for the treatment of metastatic melanoma(88-93). Therapy resistance, although
delayed, still occurs following dual treatment and therefore understanding the downstream

mechanisms that drive resistance is needed.

Re-activation of the MAPK pathway also occurs due to the genomic instability of various
genes in the MAPK cascade. Interestingly, approximately 20% of MAPKi resistant cases have
acquired NRAS mutations(94). Patient sequencing data has also confirmed that in about 8% of
resistant cases, there is a MEK mutation within exon 3 or 6(94,95). Mutations within these MAPK
signalling molecules has allowed for the activation of the MAPK cascade, bypassing the effects of
BRAF inhibitors. Surprisingly, there are also BRAFY%E splice variants that occur following
targeted therapy resistance(96). These splice variants usually occur within the RBD region

allowing for easier dimerization and therefore enhanced downstream signalling(96). BRAF is also
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observed to show gene amplification following resistance that can further stimulate MAPK

downstream signalling(96,97).

Although the MAPK pathway plays a very important role in tumourgenicity, melanomas
sometimes activate MAPK-independent pathways to overcome resistance. One interesting
pathway that becomes stimulated through RTKSs is the PI-3K/AKT signalling pathway(98,99).
This signalling cascade can crosstalk with ERK, skipping BRAF and MEK signalling. Bypassing
these key proteins in the cascade has allowed for constitutive activation of ERK, reimplementing

the proliferative and pro-tumourigenic cues associated with melanoma(98-101)(Figure 1.1D).

Other pathways have also shown to play a role in MAPKIi resistance such as the
WNT/Catenin network, various metabolic pathways and other genomic alterations(102,103).
Although the molecular cues and phenotypic changes post-treatment are well understood,

understanding how the cell acquires these phenotypes is an area of active research.

1.3.2 Heterogeneous populations

Intratumoural heterogeneity is the idea that various cancer cells within the same tumour
express various molecular and phenotypical functions and remains an important problem for the
treatment of cancers with single agents(104). The notion of intratumoural heterogeneity originated
from two key ideas: clonal evolution and the cancer stem cell (CSC) model(104). Clonal evolution
focuses on the idea that various mutational signatures allow for epigenetic changes that result in
slightly different tumour cells, each potentially having its own distinct phenotype within the
tumour microenvironment. Interestingly, with the use of SNV and CNV, melanoma display one
of the largest clonal populations when compared to other solid tumours(105,106). The CSC model

hypothesizes that the tumour initiates off a specific subset of tumourigenic CSCs, allowing for the
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development of phenotypically distinct populations of melanoma cells. These CSCs have tumour
initiation activity while the major populations within the tumours do not. The earliest studies on
CSC in melanoma focused on sorting CSCs and assessing their tumourigenic potential. Sorted
CD34p75 melanoma cells showed increased tumour formation while the CD34p75* cells rarely
formed tumours in immunocompromised mice(107). There is no unique marker of CSC in
melanoma. However, various stem cell markers have been widely used such as CD271, CD133,
Sox2, and ALDH1(108-111). Various studies have shown that these markers may exist in a
proportion of melanomas but not in others (108-112). These populations when isolated and
transplanted into partial immunocompromised mice led to overall tumour growth, where the
negative isolates did not(109,110,113). Interestingly, single cell transplants of human melanoma
cells in complete immunocompromised mice showed increased uptake and growth of a large
proportion of melanoma cells, contradicting the CSC model (114,115). In addition, transplantation
of melanoma cells selected for common CSC markers had no increase in tumourigenic potential
compared to the negative isolates when implanted into complete immunocompromised
mice(114,115). Interestingly, the sorted populations were found to be unstable, where the negative
and positive populations reverted back to homeostatic levels, suggesting an alternative mechanism

to the CSC model(115).

Although clonal evolution and the CSC model have previously been used to explain drug
resistance in cancer, one new concept that focuses on cellular plasticity has been suggested(116).
This model focuses on the idea that cancer cells can transition dynamically from a proliferative
drug sensitive state to a therapy tolerant and invasive state(116). Non-CSC-like cells can transition
to CSC-like cells and these transitions are dependent on various cues that exist within the tumour

microenvironment. Indeed, studies have identified two populations within melanoma; a
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proliferative (differentiated) and invasive (undifferentiated) phenotype(117-119). With the use of
transcriptomics, the proliferative state was shown to express SOX10 and MITF, two major players
in melanoma initiation and progression(117-120)(Figure 1.2). The invasive state expressed
various EMT-like markers including ZEB1, SNAI1, and EGFR(117-119). Using cohorts of
melanoma within the TCGA dataset, tumours appear to transition from one state to the next
independently of the mutational status, strengthening the idea of a dynamic epigenetic
landscape(119). TEAD/AP-1 were identified as drivers of this invasive state due to their
enrichment in open/active regulatory regions found within the invasive cohort whereas SOX10
and MITF sites were enriched within the proliferative state(119). In general, the proliferative state
can be identified as a SOX10M9, MITFHO" AXL-OW, SOX9-°" state while the invasive state

displays the reverse expression(117-121)(Figure 1.2).

Additional molecular states have now been identified using various markers and shown
transition between each other, dependent on cellular cues(122-124). Following gene signature
clustering, two new molecular states were identified: the transitory state and neural crest like state,
showing varying levels of SOX9, SOX10, MITF, and RTKs(122-124). It was shown that,
following treatment with vemurafenib, the transition from the proliferative state followed a linear
trajectory. Cells entered a transitory state followed by a neural crest-like phenotype and finally
ending at the undifferentiated state(123). The undifferentiated state was shown to be susceptible
to ferroptosis-inducing compounds capable of eradicating targeted therapy resistant cells within
the cell population(123). Using scRNA-seq, these states were confirmed within patient-derived
melanoma cell lines(124). Although in various proportions, not all cells within a cell population

transition to any one state. Some cells remain in intermediate states able to transition back and
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forth(124). Interestingly, manipulation of SOX10 levels appear to a transition to a more migratory

and therapy resistant state (124).

Although the drug resistance and the transition between various states is well documented,
no therapeutics have been uncovered that can prevent resistance to the original MAPK inhibitors.
Understanding what key markers are driving these resistant states and whether the transition to
these states can be blocked or modulated is critical to fully control resistance and restore

sensitivity.
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Figure 1.2 Cellular plasticity model in melanoma following treatment with MAPK inhibitors.
Naive melanoma tumour cells transition from a proliferative, Sox10+ differentiated state into an
invasive slow-cycling Sox9+ state following chronic treatment with MAPK inhibitors (eg.
vemurafenib). This transition is believed to be initiated through the loss of SOX10 and MITF and

the induction of AXL, TEAD, and AP1. Figure was generated in BioRender.
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1.4 Carcinoembryonic antigen-related adhesion molecules

1.4.1 CEACAM family and structure

Carcinoembryonic antigen-related cell adhesion molecules (CEACAMS) are a group of
glycoproteins found on the surface of various cell types(125). The human genome expresses 12
CEACAM members, CEACAM1, CEACAM3-8, CEACAM16 and CEACAM18-21, which all
contain various structures with different functions(125). CEACAML1 can be found on a plethora of
cell types including cancer and immune cells(126). In humans, there are 12 different isoforms of
CEACAML1 produced through alternative splicing while only 4 exist in mice(126-128). Murine
CEACAML1 isoforms consist of one N-terminal IgV immunoglobulin domain that functions as a
binding region to CEACAMI1’s various partners(128). One or three 1gC2 immunoglobulin
domains follow the IgV immunoglobulin bound to the transmembrane domain and a cytoplasmic
tail(128). The two CEACAML1 long isoforms consist of a long cytoplasmic tail containing an
immunoreceptor tyrosine-based inhibitory motif (ITIM), while the short isoforms lack this
ITIM(128). CEACAML1 functions through cis or trans dimerization with its binding partners to
induce downstream signaling within the cells(127,128)(Figure 1.3). It has been shown to bind to
itself and CEACAMS with high specificity(127,128). Although it is also predicted to bind to

CEACAM3, 6 and CEACAMS, its affinity to these proteins is lower(128).

1.4.2 CEACAML in cancer and immune surveillance

In various cancers, CEACAML1 has been shown to have antitumourigenic effects(129-
132). However, in melanoma it appears to promote tumour proliferation, migration and
invasion(133,134). Interestingly, using an activating antibody specific to CEACAML1, one study

found that it reduced melanoma viability and promoted apoptosis in vitro(135). Whether
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Figure 1.3 Schematic representation of the murine CEACAML isoforms. CEACAM1-4L

contains all N-terminal immunoglobulins and a complete C-terminal intracellular tail bearing the

ITIM domain. CEACAM1-4S contains all N-terminal domains similar to CEACAMZ1-4L but lacks

a complete intracellular tail. CEACAM1-2L has a complete intracellular tail but lacks 2/3 of the

IgC2 immunoglobulin domains. CEACAM1-2S is the smallest murine CEACAML1 isoform

lacking both a complete N-terminal and C-terminal domain. CEACAM1 isoforms can dimerize in

trans where it is facilitated through the IgV immunoglobulin, or in cis where dimerization is

facilitated through all immunoglobulins. L; long form, S; short form. Figure was generated in

BioRender.
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these functions are isoform specific in the context of melanoma has not been fully elucidated.
Various studies have highlighted the immunosuppressive capabilities of CEACAML, primarily on
NK cells. In melanoma, CEACAML found on the NK cells can bind to CEACAM1/5 on melanoma
cells, suppressing the cytotoxic capabilities of the NK cells(136-138). CEACAM1 on melanoma
is also hypothesized to regulate the trafficking of NKG2D ligands, suppressing their transport to

the plasma membrane and therefore repressing NK-mediated cytolysis(139).

1.5 The Sry-related HMG box family of transcription factors

1.5.1 The SOX family

With over 1500 members encoded by the human genome, transcription factors (TF) have
been subdivided into various subgroups. The sex determining region Y (Sry) high mobility group
(HMG)-box (SOX) family of TFs is comprised of 20 different proteins which are divided into nine
subgroups (A, B1, B2 C to H), with each protein within the group displaying a specific
characteristic(140,141). These SOX proteins are characterized by their highly conserved HMG
box domain which primarily binds the DNA site (A/T)(A/T)CAA(A/T)G (142). The SOX genes
are known as architectural TFs due to their ability to bind to the minor groove of DNA, creating
distinct bends in the template(143-145). This brings various regulatory regions in close proximity
and allows for direct regulation by various factors(143,144). The HMG-box is flanked by two
nuclear localization signals and bears one nuclear export signal, allowing for nucleocytoplasmic
shuttling of the SOX transcription factors(146-148). Although all the SOX proteins play important
roles in development and lineage specification, they have widely different functions within cancer

initiation, maintenance and progression(148,149).
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1.5.2 The SoxE subgroup

SOX8, SOX9 and SOX10 make up the SoxE family of transcription factors (150). In
addition to a C-terminal transactivation domain (TA), the SoxE group is characterized by a unique
dimerization (DIM) domain which allows for homo or heterodimerization with other SOX
proteins(151,152)(Figure 1.4). SoxE dimerization is facilitated by a DIM-to-HMG box domain
interaction, suggesting that only one DIM domain is required for dimerization between SOX
proteins(151). This also suggests that SoxE transcription factor binding though the DIM domain
is SOX-specific(151). Interaction of SoxE proteins with other TFs is thought to be independent of
the DIM domain. For example, SOX10 binds to PAX3 through its HMG domain and that was
corroborated using SOX10 protein truncations that lack the HMG domain causing a loss in all

protein-protein interaction(153).

While also containing a TA, the SoxE group also shares a K2 domain which acts as a
transactivation region primarily in the center of the protein. Although highly homologous, these
domains play varying roles depending on the gene. Sox8 has been shown to primarily function
from its K2 central domain and to lack any activity from its TAC(154,155). However, Sox9
transactivates primarily from its TA where it contains an extra proline, glutamine and alanine
(PQA) rich region that amplifies transcriptional activity that is context-dependent(156,157). Sox10
has been shown to require both the K2 and TA for optimal transcriptional activation. The use of
the TA independently of K2 is believed to be also context dependent(158,159). More recently the
K2 and TA in all SoxE proteins have been shown to have cooperative and independent functions

that are completely context dependent (160)(Figure 1.4).

The SoxE genes were originally studied for their critical roles in the reproductive system

and their ability to promote lineage differentiation from neural crest cells to melanocytes,
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Figure 1.4 Schematic representation of human SOXE proteins. Amino acid numbering
provides specific locations of various regions highly conserved throughout the family. Both NLS
and the NES sequence are noted with their specific amino acid location. Highly conserved regions
include the dimerization (DIM) domain, the high mobility group (HMG), the K2 and
transactivation (TA) domain and the proline, glutamine and alanine (PQA) rich domain. Figure

was generated in BioRender.
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oligodendrocytes and chondrocytes(161,162). Due to the high homology between the SoxE
members, many functions are assumed to be redundant or compensated for by other members. One
example of this phenomenon is in oligodendrocytes where individual SOX9 or SOX10 knockouts
shows no overall phenotypes(163,164). However, deletion of both genes gives rise to localized
apoptosis(164). The SOXE proteins have also been shown to have antagonistic functions. For
instance, in melanoma SOX10 drives the initiation and proliferation of melanocytic nevi(165).
SOX9 induction is believed to induce a pro-apoptotic environment, therefore having the opposite
effect(165). Together the functions of SOX9 and SOX10 seem to be context-dependent and can

display similar or antagonistic functions in various cancers.

1.5.3 SOX9 in cancer

SOX9 was initially identified in 1993 with another seven new SOX genes (SOX8-14)
bringing the total to 14 SOX genes expressed in mouse embryos at 11.5 dpc (150). While SOX9’s
role in cancer has been well documented, its specific function and target genes are still largely
unknown. SOX9 has been shown to promote proliferation and protumourigenic phenotypes in
oesophageal squamous cell carcinoma, hepatocarcinoma and pancreatic tumour cells while also

being proapoptotic in melanoma cells(166).

Although SOX9 plays multiple roles in cancer, it is generally associated with the epithelial-
to-mesenchymal transition (EMT) process(166). Briefly, EMT is the transition of epithelial-like
cells to a more mesenchymal state, increasing motility and invasion of the cells. Although it is a
non-epithelial cancer, in melanoma, this transition is termed phenotype switching and resembles
the EMT by transitioning to a more invasive, de-differentiated state(167). SOX9 has been shown
to bind to key regulatory regions altering the expression of mesenchymal TFs markers including

SLUG, Vimentin, and ZEB1(168,169). These have been shown to play pivotal roles in the
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initiation of EMT in various cancers(167). The loss of SOX9 has also been shown to result in the
downregulation of a majority of these markers as well as phenotypically reduce the invasive

capacity of various cancers both in vitro and in vivo(166).

In various solid tumours, SOX9 has also been shown to play a pivotal role in maintaining
the cancer stem cell population(166). In conjunction with SLUG, SOX9 knockdown reduces the
tumour initiating cell population in both breast and lung cancer(170,171). This was accompanied
by a reduction in sphere formation as well as a reduction in overall metastatic potential(170,171).
SOX9 induced CSC properties, promoted EMT and contributed to drug resistance(166,171).
Recent findings in basal-like breast cancer identified SOX9 as a regulator of lineage
plasticity(172). Subsequently, SOX9 was identified as an upregulated gene during the transition
to a plastic state (172,173). This upregulation was accompanied by a strong positive correlation
between SOX9 expression and neoadjuvant hormone therapy-treated patients(173). These findings
are not unique as SOX9 expression has been shown to correlate with a resistant state in various

cancers such as ER+ breast cancer, lung cancer and renal cell carcinoma(174-176).

1.5.4 SOX9 in melanoma

The role of SOX9 as a pro-or-antitumourigenic factor has been strongly debated over the
past two decades. Early melanoma patient data has found that SOX9 is only expressed in
approximately 20% of melanoma nevi and that this expression drops further in primary and
metastatic melanomas to 4% and 0% respectively(177). Exogenous expression of SOX9 perturbed
the proliferative abilities of melanoma in vivo and in-vitro, suggesting a strong antitumourigenic
function for SOX9(177). In contrast, others identified SOX9 expression in primary melanoma as
well as in subset of invasive human melanoma cell lines (121,178). Interestingly, 5-aza cytidine

and bisulphite sequencing showed methylation of the Sox9 gene in proliferative melanomas (121).
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When over-expressed, SOX9 induced cell cycle arrest while also mediating a more invasive
phenotype in vitro and in vivo(121). Ultimately, a study identified SOX9 expression in human
patient samples to be predominantly expressed in metastatic melanoma lesions compared to
primary melanoma and nevi(179). It was further determined that SOX9’s function in melanoma is
threshold dependent where low SOX9 expression seems to mediate an antiproliferative response

while elevated levels increase the metastatic potential(179).

155 SOX10in cancer

SOX10 expression is observed in various forms of epithelial cancers such as breast and
ovarian but most predominantly in melanoma(180). However, its role in modulating the growth,

EMT and the CSC state as well as drug resistance has not been fully elucidated.

In bladder cancer, patients with high levels of SOX10 show poor survival. It was also found
that the loss of SOX10 reduces the overall proliferative, migratory and invasive capabilities of the
cancer cells (181). Similar findings were reported for hepatocellular carcinoma, where the
overexpression of SOX10 was able to facilitate the binding of TCF4 and -catenin, two prominent

markers of proliferation (182).

Interestingly in the mammary epithelium, SOX10 functions as a stem cell marker, where
the loss of Sox10 in the fetal and adult mammary glands reduces the stem/progenitor activity (183).
In HER2-positive breast cancer, the overexpression of SOX10 promoted the CSC properties, while
also promoting cell growth in vivo (184). In triple-negative breast cancer, SOX10 has been shown
to promote the expansion of a CD44%/CD24 population, common markers of CSC found within
breast cancer (185). Whether these SOX10-dependent cancer stem-like phenotypes are also

observed in melanoma remains to be elucidated.
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1.5.6 SOX10 in melanoma

SOX10 plays a pivotal role in melanoma initiation and progression. Early studies showed
that the loss of SOX10 reduced melanoma proliferation in vitro, causing a cell cycle arrest in G1
(186). SOX10 haploinsufficiency reduced nevi formation in vivo while also altering tumour
initiation from 2 months in control mice to 5 months in SOX10-LacZ mice (186). A similar study
focused on NRASP®K driven melanoma where it was found that SOX10 haploinsufficiency
reduces the hyperpigmentation found within tumours and increase the time to tumour onset (187).
A reduction in SOX10 levels also reduced the proliferative status of melanoma and abolished
tumour growth in vivo (187). This loss of tumour growth was also associated with the loss of the
NCSC marker CD271, previously associated with melanoma initiation (113,187,188).
Interestingly multiple studies have shown that SOX10 plays an important role in regulating

melanoma proliferation, migration and invasion (189-191).

Although the importance SOX10 in melanoma initiation and maintenance has been
thoroughly documented, its role in therapy resistance remains elusive. One study has found that
SOX10 can regulate FOXD3, a stem cell marker that induces targeted therapy resistance in
melanoma (192,193). Interestingly, inhibition of ERK with the use of vemurafenib promoted the
transcriptional activity of SOX10 on the FOXD3 promoter (193). This in turn promoted overall
resistance to MAPK inhibitors (193). In contrast, various studies have marked the SOX10
population as the drug-tolerant state (119,194-197). With the use of CRISPR-Cas9, it was found
that the deletion of SOX10 pushes the cells into a dormant/quiescent-like state (197). These slow
cycling cells were characterized by an upregulation of ZEB1, PDGFRP, WNTS5, and Sox9,
increasing the overall invasiveness and targeted therapy resistance in melanoma (197). With the

use of published datasets, one group curated a list of SOX10-associated genes(198). This gene
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signature was negatively correlated with targeted therapy resistant melanoma samples in both
single BRAF inhibition and combination therapy with MEK inhibitors(198). It was also found
that the SOX10 gene signature also negatively correlated with ICI-resistant patient samples,
suggesting the loss of SOX10 may drive a cross resistant phenomenon in melanoma (198). This is
in contrast to findings showing that SOX10-depleted melanoma cells are more sensitive to
cytotoxic T cells and the secreted cytokines TNFa and IFNy(199). Despite these studies, it is still

not clear how SOX10 may be regulating drug resistance and the cross resistant state.

1.5.7 Antagonistic relationship of SOX9 and SOX10 in melanoma

Although SOX9 and SOX10 are key players during the lineage specification of neural crest
cells, they appear to have opposing roles in melanoma. Interestingly in melanocytes, removal of
Sox9 using the Cre/Lox system did not affect melanocyte maintenance(165). On the contrary, the
removal of Sox10 caused the loss of melanocyte pigmentation(165). These different phenotypes
were further validated in giant congenital naevi where Sox9 knockout mice did not affect
hyperpigmentation lesions while Sox10 removal blocked lesion formation (165). This study
further identified that the loss of Sox10 in melanoma activated Sox9 which increased apoptosis in
melanoma. Interestingly, Sox9 was shown to suppress Sox10 expression through direct binding to
the Sox10 promoter region (165). This antagonistic relationship between SOX9 and SOX10 also
appears to exist between the proliferative drug sensitive state (SOX9-/SOX10+) and slow cycling
drug resistant state (SOX9+/SOX10-) (119,124,196,197). Surprisingly, little is known about the
role of Sox9 in targeted therapy resistance even though it is activated following the loss of

SOX10(119,124,197).
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1.6 Rational, objectives and chapter overview

1.6.1 Rational and objectives

Numerous transcriptomic studies have linked SOX10 to the proliferative, drug sensitive
state and SOXO9 to the invasive, therapy resistant state (119,194-197). Some studies have shown
that SOX10 can drive this sensitive state and that the loss of SOX10 alters the genomic
landscape, switching melanoma to a more invasive, therapy resistant, SOX9M"
state(119,124,196,197). The loss of SOX10 appears to be a critical step in drug resistance and
SOX9 activation. Therefore, whether it is BRAF-targeted or immune-directed, our global
hypothesis was that the SOX10-SOX9 interplay is critical for drug resistance and the
phenomenon of cross resistance. Our prediction was that the loss of SOX10 would trigger a

stem-like phenotype switch accompanied with resistance to multiple therapeutics.
1.6.2 Chapter overview

The overall goal of this thesis was to investigate the role of SOX9 and SOX10 in
melanoma therapy resistance. In Chapter 2, we investigated the potential relationship of SOX9
and SOX10 in melanoma targeted therapy resistance. We found that SOX9 is not activated via
demethylation but potentially becomes activated indirectly through the loss of SOX10. We also
find that SOX9 does not play a direct role in inducing vemurafenib resistance but rather acts as a
gatekeeper, where expression of SOX9 is required to reach and activate a resistant state but is no

longer required post-resistance.

In Chapter 3 we further validate others findings that the loss of SOX10 regulates targeted
therapy resistance to vemurafenib. This acquired resistance and resistance induced by the loss of

SOX10 further perpetuates the resistant mechanism to OV (VSV) due to the induction of ISGs.
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Chapter 4 further divulges into potential reason why SOX10 may cause a decrease in
vemurafenib resistance. We find that our SOX10 positive cells have a decreased progenitor-like
population where this lack of CSCs can be enriched by sorting for the CEACAM1+ population,
driven by SOX10. We also find that SOX10 reduces the infiltration of CD8-positive Tcells

promoting tumour growth to an extent until enriched for CEACAML1.
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Chapter 2

Sox9 mediates the transition to a targeted therapy resistant state in melanoma
2.1 Preface

Abou-Hamad, J., Cook, D., & Sabourin, L. A. (2024). Loss of Sox9 blocks the transition to a

targeted therapy resistant state in melanoma. In preparation.
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2.3 Abstract

SOX9 and SOX10 are key transcription factors that display a mutually exclusive
expression pattern in melanoma. Here we find that SOX10 is lost following chronic vemurafenib
treatment, a targeted therapy used to treat BRAF V5% positive melanoma. Upon the loss of SOX10,
SOXQ is induced post-treatment. Interestingly, overexpression of either SOX9 or SOX10 has no
impact on vemurafenib sensitivity. Surprisingly, we show that the loss of SOX9 also does not alter
the sensitivity of the cells to vemurafenib in both intrinsically and adaptively resistant murine
melanoma cell lines. However, we find that SOX9 is necessary to confer a vemurafenib-resistance
memory state. Indeed, SOX9 deletion in pre-treated cells confers the same overall sensitivity as
naive controls, suggesting that SOX9 is required early during the cells transition to the resistant
state. We observed that SOX9 activation upon acquired resistance occurs through chromatin
remodeling with increased open chromatin along Sox9’s promoter regions. Overall, these findings

identify SOX9 as a gatekeeper between naive and therapy resistant melanoma.
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2.4 Introduction

Melanoma development is typically due to increased activation of the MAP kinase cascade,
commonly due to a mutation upstream of the MEK-ERK signaling cascade. The BRAFV60E
mutation, which accounts for approximately 50% of melanoma cases was first discovered in
2002(23). This mutation creates a constitutively active kinase no longer affected by inhibitory
signals produced from excessive MAPK signaling, inducing an uncontrolled proliferative
phenotype(38,39). Vemurafenib, a highly specific BRAFY®%E inhibitor, was the first of its kind
and showed outstanding clinical activity(56). Tumors shrunk and overall patient survival increased
to 84% within 6 months compared to 64% in the dacarbazine group(62—64). Albeit promising,
patients relapsed within 12 months(65). This acquired resistance state is believed to be due to the

reactivation of the MAPK cascade, independently of the oncogene(200).

The development of intratumoral heterogeneity is a common mode of resistance following
drug treatment. Melanoma has one of the largest mutation burdens as well as more clonal
populations (through CNV and SNV) than any other cancers, contributing to its tremendous
heterogeneity(105,106). Various studies have identified multiple molecular states characterized by
differential gene expression(117-120,122-124). These states have specialized functions pertaining
to proliferation, invasion, targeted therapy resistance and/or immune modulation(122-124).
Although drivers of these states may be well documented, how these drivers become activated and

whether the transition to various molecular states can be blocked is currently unknown.

SOX10 is a transcription factor required for neural crest differentiation into
melanocytes(201). Following the loss of SOX10, melanoma transitioned into a targeted therapy
resistant state that was accompanied by an increase in metastatic potential(194,197). Interestingly,

SOX10 loss also induced a dormant-like invasive state that is marked by an increase in invasive
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markers such as Zebl and Sox9(197). The expression of SOX9, another SOXE protein, was
originally found to be mutually exclusive with that of SOX10 in melanoma(165). Various studies
have shown that SOX9 acts in an antitumor-like fashion in melanoma where it is silenced due to
hypermethylation of its promoter region(121,177). One study found SOX9’s function is dependent
on its expression level, switching from an antitumor function to a pro-proliferative
phenotype(179). Since SOX10 marks the proliferative state in melanoma, while SOX9 is observed
in the slow cycling but aggressive state, we tested whether the activation of SOX9 plays a role in

promoting the resistant state(119,124,196,197).

Our studies show that the expression of SOX9 and SOX10 is indeed mutually exclusive in
a new subset of BRAFY®%E positive murine melanoma cell lines (YUMM). We find that SOX9
expression strongly correlates with the vemurafenib resistant population of melanoma cells while
SOX10 levels are downregulated. Interestingly, we find that exogenous expression of either SOX9
or SOX10 does not impact vemurafenib (Vemu) sensitivity. However, intrinsically sensitive cells
with SOX9 deleted lose the ability of the cells to enter a resistant state following Vemu treatment.
When rechallenged, SOX9 knockout cells restores Vemu sensitivity upon drug rechallenge,
suggesting that SOX9 activity is required to impart a resistant “memory state” in melanoma cells.
Finally, we find that SOX9 activation upon Vemu treatment of SOX9-negative cells is not due to

altered methylation but rather to de novo transcriptional activation at the SOX9 locus.
2.5 Materials and Methods:
Cell culture

Yale University Mouse Melanoma (YUMM) cell lines were a kind gift from Dr. William Damsky

(‘vale University). YUMM cell lines were cultured in 1IXDMEM supplemented with 10% FBS,
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1X penicillin/streptomycin, 1% L-glutamine, and 1X nonessential amino acids. Cell cultures were

grown at 37°C with 5% CO2 in humidified chambers.

Western Blotting

Equivalent amounts of protein were prepared in RIPA Buffer and 1X SDS sample buffer (50mM
tris pH 7.4, 100mM DTT, 2% SDS, 10% glycerol, 1.5mM bromophenol blue). Lysates were
denatured at 100°C for 5 minutes and electrophoresed on polyacrylamide gels for 45 minutes at
50mA in SDS running buffer (25mM tris base, 250mM glycine, 3.5mM SDS). Polyacrylamide
gels were removed and contents within the gels were transferred onto PVDF (Cat: IPFL00010,
Millipore Sigma) (polyvinylidene difluoride) membrane for 90 minutes at 100V in transfer buffer
(50mM tris base, 40mM glycine). Membranes were probed with primary antibodies in 5% bovine
serum albumin (BSA) in 1X TBST (50mM tris base, 2.7mM potassium chloride, 135mM NaCl,
0.1% Tween-20) overnight at 4°C. Following the next day, primary antibody was collected and
the membrane was washed three times, 5 minutes each with 1X TBST. HRP-conjugated
secondaries (Cat: 1706515 or 1706516, Bio-Rad) were added at a 1:5000 dilution in 5% BSA in
1X TBST on the membrane and incubated at room temperature for one hour. Secondary antibodies
were removed, the membrane was once again washed three times for 5 minutes each and incubated
with Enhanced chemiluminescence reagent for 30 seconds and exposed to X-ray film (Cat: E3031,
Thomas Scientific). For multiple probing, membranes are incubated for 20 minutes for three times
with stripping buffer, washed three times with 1X TBST and primary and secondary probing is
repeated. Primary antibodies used include SOX10 (Cat: 89356, CellSignaling), SOX9 (Cat: 82630.

CellSignaling) and Beta-Actin (Cat: A5316, Sigma-Aldrich).

Resazurin viability assay
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Melanoma cells were plated in a 96-well dish and treated with various compounds for 72 hours.
At the end of the treatment, supernatants in each well were removed and replaced with 100uL of
resazurin solution (55uM resazurin salt (Cat: R7017, Millipore Sigma), 10% FBS, 1IXDMEM).

Four hours after adding resazurin solution the absorbance of each well was read at 570 and 604nm.

Establishment and isolation of Vemurafenib resistant cell clones

Melanoma cell lines were plated in 60mm dishes at 40% confluencey and allowed to adhere
overnight. The next day cells were treated with Vemurafenib (Cat: S1267, Selleckchem) at their
respective IC50 for 6 weeks, with fresh media and drug replacement occurring every three days.
Following the six weeks cells were taken off the drug treatment and allowed to recover. Recovered

cells were retested with a vemurafenib drug curve for three days to confirm the resistant phenotype.

RNA isolation, cDNA synthesis and QPCR

Cell cultures were collected by using 1mL of Trizol (Cat: 15596018, Life Tech) and scraping the
contents into a 1.5mL Eppendorf. To the Trizol collected samples, 200uL of chloroform was
added, and tubes were mixed for 15 seconds. Samples were left to rest at room temperature for 3
minutes and phase separation was performed by spinning each sample at 12000 x g for 15 minutes
at 4°C. The aqueous phase was placed into a clean 1.5mL Eppendorf and 500uL of isopropanol
was added and mixed. Samples were incubated for 10minutes to allow for mRNA precipitation
and spun at 12000 x g for 10 minutes. Supernatants were removed and the mMRNA pellets were
washed with 1mL of 75% ethanol. Ethanol was removed by spinning at 7500 x g for 5 minutes
and the pellets were allowed to dry at room temperature for 10 minutes. mMRNA samples were

resuspended in 100puL of RNase free water and was further purified from potential DNA
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contamination using the RNeasy Mini Kit (Cat: 74104, Qiagen). Purified mRNA samples were

quantified and purity was assessed using a nanodrop.

Purified mRNA samples were used for the generation of cDNA. 250ng of mMRNA, 50pL of random
primers (Cat: 48190011, LifeTech) , 250ng of oligo(dT)12-18 (Cat: 18418012, LifeTech), and 10nM
of dNTP were resuspended in a total of 13uL and incubated at 65°C for 5 minutes. Contents within
the tubes were collected by pulse centrifugation and 4pL of 5X First Strand Buffer, 1uL of 0.1M
DTT, 1pL of RNase OUT (Cat: 10777019, LifeTech) and 1uL of SuperScript Il reverse
transcriptase (Cat: 18080093, LifeTech) was added. To create cDNA the samples were then
incubated at 25°C for 5 minutes, 55°C for 60 minutes and 70°C for 15 minutes. Samples were then

diluted 1:200 in nuclease-free water and stored at -20°C.

To run a RT-PCR all samples used were run in technical triplicates, where relative mRNA
expression was determined using the AACt method with normalization to Actin or ribosomal 18S.
Each well in the RT-PCR contained 5uL of 2X iTag Universal SYBR Green Supermix (Cat:
1725124, Bio-Rad), 0.6uL of 10uM primer, 1uL cDNA and 3.4pL water. Plates were then run on
an Applied Biosystems 7500 Real-time Fast PCR thermocycler at 50°C for 5 minutes, 95°C for 10

minutes, and then 40 cycles of 95°C for 15 seconds and 60°C for one minute.

Bisulfite sequencing

Bisulfite conversion was done following the user manual for the kit EpiTect DNA Bisulfite Kit
(Cat: 59104, Qiagen). In short, 2ug of DNA was mixed with the DNA protect and bisulfite mix
buffer. Samples were vortexed and incubated at 95°C for 5 minutes, 60°C for 25 minutes, 95°C for
5 minutes, 60°C for 85 minutes, 95°C for 5 minutes and 95°C for 175 minutes. Converted DNA

was cleaned up and the Sox9 promoter region was amplified using the forward primer:
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ATTAGAGATTTTGAGTTGGAAG and reverse: AAAACTCCTCTTCCCTCAACTAC.
Amplicons were cloned into CloneJetl.2, and 5 clones were prepped and sequenced to identify

methylated cytosines.
Cloning of expression plasmids and guide RNA

For SOX9 and SOX10 expression plasmids, the coding sequence of each gene was amplified and
ligated into CloneJet (Cat: K1231, LifeTech) from Origene constructs (Cat: MR227031 &
MR207452, Origene). Primers used for the pPBABE-SOX10 cloning were flanked by restriction
enzymes BamHI and EcoRI. With the use of BamHI and EcoRI SOX10 was removed from the
CloneJet plasmid and ligated into pBABE-puro (Cat: 1746, Addgene). Similar processes were used
to clone SOX9 and SOX10 into the pMSCV-IRES-GFP Il (Cat: 52107, Addgene) plasmid
although the restriction enzyme sites were reversed on the primer sequence. To synthesize the
guide RNA plasmids complementary oligonucleotides were annealed using a thermocycler at 37°C
for 30 min, 95°C for 5 min and temperature was ramped down 5 °C/min to 25°C and ligated into
the plasmid pLKO H2B-mRFP-2A puro. For SOX9 guides oligos sgSox9-K1 FWD:
CACCGGATGACCGACGAGCAGGAGA, sgSox9-K1 REV: AAACTCTCCTGCTCGTCGGT
CATCC, sgSox9-K2 FWD: CACCGGTGTCCGAGCCGGAGCCCGA, and sgSox9-K2 REV:
AAACTCGGGCTCCGGCTCGGACACC were used. Generation of the SOX10 guide RNA has

been previously described.
Retro/lentivirus production and viral transduction

Viral particles were produced by seeding 5 x 10° of 293Ts in a 10cm dish. 293Ts were transfected
using lipofectamine 3000 with 10ug of construct, 8ug of pUMVC or pCMV-dR8.2 dvpr (for

retrovirus or lentivirus respectively) and 2jug of pPCMV-VSV-G. The next day media was changed

38



with 6mL of fresh media corresponding to the culture cells that were infected. Viral soup was
collected 72 hours post media change through a 0.44um filter. Melanoma cells were infected for
6 hours with 1ImL of viral soup diluted in 5mL of cell culture media supplemented with 10ug/mL
of polybrene. Post infection media was replaced with full media and melanoma cells were selected
with 5ug/mL of blasticidin (Cas9 selection), 5pug/mL of puromycin (pBABE SOX10), sorted for
GFP (SOX9-GFP and SOX10-GFP), or sorted for RFP (sgRNA) 48 hours post infection.

Expression and knockout cells were confirmed using Western blotting.

RNA-Sequencing

Transcript quantification was executed using Kallisto (v0.45.0) with the GRCh38 build of the
transcriptome and the -b 50 bootstrap option. Following alignment, raw abundance counts were
analyzed and genes with fewer than 10 counts across samples were filtered out. Differential gene
expression was done using the ‘results’ function of DESeq2, contrasting the relevant control-

treatments pairs for each cell line.

Assay for transposase-accessible chromatin sequencing

ATAC-sequencing sample preparation was done following the user manual for the ATAC-Seq kit
(Cat: 53150, ActiveMotif). In brief, 50000 cells from each cell line were collected and washed
with 1X PBS. Samples were resuspended using the ATAC-Lysis Buffer and spun for 10 minutes
at 4°C to isolate nuclei. Nuclei was resuspended with the Tagmentation Master Mix and incubated
on a thermomixer at 37°C for 30 minutes, set to 800rpm. Following this incubation, DNA becomes
fragmented and is isolated through the use of a column. Isolated DNA undergoes library
preparation and multiplexing using PCR amplification at 72°C for 5 minutes, 98°C for 30 seconds,

and then 11 cycles of 98°C for 10 seconds, 63°C for 30 seconds, and 72°C for 1 minute. Libraries
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are then purified using an SPRI bead solution set to 1.2X of the library volume to allow for the
isolation of open chromatin. Samples were prepared and sequencing was performed (Genome
Quebec) using the Illumina NovaSeq 6000. Fastq files for each library were then processed with
the Nextflow (v22.10.6) nf-core ATAC-seq pipeline (v2.0)(202). Bigwig files were then visualized

with IGV and SOX9 and SOX10 regions were analyzed.
Statistical analysis

All statistical analysis was done through GraphPad Prism software and data is represented as the
SEM(xSEM). T tests, and nonlinear regressions were used for statistical analysis of various

experiments (statistical significance and tests used is specified in figure legends).
2.6 Results
Correlation of Sox gene expression and target therapy resistance in YUMM cell lines

To assess any potential correlation between Sox gene expression and targeted therapy
resistance we used the Yale University murine melanoma (YUMM) cell lines(50). Overall intrinsic
resistance to targeted therapies was evaluated with vemurafenib, a small molecule that blocks
BRAFV®%E signaling. One cell line out of the panel (YUMMZ1.1) was found to be highly sensitive
to vemurafenib while the others showed various degrees of resistance until plateauing at about
10uM (Figure 2.1A). Although similar trends were observed using Trametinib, a MEK inhibitor,
a higher sensitivity was observed in all cell lines (Figure 2.1B). To determine potential drivers of
vemurafenib resistance between the YUMM lines we performed RNA sequencing analysis on
three independent cultures of YUMMZ1.1 (vemurafenib sensitive; VemuS) and YUMML.7
(vemurafenib resistant; VemuR) cell lines. We observed over 1300 genes that were upregulated 2-

fold in either the YUMML.1 or YUMML.7 cell lines (Supplemental Figure 2.1A). Following Go
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term analysis, we found that the YUMML.7 cell line shows enrichment in multiple pathways
focused on the cell migration associated processes such as “extracellular matrix organization”,
“focal adhesion”, and “regulation of cell migration” (Supplemental Figure 2.1B). A major marker
of melanoma is the SoxE gene, Sox10. From our RNA sequencing analysis, we found that Sox10
is highly expressed in the YUMML.1 cell line while it is undetectable in the YUMML.7 line (Figure
1C). Mutual exclusivity between Sox9 and Sox10 has been previously reported and was found to
be the case between the YUMM1.1 and YUMML1.7 cell lines (Figure 2.1C)(165). We further
mined all Sox genes from our RNA-sequencing analysis and found that seven showed differential
expression (Figure 2.1C). It should be noted that many Sox genes did not show adequate levels of
transcripts, suggesting that they are not expressed (Figure 2.1C). Direct comparison shows that
Sox4, Sox6 and Sox10 are upregulated in the YUMML.1 cell lines whereas Sox2, Sox12, Sox9 and
Sox7 are highly expressed in YUMM1.7 cells (Figure 2.1C). We then validated the expression of
SOX9 and SOX10 in our panel of YUMM cell lines. As expected, we did find that the YUMML1.1
cells expressed SOX10 exclusively while the YUMML1.7 and YUMML1.9 cell lines had no
expression of SOX10 but high levels of SOX9 (Figure 2.1D). Interestingly, one cell line expressed
both and displayed moderate drug resistance, suggesting that SOX9 and SOX10 could be used as

key markers of targeted therapy resistance in melanoma (Figure 2.1D).
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Figure 2.1: SOX9 and SOX10 correlate with inherent drug resistance in various murine
melanoma cell lines. (A and B) In vitro viability assay between the panel of various YUMM cell
lines treated with vemurafenib (A) or trametinib (B) for 72 hours. (C) Heatmap analysis from the
RNA-sequencing data of all Sox genes within the YUMML1.1 and YUMML.7 cell lines. (D)
Western blot analysis of SOX9 and SOX10 in the various YUMM cell lines. Data is representative
of three independent experiments (A-C). (A & B) Significance was calculated using a two-tailed

t-test, where * = p < 0.05, ** = p <0.01 and *** = p < 0.001.
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Chronic vemurafenib treatment alters SOX9 and SOX10 expression

To further assess the role of SOX9 and SOX10 in drug resistance, the YUMM lines were
treated with vemurafenib acutely at their approximate 1C50 (YUMM1.1 5um, YUMML1.7/9 10uM)
and monitored for SOX9 and SOX10 levels. Surprisingly, SOX10 was found to be further
upregulated post-treatment in YUMM1.1 cells while SOX9 showed a downregulation in resistant
YUMML.7 cells (Figure 2.2A). Others have also shown that SOX10 can facilitate resistance to
vemurafenib through the activation of FOXD3(193). To determine whether this expression was
observed chronically we further assessed SOX9 and SOX10 levels following acquired resistance.
We treated the YUMML1.1 and YUMML.9 cells at their approximate 1C50 (5, 10um respectively)
continuously for 6 weeks. Three separate resistant clones were isolated and vemurafenib resistance
was confirmed using an alamar blue viability assay (Figure 2.2B and C). Western blot analysis of
all resistant clones was accompanied by an increase in SOX9 expression and a loss of SOX10
(Figure 2.2D and E). Together, our data suggest that acquired and stable BRAF inhibitor resistance

is accompanied by concomitant SOX9 induction and SOX10 loss.
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Figure 2.2: Vemurafenib resistance induces SOX9 expression in melanoma. (A) Western blot
analysis of SOX9 and SOX10 on acute vemurafenib treated YUMM lines. (B and C) In vitro
viability assay on three individual vemurafenib resistant YUMM1.1 (B) and YUMM1.9 (C)
populations, rechallenged with vemurafenib. (D and E) Western blot analysis of SOX9 and SOX10
in the vemurafenib resistant YUMML1.1 (D) and YUMML1.9 (E) populations. Data is representative
of three independent experiments (B and C). (Figure 2.2B has been modified from Figure 3.2B).
(B & C) Significance was calculated by first identifying the IC50 of the curves using a non-linear
regression. 1C50s of the resistant populations was compared to the parental populations where ***

= p < 0.001 represents two distinct IC50s.
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Exogenous SOX9 expression does not alter vemurafenib sensitivity

To further test the role of SOX9 and SOX10 in Vemu resistance, we used lenti/retroviral
infection to express SOX9 and SOX10 at high levels. We first stably expressed SOX9 in the
YUMML1.1 sensitive cells and validated its expression using Western blotting (Supplemental
Figure 2.2A). We next evaluated vemurafenib sensitivity in SOX9-expressing YUMML1.1 cells.
Unexpectedly, we found that the expression of SOX9 did not alter Vemu sensitivity in YUMM1.1
cells (Figure 2.3A). We then tested the effect of SOX10 expression on the Vemu resistant SOX10-
deficient YUMML1.7 cells (Supplemental Figure 2.2B). Again, the expression of SOX10 in
YUMML.7 cells did not affect their vemurafenib sensitivity (Figure 2.3B). Since both the
YUMML1.1 and YUMML.7 cells express endogenous SOX10 and SOX9, respectively, the SoxE
binding sites could be already bound or saturated. To test this hypothesis, we used the YUMM5.2
cell line, which still harbors the BRAFY®E mutation but lacks both SOX9 and SOX10 protein
expression. We confirmed stable expression of SOX9 and SOX10 using western blotting and
tested a vemurafenib dose response over 72 hours (Supplemental Figure 2.2C). No change in
vemurafenib sensitivity was observed for either SOX9 or SOX10-expressing YUMM5.2 cells

(Figure 2.3C).

We then evaluated whether the loss of SOX9 would affect vemurafenib sensitivity. We
used various shRNAs targeting Sox9 to deplete mMRNA levels in both the YUMML.7 (intrinsically
resistant) and YUMM1.1 ResA (adaptively resistant) cells (Supplemental Figure 2.2D-F). Two
out of the three ShRNAs targeting Sox9 showed significant knockdown following Western analysis
and Q-PCR. Those shRNAs (shSox9 6165 and 6167) were then used for further characterization
(Supplemental Figure 2.2D-F). Surprisingly, the downregulation of SOX9 in both the YUMM1.1

ResA and YUMML.7 cell lines had no impact on their overall vemurafenib sensitivity (Figure
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2.3D and E). These data suggest that exogenous expression of SOX9 and SOX10 does not alter
drug resistance. Furthermore, the loss of SOX9 in VemuR cells does not confer drug sensitivity

and that the loss of SOX10 is sufficient to induce a therapy resistant state.
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Figure 2.3: SOX9 and SOX10 can not recapitulate drug resistance/sensitivity in naive
melanoma cell lines. (A-E) In vitro viability assay of manipulated YUMM cell lines treated with
varying doses of vemurafenib for 72 hours. (A) SOX9 was transduced into the YUMML1.1
(SOX9-%/SOX10H19")  cell line, (B) SOX10 was transduced into the YUMM1.7
(SOX9M19/SOX10%°) cell line, and (C) SOX9 and SOX10 was transduced into the YUMM5.2
(SOX9L°"/SOX10%) cell line. (D and E) Sox9 targeting shRNAs were transduced into the (D)
YUMML1.1 ResA and (E) YUMML.7 cell lines. Data is representative of three independent

experiments (A-E).
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SOX9 allows for a transition to a memory state post vemurafenib treatment

Since over-expression or knock down of SOX9 did not alter the acute resistance status of
the melanoma cell lines, we hypothesized that SOX9 may drive the transition to an acquired
resistant state. To test this, we used the CRISPR/Cas9 system to knockout both Sox9 and Sox10 in
YUMML1.1 cells prior to vemurafenib treatment. As expected, the loss of SOX10 induces SOX9
expression while also inducing resistance at lower doses of Vemu as previously shown (Figure
2.4A and B). As expected, the knock-out of SOX9 in the YUMML.1 cells did change their
vemurafenib sensitivity (Figure 2.4B). To test whether SOX9 plays a role in the transition to an
acquired resistant state, all Sox9-deficient lines and non-targeting controls (NTC) were treated
with 5um of vemurafenib for 15 days and allowed to recover for 7 days without Vemu. The SOX9
and SOX10 levels were then evaluated post treatment by western blotting (Figure 2.4C).
Interestingly, SOX9 became highly induced in the NTC controls at levels that were comparable to
that observed in the SOX10 knockout cells (Figure 2.4C). The NTC cells also had lowered SOX10
levels, suggesting that a transition from a sensitive to a resistant state had occurred (Figure 2.4C).
Although the SOX9 knockout cells show some levels of SOX9 (due to bulk knockout) it was found
to be markedly lower than the NTC controls (Figure 2.4C). They also retained high SOX10 levels
suggesting that they had not proceeded to an acquired resistance state (Figure 2.4C). To test the
hypothesis that SOX9 is critical for transition to acquired resistance, we re-exposed our previously
DMSO-treated and vemurafenib-treated cells to vemurafenib for 72 hours after a 7 day recovery.
Strikingly, during this re-challenge, we observed that the NTC controls pre-treated with
vemurafenib for 15 days had acquired a “memory state” showing Vemu resistance comparable to
SOX9+ YUMML.7 cells (Figure 2.4D and E). This “memory state” is defined by the increased

viability of the pretreated cells when rechallenged with vemurafenib compared back to the
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pretreated DMSO controls. Supporting our hypothesis, the SOX9-deficient cells that were re-
challenged with vemurafenib remained sensitive to the drug as the DMSO control pre-treated
SOX9 knockout cells (Figure 2.4D, F, G). These findings suggest that SOX9 plays a role as a
gatekeeper to an acquired resistant state. Without the activation of SOX9, the cells do not gain a

“memory state” to drug treatment, remaining sensitive to targeted therapies.
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Figure 2.4: SOX9 is required for the transition into the resistant state. (A) Western blot
analysis of SOX9 and SOX10 expression on SOX9 and SOX10 knockout YUMML.1 cell lines.
(B) In vitro viability assay on two independent SOX9 and SOX10 knockout YUMMZ1.1 cell lines.
(C) YUMML1.1 SOX9 knockout and SOX10 knockout cells were pretreated for 15 days with 5uM
vemurafenib or DMSO. The drug was removed for nine days and cells were collected for Western
blot analysis of SOX9 and SOX10. (D) SOX9 knockout and control pre-treated or DMSO treated
cells were re-exposed to vemurafenib for 72 hours and viability was determined using alamarblue.
(E-G) DMSO or vemurafenib pre-treated (E) YUMML1.1 sgNTC, (F) sgSox9-K1, or (G) sgSox9-
K2 cells individually plotted from panel D. Data is representative of three independent experiments
(B, D-G). (B & E-G) Significance was calculated by first identifying the IC50 of the curves using
a non-linear regression. 1C50s of the pre-treated populations was compared to the DMSO control

populations where ns = not significant and *** = p < 0.001 represents two distinct 1C50s.
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Vemurafenib resistance alters the genomic landscape around Sox9 and Sox10

SOXO9 has previously been shown to be methylated in highly proliferative melanomas and
this methylation status is lost in the invasive state(121). Since invasion and target therapy
resistance usually co-exist, we assessed whether methylation played a role in Sox9 and Sox10
expression in the YUMML1.1 (SOX9/SOX10"), YUMM1.1 ResA (SOX9'/SOX10) and
YUMML.7 (SOX9/SOX10) cell lines. The YUMM cells were treated for three days with 5-
azacytidine (5-aza), which inhibits DNA methyltransferases by acting as a cytidine analog. We
then assessed mMRNA levels for both Sox9 and Sox10 following the 5-aza treatment. All cell lines
displayed increased levels of Sox9 transcripts with the YUMM1.1 cell line showing the largest
increase relative to basal levels (Figure 2.5A), suggesting that differential methylation can regulate
Sox9 (Figure 2.5A). This was accompanied with an upregulation in SOX9 protein in the
YUMML1.1 and YUMML1.1 ResA cells (Figure 2.5C). Although this did not translate into increased
protein levels, we observed an upregulation in Sox10 mRNA in the YUMML1.1 ResA and
YUMML.7 cells, suggesting a tightly regulated post-transcriptional mechanism (Figure 2.5B and

Q).

To test whether the Sox9 promoter was specifically demethylated, we identified potential
CpG islands using of the Sox9 promoter region using MethPrimer(203). We found five CpG
islands 1500 bp up- and downstream from the Sox9 transcriptional start site (TSS) (Supplemental
Figure 2.3A). SOX9 has previously been shown to be hypermethylated within island 2 and 3 in
human melanoma cells therefore, we developed primers to amplify a 330bp stretch within this
region (Supplemental Figure 2.3A)(121). Bisulfite sequencing of genomic DNA from YUMM1.1
and YUMML.7 cells showed no major differences in methylated cytosines, suggesting that Sox9

expression in YUMML.7 cells is not due differential promoter methylation (Supplemental Figure
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2.3B). To gain further insight into Sox9 and Sox10 regulation following the transition to a resistant
state, we performed ATAC-sequencing on YUMML1.1 control, ResA and Sox10 knockout cells.
Interestingly, we observed an increase in accessible chromatin at the Sox9 locus in both the Sox10
knockout and ResA YUMML1.1 cell lines, both expressing Sox9 (Figure 2.5D). We also find that
the upstream region of the Sox10 locus is less accessible following the loss of Sox10 and during
the transition to the resistant state (Figure 2.5E). Together, these data suggest that both Sox9 and
Sox10 are regulated through chromatin accessibility of their upstream regions, likely through key
histone modifiers during the transition to an acquired resistance state in BRAFV®%E driven

melanoma.
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Figure 2.5: Chromatin remodeling is required to turn on Sox9 and turn off Sox10 expression
during resistance. (A and B) RNA was collected in triplicate from YUMML1.1, YUMML.1 ResA
and YUMML.7 cell lines treated with DMSO or 5-AZA for 72 hours. Differential expression of
(A) Sox9 and (B) Sox10 following 5-AZA treatment was determined using gPCR. (C) YUMML1.1,
YUMML1.1 ResA and YUMML.7 cells were treated with 20uM of 5-aza-2’-deoxycytidine (5-
AZA) for 72 hours. Protein was collected from DMSO and 5-AZA treated samples and SOX9 and
SOX10 expression was determined using Western blotting. (D and E) ATAC-seq tracks
representing biological duplicates comparing overall open chromatin of the (D) Sox9 or (E) Sox10
locus in YUMML.1, YUMML1.1 ResA and YUMM1.1 sgSOX10 cells. (A) Significance was

calculated using a two-tailed t-test, where * = p < 0.05, ** = p < 0.01 and *** = p < 0.001.
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2.7 Discussion

Chronic MAPK inhibition in melanoma drives tumours into a therapy resistant state
(65,204). Sox10, a transcription factor important for melanoma initiation and progression, has
previously been shown to mark the proliferative therapy sensitive state in melanoma(119,187,189—
191,194,195,197). Sox9, another SOXE factor, was found to have an opposing role in melanoma
and has previously been identified in the slow cycling, targeted therapy resistant state
(119,124,165,196,197). Although markers of both of these states, how Sox9 and Sox10 become
activated/repressed during this transition and what unique function they play within each state is
still unknown. We find that chronic treatment of sensitive and intrinsically resistant melanoma
cells with vemurafenib leads to the loss of SOX10 and the induction of SOX9. Surprisingly,
expression of SOX9 or SOX10 in different melanoma cell lines did not alter the vemurafenib
resistance. Furthermore, the knockdown of Sox9 did not affect overall resistance in both
intrinsically resistant and adaptively resistant melanoma cell lines. It has been previously shown
that the knockdown of Sox10 can shift cells into a resistant state (194,197,205). We find that,
although SOX9 knockout cells did not change their acute sensitivity to vemurafenib, they did
inhibit the transition to a targeted therapy resistant state following a subacute treatment regimen.
ATAC-seq analyses on vemurafenib sensitive, resistant and SOX10 knockout cell lines showed an
overall increased, open chromatin region within the Sox9 locus and a suppressed, closed region at
the Sox10 locus upon therapy resistance. We believe that the change in overall chromatin structure

could be due to the switch from SOX10 to SOX9 acquired therapy resistance in melanoma.

SOX9 and SOX10 have both been shown to regulate therapy resistance in various cancer
subtypes. In melanoma, the loss of Sox10 drives cells into a slow-cycling/dormant-like state that

gains resistance to various MAPK inhibitors (194,197). In gastric cancer, SOX9 has been shown
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to alter cisplatin resistance through its ability to regulate the expression of various miRNAS
(206,207). Similar findings were also observed in cervical and ovarian cancer (208,209). Since
Sox10 and Sox9 have previously been shown to mark the MAPK inhibitor-sensitive and resistant
state, respectively, we hypothesized that the over-expression of either of these genes would result
in a shift in tolerance (119,124,165,196,197). Surprisingly, SOX9 and SOX10 expression in our
melanoma cell lines did not affect drug resistance. Although previously identified as a marker of
the sensitive state, the ability of SOX10 to induce sensitivity to MAPK inhibitors could be due to
its inability to modulate the chromatin landscape (194,197) in resistant cells. If SOX10 binding
sites are in a closed conformation during the transition to the resistant state, expression of SOX10
would not have an effect. Similarly, SOX9 expression could not directly induce resistance in
sensitive cells. However, its deletion was shown to block the transition to the resistant state. The
availability of both BRAFY8%E melanoma models and SOX9 conditional mice could provide a

genetic model to test the sensitivity of SOX9-null tumours to MAPK inhibitors.

We find that the activation of SOX9 induces a memory state to targeted therapies.
Melanoma cells that lack SOX9 cannot undergo the transition to the resistant state following
vemurafenib treatment and remain sensitive to targeted therapies. Although it is still not clear how
SOXQ elicits this response, we have found an increase and decrease in open chromatin regions
around the Sox9 and Sox10 locus, respectively. Interestingly, Sox9 has been shown to act as an
epigenetic regulator in various tissue types (172,210-212). In embryonic epidermal stem cells, the
activation of SOX9 promotes a switch in lineage differentiation, where it can alter chromatin
access by modulating nucleosome binding(211). In brain tumours, Sox9 has been found to both
repress and promote tumour formation of high-grade glioma and ependymoma, respectively,

through the regulation of H3K27ac(212). Although these studies have identified a role for Sox9 in
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altering the genomic landscape, what regulates Sox9 and its downstream targets in drug resistance

requires further investigation.
Limitations and future directions

Various limitations could be observed within this study. Since our findings are
predominantly tested in syngeneic murine cell models, common somatic mutations or single
nucleotide variations observed within human cell cultures are absent. These variations have
previously been observed to alter resistance to MAPK inhibition and remain untested in our hands.
Although the loss of SOX9 did stop the transition to the vemurafenib resistant state, this was tested
in vitro, and was never subsequently confirmed to occur in vivo. A key experiment that could
answer this question is with the use of the BRAFVE PTEN™M Cdkn2™ SOX9" melanoma
model. With the removal of SOX9 in melanocytes, melanoma tumours can be treated with MAPK
inhibitors, following tumour induction. If SOX9-null tumours regress and remain absent following
prolonged MAPK inhibition, it would conclude that SOX9 expression is a requirement to allow
for this adaptive resistant response. Since melanoma is highly heterogenic, murine models will
never recapitulate various populations found within human melanoma biopsies and this will further

remain a limitation with this type of study.
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2.8 Supplementary figures
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Supplemental Figure 2.1: Gene-ontology (GO) analysis between SOX9-%/SOX10"9" and
SOX9High/SOX 10" YUMM cell lines. (A) RNA was collected in triplicate from YUMM1.1 and
YUMML.7 cell lines. RNA-sequencing was performed and differentially expressed genes were
represented in a heatmap where specific colors represent the Z-score of each individual gene. (B)

GO terms representing differentially expressed processes between the YUMM1.1 (blue) and

YUMML.7 (red) cell lines.
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Supplemental Figure 2.2: Validation of SOX9 and SOX10 expression in transduced YUMM
lines. (A-D) Western blot analysis of SOX9 and SOX10 in transduced cell lines containing either
(A and C) a SOX9, (B and C) a SOX10 expression plasmid or (D) a sShRNA targeting Sox9. (E
and F) gPCR showing the differential expression of Sox9 treated with shSox9 in the (E) YUMML1.1
ResA or (F) YUMML1.7 cell line. Data is representative of three independent experiments (E and
F). (E & F) Significance was calculated using a two-tailed t-test, where * =p <0.05and ** =p <

0.01.
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Supplemental Figure 2.3: Sox9 expression is independent of hypermethylation of the Sox9
locus in the YUMM cell lines. (A) Representation of the Sox9 locus depicting the 5 CpG islands
throughout the 3kbp stretch surrounding the transcription start site (TSS) of Sox9. The 330bp
stretch is marked, depicting the amplicon amplified for the bisulfite sequencing. The schematic
was created by MethPrimer(203). (B) A representative image depicting each CpG repeat (circle)
within the 330bp stretch amplified. White circles represent an unmethylated CpG repeat while

black circles represent methylated regions. Five clones were isolated and sequenced for each cell

line.
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Chapter 3

Sox10-deficient drug resistant melanoma cells are refractory to oncolytic RNA viruses.
3.1 Preface
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3.3 Abstract

Targeted therapy resistance frequently develops in melanoma due to intratumor heterogeneity and
epigenetic reprogramming. This also typically induces cross resistance to immunotherapies.
Whether this includes additional modes of therapy has not been fully assessed. We show that co-
treatments of MAPKIi with VSV-based oncolytics do not function in a synergistic fashion, rather
the MAPK:is block infection. Melanoma resistance to vemurafenib further perturbs the cells ability
to be infected by oncolytic viruses. Resistance to vemurafenib can be induced by the loss of
SOX10, a common proliferative marker in melanoma. The loss of SOX10 promotes a cross-
resistant state by further inhibiting viral infection and replication. Analysis of RNA-seq datasets
we observed an upregulation of ISGs in SOX10 knockout populations and targeted therapy
resistant cells. Additionally, the induction of ISGs appears to be independent of type | IFN
production. Overall, our data suggests that the pathway mediating oncolytic resistance is due to

the loss of SOX10 during acquired drug resistance in melanoma.
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3.4 Introduction

Targeted therapies revolutionized melanoma treatment due to their superior efficacy and
specificity. Vemurafenib, an ATP analog was the first direct BRAFY®%E targeted therapy that
showed great specificity and increased overall survival of melanoma patients (213-216).
Unfortunately, the effectiveness of these therapies only lasts for about a year when most melanoma
patients begin to relapse (217,218). Other MAPK inhibitors (MAPKi) have been used in
conjunction with BRAF inhibitors but resistance still occurs (219,220). This is in part due to the
large intratumor heterogeneity of melanoma where some cells can undergo epigenetic alterations

and shift their gene expression profile during prolonged treatment (221,222).

Interestingly, targeted therapy resistance can be induced through the loss of SOX10, a key
player in melanoma initiation and progression (223-227). Studies have also shown that the loss of
SOX10 increases the cancer stem cell properties of melanoma, which could be the underlying
factor in creating this resistant state (228,229). As more work unravels this concept of cancer stem
cells, others have observed that the enrichment of cancer stem cells induces a cross-resistant state
to both chemotherapy and immunotherapy (230). Whether targeted therapy induces a cross-

resistance environment to all forms of therapy remains to be assessed.

A more recent method of melanoma treatment is an oncolytic virus-derived therapeutic
(231). One virus, namely Vesicular Stomatitis Virus (VSV), has been well documented to target
and kill proliferative cancers such as melanoma both in vitro and in vivo (83,232,233). In healthy
cells, viral infection induces the type | interferon (IFN) response, which increases the production
of IFNo/B (234). This in turn activates specific interferon stimulated genes (ISGs) that are used to
repress viral replication and spread (234,235). This response is turned off in cancer cells since the

IFN pathway inhibits growth, allowing oncolytic viruses such as VSV to specifically target cancer
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cells (236). Although VSV treatment has been shown to readily kill melanoma cells, we tested

whether targeted therapy could be used together with oncolytic viruses.

In this study, we find that VSV and MAPKi’s do not function synergistically, rather
MAPKi’s block VSV infection. We further show that melanoma cells that acquire a drug resistant
state are less susceptible to viral infection and this cross-resistant state can be recapitulated
following the deletion of SOX10. Finally, we find that both the induced resistant state and the loss
of SOX10 induces the activation of ISGs independent of IFNa/B, priming the cells for resistance
to infection by oncolytic viruses. These data suggest that therapeutic regimen that support a drug

sensitive melanocytic state could be enhanced by the addition of oncolytics.
3.5 Material and Methods
Cell culture

The Yale University Mouse Melanoma cell line YUMM1.1 and the human melanoma cell line
A375 was a kind gift from Dr. William Damsky and Dr. John Copeland (respectively). Vero cells
were a kind gift from Dr. Michele Ardolino and the 293Ts were obtained from ATCC. All cell
lines were cultured in DMEM supplemented with 10% FBS, 1% L-glutamine and 1%
penicillin/streptomycin. The YUMML.1 cell line also received a supplement of 1X non-essential

amino acids.
Establishment and isolation of Vemurafenib resistant cell populations

Melanoma cell lines were plated in 60mm dishes at 40% confluency and allowed to adhere
overnight. The next day, cells were treated with Vemurafenib at their respective 1C50 for 6 weeks,

with fresh media and drug replacement occurring every three days. The cells were then taken off

69



the drug treatment and allowed to recover and retested for vemurafenib sensitivity for three days

to confirm the resistant phenotype.

Oncolytic infection

Melanoma cells were plated in multiple wells, left to adhere overnight and counted the next day

from duplicate wells. The cells were then infected with various viruses at various MOlIs

Number of cells

(MOI=

—— * desired MOI * amount required). Viral supernatant
amount of liquid added per well (L)

was added to each well for 1 hour at 37°C, removed and replaced with full media for 24 hours.

The cells were then collected and quantified for YFP or eGFP by flow cytometry.

Viral titer

Viral supernatant from infected cells were collected 24 hours post infection and overlaid onto
confluent Vero cells in multiple serial dilutions and incubated at 37°C for 90 mins. To allow for
virus adherence a 1:1 mix of 1% agar and 2X DMEM with 20% FBS was added to each well and
allowed to solidify at room temperature for 10min. Plates were incubated at 37°C for 24 hours and
fixed (3:1 methanol: glacial acetic acid) for one hour. Agar overlays were washed away using

water and the wells were stained with Coomassie blue and plaque forming units were counted.

Resazurin viability assay

Melanoma cells were plated in a 96-well plates and treated with various compounds for 48 (any
viral infection) or 72 hours (vemurafenib, dabrafenib, and/or trametinib; SelleckChem). Control
wells supplemented with PBS, and/or DMSO (viral infection or MAPKIi, respectively) were used

as a baseline for 100% viability. At the end of the treatment, supernatants in each well were
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removed and replaced by 100uL of resazurin solution (55uM resazurin salt, 10% FBS, 1X

DMEM). The absorbance of each well was read at 570 and 604nm after four hours.
SIRNA transfection and lentivirus production

All siRNAs used were purchased from Dharmacon. Lipofectamine 3000 (Invitrogen) was used to
introduce 200nM of siRNA into the YUMML1.1 cells. Transfected YUMM1.1 cells were seeded
into a 96-well dish 24hrs post transfection and subsequently treated with vemurafenib at various

concentrations 24hrs post plating.

Viral particles were produced by seeding 293T cells (5 x 10°) in a 10cm dish. 293Ts were
transfected using lipofectamine 3000 with 10ug of construct, 8ug of pCMV-dR8.2 dvpr and 2ug
of pPCMV-VSV-G. The next day, medium was changed and viral supernatant was collected 72

hours later and passed through a 0.44um filter.
Lentiviral-mediated CRISPR/Cas9 knockouts

Melanoma cells were infected for 6 hours with 1mL of viral supernatant diluted in 5SmL of cell
culture media supplemented with 10pg/mL of polybrene. The medium was replaced with full
medium and the cells were selected with 5pg/mL of blasticidin (for Cas9 plasmid) or sorted for
RFP (for CRISPR guides) 48 hours post infection. Knockout cells were confirmed using Western
blotting. Sequences for mouse sgSOX10 were as previously described (Abou-Hamad et al.,
2022).Human guide RNAS have the following sequences; sgSOX10-4: GATGGAGCGCCCGT-

CCCGCT and sgSOX10-24: GTGACAAGCGCCCCTTCATC.

Cell lysis and Western Blotting

71



Melanoma cell lines were lysed using RIPA lysis buffer containing protease and phosphatase
inhibitors. Lysates were vortexed at increments of 5 min on ice for a total of 30 minutes or freeze
thawed to allow for complete isolation of whole cell protein. Lysates were cleared at 16000 x g for
10 minutes at 4°C. Bradford reagent (BioRad) was used to quantify protein concentration.
Equivalent amounts of protein were denatured, electrophoresed on polyacrylamide gels and
transferred onto PVDF (polyvinylidene difluoride) membranes. Membranes were probed with
primary antibodies in 5% bovine serum albumin (BSA) in 1X TBST overnight at 4°C followed by
HRP-conjugated secondary antibodies. Reactive bands were detected with Enhanced
chemiluminescence reagent and exposure to X-ray films. Membranes were probed with SOX10
(CellSignaling Technology: Cat:89356), custom pan-VSV (a kind gift from Dr. Jean Simon Diallo)

and B-actin (Sigma: Cat:A5316).

RNA-sequencing, EnrichR biological pathway analysis and TPM analysis

Data from A375 control and SOX10-KO-2 was collected from NCBI BioProject PRINA748713.
Transcript quantification was executed using Kallisto (v0.45.0) (237) with the GRCh38 build of
the human transcriptome and the -b 50 bootstrap option. Raw counts were imported into DESeq
2 (1.40.2) and analyzed (238). Genes with less than 10 counts were removed. Differential gene
expression with adjusted p-value < 0.05 were identified and fold change was determined

comparing the A375 sgNTC samples with the SOX10 KO-2 samples.

Genes upregulated in the SOX10 knockout cells were imported into EnrichR to determine the
biological processes activated within the SOX10 knockout cells (239,240). Only genes that had a
p-value < 0.05 were used during this analysis. Genes found within the gene sets are from MSigDb

(241).
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To determine whether the correlation observed with the SOX10 KO and the ISGs (Table 2.1) also
occurred in targeted therapy resistant cells, we used deposited data from NCBI BioProject
PRINA748714. TPM values for each gene were used and relative expression was calculated using

a Z-score.
3.6 Results
MAPK:i treatment blocks VSV infection in BRAFV%9E melanoma

To determine whether VSV oncolytic therapy could be used in conjunction with current
therapies, we tested the combination of VSVAS1 (242) with MAPK inhibitors. We treated the
Sox10-expressing murine YUMM1.1 cells (which harbor a BRAFY®%E mutation) with VSVASI
and with either vemurafenib (5 uM), dabrafenib (1 puM) or trametinib (0.1 uM) (Fig. 3.1A).
Interestingly, we observed a reduction in infection (measured using a viral YFP reporter) when
cells were co-treated with BRAF and MEK inhibitors (Fig. 3.1A). When tested in the A375 human
melanoma cell line, we observed a similar reduction in viral infection with BRAF/MEK inhibitors
(Fig. 3.1A). To confirm these findings, we measured viral replication using plaque assays. In
agreement with our viral YFP reporter infection data, we observed approximately a 100-fold
decrease in viral titers when YUMM1.1 and A375 melanoma cells were co-treated with MAPKi
relative to VSVAS1 alone (Fig. 3.1B). As expected, there was a significant decrease in viability in
cells only infected with VSVAS1 and cells treated with BRAF/MEK inhibitors only (Fig. 3.1C).
However, viability was not significantly altered by co-treatment with BRAF/MEK inhibitors and
VSVAST relative to the individual treatments, suggesting that MAPK inhibitors block VSV
infection and lytic function (Fig. 3.1C). Therefore, MAPK targeted therapies in melanoma block

the in vitro efficacy of the oncolytic VSVASI.
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Figure 3.1. MAPK:i treatment blocks VSV infection in BRAFY%%E melanoma. YUMM1.1 and
A375 cell lines were co-treated with VSVA51 at an MOI of 0.1 and vemurafenib (5uM or 2uM
respectively), dabrafenib (0.1uM) or trametinib (0.01uM) for (A & B) 24 or (C) 48hrs. (A)
Quantification of YFP positive melanoma cells 24hrs post MAPKIi and/or VSV A51 treatment. (B)
Quantification of viral titers by plaque assays 24hrs post infection. (C) Cell viability assay
(AlamarBlue) 48hrs post single and co-treatments. (A-C) All data is represented as a mean + SEM
of biological triplicates. (A & B) Significance was calculated using a two-tailed t-test, where * =
p < 0.05, ** = p <0.01 and *** = p < 0.001. (C) Significance was calculated using a one-way

anova.
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Vemurafenib induced targeted therapy resistance promotes a cross-resistant state between

other MAPKIis and VSV infection

Resistance to targeted therapy is common in clinical settings (217,218). Given that
concurrent treatment with MAPKIi blocks VSV infection (Fig. 3.1), we determined whether
MAPK-resistant melanomas are also resistant to viral infection/lysis. To test this, we generated
three independent vemurafenib-resistant populations by chronically treating YUMM1.1 and A375
cell lines for six weeks at their 1Cso concentrations (5 UM and 2 puM, respectively; Fig. 3.2A).
Three independent populations were generated with varying resistance to vemurafenib but also to
other MAPK:i inhibitors (Fig. 3.2B-D and Fig. S3.1A). Drug-resistant cells were then tested for
VSVAS51 infection. Interestingly, we found that all drug-resistant populations had also acquired
resistance to viral infection, with the most dramatic phenotype observed in the YUMM1.1 ResA
cells (Fig. 3.2E). This was also observed in human A375 melanoma cells, although not as robust
as A375 drug-resistant cells have a tendency to revert back to wild-type tolerance following brief
culture in the absence of vemurafenib treatment (Fig. S3.1B). This suggests a tight link between
MAPK:i-resistance and resistance to viral infection. Plaque assays showed reduced viral titers (Fig.
3.2F) and resistance to virus-induced cell killing (Fig. 3.2G), supporting the notion that MAPKi
resistance in melanoma further induces viral therapy resistance against VSVAS1. This resistance
was also assessed in YUMML.1 cells treated acutely for 3 or 9 days with vemurafenib. After
rechallenge with vemurafenib or VSVA51 we observed no major differences in VSVAS51 infection
or viability, suggesting that long term transition or reprogramming is required to promote this
cross-resistant state (Fig. S3.2A-B). Therefore, resistance to MAPK-targeted therapies in

melanoma also promotes cross-resistance to oncolytic virus therapy.
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Figure 3.2. Vemurafenib induced targeted therapy resistance promotes a cross-resistant
state between other MAPKIis and VSV infection. (A) Schematic representing the 6 week
treatment regimen to convert the parental YUMML1.1 cell line into a vemurafenib resistant cell
state. (B-D) YUMML1.1 and Resistant cell lines were seeded in at least technical triplicates and
treated at an increasing concentration of vemurafenib (B), dabrafenib (C) or trametinib (D). Cell
viability was assayed using AlamarBlue 72hrs post treatment. (E-G) Quantification of (E) YFP
positive (E), viral titers (F) and cell viability (G) of YUMM1.1 and Res cells 24 (E & F) or 48hrs
(G) post VSVAS1 infection. All data is represented as a mean £ SEM of biological triplicates.
Significance was calculated using a two-tailed t-test, where * = p < 0.05, ** = p < 0.01 and *** =

p < 0.001.
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SOX10 is lost during chronic targeted therapy treatment and induces a cross-resistant state

to VSVAS1L

Given the prevalence of resistance to MAPK targeted therapies, several genes and
pathways potentially implicated in this process have been identified (243,244). We reasoned that
these same resistance mechanisms may also play a role in cross-resistance to oncolytic virus
therapy. We have previously shown that the transcription factor SOX10, a major marker of primary
melanomas and the melanocytic state, reduces the cancer stem cell properties of melanoma cells
(228). Others have found that the loss of SOX10 expression induces MAPK:i resistance (223-228).
Interestingly, SOX10 has been associated with the regulation of immune-related pathways
including IRF1, a well-characterized regulator of viral infection (245). Therefore, we hypothesized
that the loss of SOX10 in MAPKi-resistant cells could induce resistance to oncolytic virus
infection. Chronic vemurafenib treatment lead to the loss of SOX10 in melanoma cells and a
marked reduction in VSVAS1 infection (Fig. 3.3A). Similarly, SOX10 knockdown also promoted
resistance to vemurafenib treatment (Fig. 3.3B-C). We further tested VSV infection and replication
in stable YUMM1.1 SOX10-null cells (228) and A375 SOX10 knockout cells. In both SOX10-
deficient cells, a substantial reduction in VSVAS1 infection and titers was observed, suggesting
that SOX10 plays a key role in resistance to oncolytic virus therapy (Fig. 3.3D&E). In contrast,
decreased virus-induced cell death was seen in SOX10 knockout cells (Fig. 3.3F-1). Therefore,
SOX10 expression is required for efficient VSVAS1 infection in melanoma cells and its expression

is downregulated following resistance to MAPK inhibitors.

The cellular response to RNA viruses such as VSVASI is notably different from the
response to DNA viruses. We then asked if the cross-resistance to oncolytic virus therapy after

MAPK:I resistance is unique to RNA viruses. To this end, we expanded our panel of viruses to
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include another oncolytic RNA virus, Maraba MG1, and the DNA virus vaccinia (VVTT). As
expected, our drug-resistant melanoma cells and SOX10 knock out cells were resistant to MG1
but not to vaccinia virus infection (Fig. S3.3A-D), suggesting that this phenotype is conserved
among RNA viruses and that these cells become “primed” to RNA virus infection upon acquiring

a drug-resistant state.

Although many mechanisms of resistance to viral infection exist, the most prominent arises
from the type I interferon pathway (246). Since VSVAS51 harbors a mutation that sensitizes it to the
anti-viral effects of type | IFNs, we examined the role of that pathway in cross-resistance to
oncolytic viruses therapy. First, we made use of wildtype VSV, which antagonizes the production
of type I IFNs in infected cells. However, wildtype VSV infection was similarly reduced in drug-
resistant melanoma cells and SOX10 KO cells, analogous to our data with VSVAS1 (Fig.
S3.4A,B). Next, we treated the cells with the JAK1/2 inhibitor ruxolitinib (RUXO), a blocker of
the type I IFN response. Treatment with RUXO restored VSVAS51-mediated killing and replication
to control levels in most drug-resistant cells and the SOX10 KO cells (Fig. S3.4C-D,F).
Interestingly, the sensitivity of the highly resistant YUMML1.1 ResA population was restored to
wildtype levels following co-treatment with VSV and RUXO (Fig. S3.4E). This suggests that the
drug-resistant state acquired through chronic treatment or via the loss of SOX10 alters the type |

IFN pathway to block oncolytic RNA viruses.
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Figure 3.3. SOX10 is lost during chronic targeted therapy treatment and induces a cross-
resistant state to VSVA51. (A) Immunoblot of YUMML.1 (Y11) and vemurafenib resistant cells
ResA (RA), ResB (RB), and ResC (RC) 24hrs post infection with VSVA51. (B) Immunoblot of
YUMML.1 transfected with siRNA targeting a random sequence (SiCTN) or Sox10 (siS10-1 or
siS10-2). (C) YUMML1.1 cells transfected with siRNAs targeting Sox10 were treated with various
concentrations of vemurafenib and viability assays were performed 72hrs post treatment. (D-F)
YUMML1.1 and A375 cell lines were infected with Cas9 and sgRNA targeting SOX10 to create 2
independent SOX10 knockout populations per cell line. (D) Control and SOX10 knockout cells
were infected with VSVA51 for 24hrs and YFP positive cells were quantified. (E) Viral titers were
quantified by counting plaques 24hrs post infection. (F) Control and SOX10 knockout cells were
infected with VSV A51 and cell viability was quantified 48hrs post infection with AlamarBlue. All
data is represented as a mean + SEM of biological triplicates. Significance was calculated using a

two-tailed t-test, where * = p < 0.05, ** = p < 0.01 and *** = p < 0.001.
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RNA-sequencing analysis of A375 SOX10 knockout cells shows enrichment of viral

responses gene sets

To gain further insight into the resistant mechanism to VSV infection we re-analyzed RNA-
sequencing data from SOX10 knockout A375 cells (227). This dataset shows that there are
approximately 3600 upregulated genes in the SOX10 knockouts and 3300 downregulated genes
(Fig. 3.4A). By using EnrichR we identified various biological processes that are acquired within
the SOX10 knockout populations(239,240). Of the top 14 enriched biological processes in the
SOX10-deficient A375, two were associated with the negative regulation of viral infection (Fig.
3.4B). We further mined any significant biological processes that had any impact on viral

susceptibility and propagation and identified 14 of them (Fig. 3.4C).

We next evaluated 4 of these viral gene sets (Fig. 3.4C) (defense response to virus, negative
regulation of viral process, negative regulation of viral genome, and regulation of viral entry into
the host cell) to determine which genes are differentially expressed between SOX10 knockouts
and control. In all 4 viral gene sets, we found more viral genes to be upregulated in the knockouts
compared to controls (Fig. 3.4D-G). We compared all viral genes from our 4 gene sets that were
upregulated in the SOX10 knockout cells and organized them into a venn diagram to determine
gene overlap between the gene sets (Fig. 3.4H). Interestingly, IFITM1/2/3, and TRIM6, common
to all 4 gene sets, have been shown to repress viral infection (Table 2.1) (247,248). Many of the
genes identified within the viral biological processes were 1SGs, which become activated post viral
infection (Table 2.1). Interestingly we do not observe IFNo/f within our list suggesting that
alternative pathways are activating the ISGs (Table 2.1). We also corroborated the activation of

those genes in targeted therapy resistant PBRT cells where anti-viral genes are also induced (Table
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2.1). This was also correlated with a SOX10 downregulation (Fig. S3.5A). Together, our data
suggest that the loss of SOX10 during targeted therapy treatment induces the activation of 1SGs

genes, allowing for cross-resistance to RNA based oncolytic viruses, in addition to MAPKis.
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Figure 3.4. RNA-sequencing analysis of A375 SOX10 knockout cells shows enrichment of
viral responses gene sets. (A) The volcano plot illustrating 6900 significantly differentially
regulated genes where the red represents upregulation in the A375 SOX10 knockout cells and the
green represents the wildtype genes. The black represents the genes that lack an upregulation of
more than 1.5-fold. (B) GO enrichment analysis of biological processes from the genes upregulated
in the SOX10 knockout populations from (A). (C) Arrangement of all viral biological processes
observed within the A375 Sox10 knockout cells (only viral biological processes —logio(p-value) >
1 is shown). (D-G) Volcano plots illustrating the differentially expressed genes within each of the
the “defense response to virus” gene set (D), “negative regulation of viral process” gene set (E),
“negative regulation of viral genome” gene set (F) and “regulation of viral entry into the host cell”
gene set (G). (H) Venn diagram illustrating the expression of overlapping genes within each viral

gene set (D-G) overexpressed in the SOX10 knockout populations.
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Table 3.1. Common differentially expressed genes from

found within each viral gene set.

Process

Number of Genes

the A375 SOX10 knockout cells

Gene List

Defense response to vinus,
Megative regulation of viral genome
replication,

IFITMA, IFITMZ, IFITM3, TRIME

Megative regulation of viral process, 4
Regulation of viral entry into host
cell
Defense response to virws, TRIM31, MIDZ, TRIM21, TRIME,
Megative regulation of viral process, TRIM56
Requlation of viral entry into host 5
cell
Defense response to vinus, MAVS, APOBECIF, 1ISG20, OASL,
Megative regulation of viral genome APOBEC3G, APOBEC3H, IFIH1,
replication, 14 APOBEC3D, OASZ, ISG15, SHFL,
Megative regulation of viral process RMASEL, APOBEC3C, BST2
Defense response to vinus, STATH, TRIM3Z2
Megative regulation of viral process 2
Defense response to virus, TRIM3E
Regulation of viral entry into host 1
cell
Megative regulation of viral genome LTF, SLPI, HMGAZ
replication,
Megative regulation of viral process 3
Megative regulation of viral process, GSN
Requlation of viral entry into host
cell 1
Megative regulation of viral process SP100, ZFP36, SRPX2
3
Regulation of viral entry into host TRIM34, NECTINZ, TMPRSS2,
cell 7 SMPDA1, FURIN, BSG, LGALS1
Defense response to virws IFl44L, DDXGE0, FZRL1, PFTPMN22,
PMAIP1, CD&6, IFIT1, TBK1,
a7 CREB3, DTX3L, ZDHHCAZ,
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VAMPS, TNFAIP3, CASP1, ATGT,
NME, TICAM2, KCNJ3, STATZ,
UNCO3B1, HTRA1, CARDS, IL&.

CPTP, MOWV10, TICAM1, ZC3H12A,

TRIMT, MARCHF2Z, EXOSCA4, IFNE,
RIOK3, LYST, MCR1, IFNLRT,
STINGT, IFMAT, AIM2, PML,

MLRX1, IL1B, ITGAX, GPAM, IRF1,

IRF3, RNF185, UNC13D, LAMPZ,

SERTAD3, FARPS, IFIT3, USP20,
IL10RE, NLRP3, CXADR, IRFT,

ABCCY



3.7 Discussion

We find that acquired resistance to vemurafenib further induces a cross-resistant state to
VSV oncolytic treatment (Fig. 3.2). This is also observed within our SOX10 knockout cells (Fig.
3.3). Interestingly, we find a large variation in VSV resistance within our YUMML.1 Resistant
lines (ResA-C) where we observe minimal infection at MOI 10 within our YUMML1.1 ResA cell
line (Fig. 3.2E). Surprisingly, this lack of infection could not be enhanced after using ruxolitinib
which restored ResB and ResC infection back to wildtype levels (Fig. S3.4C). Although no
increase in infection was observed following a 24hr infection, cell viability measurements at 48hrs
post-infection restored cell sensitivity to wild type levels during co-treatments (Fig. S3.4E).
Although this finding was unexpected it does suggest that the ResA’s may express a high baseline
level of ISGs that may require a prolonged treatment with Ruxo to completely turn off the JAK-

STAT pathway and induce viral sensitivity.

Our data suggest that the transition from wild-type to a targeted therapy resistant state
induces an IFN-like response where the cell upregulates the expression of many I1SGs that is
independent of IFNao/p induction (Fig. 3.4, Table 2.1, Fig. S3.5). Surprisingly, this environment
can be recapitulated through the loss of SOX10, suggesting that the loss of SOX10 results in the
activation of these ISGs (Fig. 3.4). Although this explanation seems logical, recent findings from
our lab (data not shown) and others suggest that SOX10 acts as a gate-keeper to the
undifferentiated state (224,227,249). One possibility is that SOX10 is not directly inhibiting these
genes but rather acting indirectly by blocking the cells transition to an undifferentiated state. This
undifferentiated state is key for cross-resistance and has been identified as a TEAD+/AP-

1+/SOX9+ state (224,249). The heterogeneity and complex reprogramming observed in this state
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makes it refractory to current therapies, supporting the notion that the maintenance of the SOX10+

differentiated state will be beneficial for different classes of therapeutics.
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Supplementary Figure 3.1. Vemurafenib resistance also induces cross-resistance to VSVA51
in human BRAFV5E melanoma cells. A375 vemurafenib resistant cells were made by treating
with vemurafenib at 2uM for 6 weeks. (A) A375 and Resistant cell lines were seeded in at least
technical triplicates and treated at an increasing concentration of vemurafenib. Cell viability was
assayed using AlamarBlue 72hrs post treatment. (B) Quantification of YFP positive A375 parental
and Res cell lines 24hrs post VSVA51 treatment. All data is represented as a mean + SEM of
biological triplicates. Significance was calculated using a two-tailed t-test, where * = p < 0.05, **

=p<0.01 and *** =p < 0.001.
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Supplementary Figure 3.2. Acute vemurafenib treatment does not elicit a resistant state upon
re-challenge. (A & B) YUMML1.1 cells were treated with 5uM of vemurafenib for 3 or 9 days.
(A) The treated YUMML.1 cells were then re-treated with various concentrations of vemurafenib
and cell viability was assayed using AlamarBlue 72hrs post treatment. (B) The treated YUMM1.1
cells were infected with VSVA51 and YFP positive cells were quantified 24hrs post VSVA51
treatment. All data is represented as a mean = SEM of biological triplicates. Significance was

calculated using a two-tailed t-test, where * = p < 0.05.
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Supplementary Figure 3.3. Vemurafenib resistant YUMM1.1 and SOX10 knockout cells are
resistant to ssSRNA based oncolytics. (A & B) YUMML1.1 and vemurafenib resistant cells were
infected with (A) MG1 or (B) Vaccinia virus TianTan for 24hrs and GFP positive cells were
quantified. (C & D) YUMML1.1 SOX10 knockout cells were infected with (C) MG1 or (D)
Vaccinia virus TianTan for 24hrs and GFP positive cells were quantified. All data is represented

as a mean + SEM of biological triplicates. Significance was calculated using a two-tailed t-test,

where * =p < 0.05, ** =p <0.01 and *** = p < 0.001.
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Supplementary figure 3.4. Vemurafenib resistant YUMML.1 and SOX10 knockout cells are
re-sensitized to VSVA51 following JAK1/2 inhibition. (A) YUMML1.1 vemurafenib resistant
and (B) YUMML.1 SOX10 knockout cells were infected with VSV-Wt for 24hrs and YFP positive
cells were quantified. (C) YUMML.1 vemurafenib resistant and (D) YUMM1.1 SOX10 knockout
cells were co-treated with ruxolitinib (10uM) and various MOIs of VSV A51 for 24hrs and YFP
positive cells were guantified. (E) YUMML.1 vemurafenib resistant and (F) YUMM1.1 SOX10
knockout cells were co-treated with ruxolitinib (10uM) and various MOIs of VSVA51 and
viability was quantified 48hrs post treatment with AlamarBlue. All data is represented as a mean
+ SEM of biological triplicates. Significance was calculated using a two-tailed t-test, where * = p

<0.05, ** =p<0.01 and *** = p < 0.001.

93



A APOBEC3C

APOBEC3D
APOBEC3F
APOBEC3G
BST2
CASP1
CREB3
DDX60
DTX3L
IFIH1
IFIT1
IFIT3
IFITM1
IFITM2
IFITM3
IL10RB
IL6

IRF1
IRF3
IRF7
ISG15
1ISG20
LGALS1
MAVS
NECTIN2
OAS2
OASL
PARP9
PML
RNASEL
SHFL
SLPI
SMPD1
SOX10
SP100
STAT1
STAT2
STING1
TICAM2
TRIM21
TRIM32
TRIM34
TRIM56
TRIM6
TRIM8
UNC93B1
ZC3H12A
ZDHHC12

DMSO-1 DMSO-2 PBRT15-1 PBRT15-2 PBRT16-1 PBRT16-2

Supplementary Figure 3.5. Correlation between viral gene expression and SOX10 expression
in therapy resistant samples. (A) The heatmap represents the relative expression (Z-score) of the
genes from Table 2.1 compared to controls and targeted therapy treated 1205Lu tumors. TPM

values were extracted from the NCBI BioProject PRINA748714.
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Chapter 4

CEACAML is a direct SOX10 target and inhibits melanoma immune infiltration and

stemness
4.1 Preface

Abou-Hamad, J., Hodgins, J. J., de Souza, C. T., Garland, B., Labréche, C., Marotel, M., Gibson,
C., Delisle, S., Pascoal, J., Auer, R. C., Ardolino, M., & Sabourin, L. A. (2022). CEACAML1 is a
direct SOX10 target and inhibits melanoma immune infiltration and stemness. iScience, 25(12),

105524. https://doi.org/10.1016/j.isci.2022.105524
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4.3 Abstract

SOX10 is a key regulator of melanoma progression and promotes a melanocytic/ differentiated
state. Here we identified melanoma cell lines lacking SOX10 expression which retain their in vivo
growth capabilities. More importantly, we find that SOX10 can regulate T-cell infiltration in
melanoma while also decreasing common cancer stem cell (CSC) properties. We show that SOX10
regulates CEACAML, a surface protein with immunomodulatory properties. SOX10 directly binds
to a distal CEACAML1 promoter region approximately 3-4kbps from the CEACAML1
transcriptional start site. Furthermore, we show that a SOX10-CEACAM1 axis can suppress CD8+

T-cell infiltration as well as reduce CSC pool within tumors, leading to reduced tumor growth.
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Overall, these results identify SOX10 as a direct regulator of CEACAML1, and uncover both a pro-

and anti-tumorigenic roles for SOX10 in melanoma.

Highlights

CEACAML1 is a direct genetic target of SOX10

Loss of SOX10 and CEACAML inhibits tumor growth in immune-competent mice

CEACAML1 expression inhibits CD8+ T-cell infiltration

Loss of CEACAML1 and SOX10 enhances cancer stem cell properties in melanoma

99



4.4 Introduction

The Sox family (SRY-HMG box) of transcription factors plays critical roles in tissue
homeostasis, organogenesis, and cell fate decisions in many developmental processes
(148,250,251). The SoxE group, including Sox8, 9, and 10, has been extensively studied in the
context of reproductive system development, neural crest cell-derived tissues and cell types such
as melanocytes. Although the role of the SOX proteins in cancer progression remains elusive and
controversial (250), SOX10 has been shown to play an important role in melanoma maintenance
and progression in the context of haploinsufficiency (120,187,252). Similarly, studies on SOX9-
or SOX10-floxed animals have been performed in the context of the NRASQ61 allele, inducing

senescence and nevi formation (165).

BRAF(V600E) and NRAS(Q12,Q13,Q61) accounts for about 80% of melanoma mutations
(65,253-256). The design of highly specific BRAFV600E (Vemurafenib), MEK (Trametinib) and
immune checkpoint inhibitors (PD-1 and CTLA-4) has produced good response rates in melanoma
(65,253,255-261). However, most responses are transient with most patients becoming resistant
and progressing within a year due to the reactivation of the MAPK pathway in 70% of cases
(65,254). Similarly, immunotherapies to PD-1 and CTLA-4 have improved overall survival in
patients with melanoma but with only a subset showing long-term benefits (253,255-261).
However, most responses are transient due to the activation of resistance mechanisms. Strikingly,
drug resistance is often associated with resistance to immune checkpoint inhibitors, leading to a

cross-resistance phenomenon (65,254,259).

A number of studies have identified distinct subpopulations of melanoma cells with
variable sensitivity to therapy(118,194,262-264). Genomic studies have revealed the existence of

major subpopulations characterized by differential expression of AXL, EGFR, NGFR, SOX9, and
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SOX10 in drug-resistant cells. Upon acquired resistance, the sensitive pool (AXL—, EGFR—,
NGFR—, SOX9-, SOX10+) undergoes a switch to an AXL+, EGFR+, NGFR+, SOX9+, SOX10-
phenotype (119,194,264-266). This phenotype switch involves transcriptional reprogramming
rather than mutational evolution or expansion of resistant subpopulations (194,264,267,268).
However, the mechanisms of drug resistance are far more complex than initially thought as
intermediate populations may exist as well as a neural crest stem cell-like (NCSC) state that can

be induced through phenotype switching, regardless of their initial driver mutations(269).

A number of transcription factors have been shown to coordinate phenotype switching
(255). Strikingly, SOX10 expression is associated with the highly proliferative and Vemurafenib
(Vemu) sensitive cell population (119,264,268). Supporting this, suppression of Sox10 induces
EGFR, PDGFRp and confers resistance to BRAF inhibitors (194). SOX10 typically act in concert
with its downstream target MITF, a bHLH transcription factor (120,270). Interestingly, Sox9 was
found to be expressed exclusively in the SOX10" invasive samples together with TEAD and AP-
1 (119). A reduction in Sox10 expression was also observed to be associated with increased Sox9
and reduced proliferation, suggesting a negative feedback loop between Sox9 and Sox10.
Although numerous other transcription factors have been shown to be important for different
aspects of drug resistance and progression, SOX9 and SOX10 appear to be critical to maintain the
stem-like and invasive properties of tumors (120,183,263,271-274). Recently the cellular inhibitor
of apoptosis protein-1/2 (clAP1/2) were found to be upregulated in SOX10-deficient cells,
contributing to drug resistance in the SOX10- cells (197). Similarly, the expression of CEACAML1
in SOX10 + cells provides a growth advantage in CD8+ T-cell depleted animals (275). These data
suggest that SOX10 might regulate aspects of both drug sensitivity and immune surveillance in

melanoma cells.
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Although a positive correlation between SOX10 and CEACAML1 expression has been
previously observed in melanoma (275), we show here that CEACAML1 is a direct target of
SOX10. We found that SOX10 regulates CD4+ and CD8+ T-cell infiltration in melanoma while
also depleting the CSC properties, primarily the self-renewal capabilities. When SOX10 and
CEACAML1 co-exist this perpetuates these effects. In all, we have identified two major

contradictory roles of SOX10 not previously known in melanoma.
4.5 Methods
Mice

All mice experiments were approved and in accordance with our Animal care and veterinary
committee standard at the University of Ottawa. For our immune competent mouse experiments,
C57BL/6J were purchased from Jackson Laboratory and bred in house. For our tumor studies male
mice 8-10 weeks old were matched and divided blindly within the different tumor groups. For our
various subcutaneous tumor growth models all studies were done at 1 x 10° cells in 100uL of PBS.
12-15 days post-injection mice were palpated and checked for tumor growth using a caliper and

tumor size was noted every 3 days until endpoint of 1700mm?.

For the immune compromised studies, 1 x 10° YUMM cells in 100uL were administered
subcutaneously to the right flank of SCID, RAG1 and NCG mice ranging within the age of 8-12
weeks. For SCID and NCG mice, tumors were checked every 3 days up to 12 days post injection
and tumor sizes were measured using a caliper. Mice were euthanized once one animal in the study
reached the endpoint set at 1700mm?. For RAG1 tumors, mice were all euthanized on day 24 post

injection and tumor sizes were compared.
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For limiting dilution assays, NCG mice were injected twice, once in each flank with various cell
concentrations (1 x 102, 1 x 10%, 1 x 10 1 x 10°) (n = 4 per group). 28 days post injection, mice
were euthanized and assessed for tumor growths from the various cell concentrations. Images were

taken of each respective tumor identified.
Cell lines

All Yale University Mouse Melanoma (YUMM) cell lines were a kind gift from Dr. William
Damsky (Yale University). SKMEL-28 and M14 cells were a kind gift from Dr. John Bell
(University of Ottawa). SKMEL-2 was obtained from ATCC. A human melanoma cell line OHRI-
13 was isolated and provided by Dr. Carolina llkow (University of Ottawa). All mouse melanoma
cell lines (YUMMSs) were maintained in DMEM supplemented with 10% fetal bovine serum, 1X
penicillin/streptomycin, 2mM L-glutamine and 1X nonessential amino acids. SKMEL-2, SKMEL-
28 and M14 cells were maintained in DMEM supplemented with 10% fetal bovine serum, 1X
penicillin/streptomycin, 2mM L-glutamine. The OHRI-13 was maintained in RPMI supplemented
with 10% fetal bovine serum, 1X penicillin/streptomycin, 2mM L-glutamine. All cells were grown

at 37°C with 5% CO2 in humidified chambers.
Protein collection and western blotting

Cultured cells were all collected within 75-95% confluency and rinsed twice with 4mL of 1X ice-
cold DPBS. Cells were scraped and collected at 8000G for 3 min. Cells were than lysed with RIPA
lysis buffer (RIPA buffer containing 6uM NaVO3, 10ug/mL pepstatin and 10uM PMSF) and spun
down to clear for 10 min at 12000G. For western blots pertaining to tumor lysates, mice were
euthanized, tumors were isolated and minced into small pieces and further lysed within RIPA lysis

buffer using a hand held homogenizer. Protein lysates were once again cleared for 10 min at
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12000G. All lysates were quantified using a Bradford assay. Samples were set to a concentration
of 1 pg/uL supplemented with 4X Laemmli buffer and denatured at 95°C for 5 min. Samples were
loaded in 8-10% tris-glycine SDS-PAGE gels, transferred to PVDF membranes and analyzed for

various protein expression.

gPCR

Total RNA was isolated using TRIzol (ThermoFisher). Cell culture media was removed and 1mL
of TRIzol was added to each dish. Dishes were scraped and the TRIzol was transferred to a 1.5mL
Eppendorf. 200puL of chloroform was added to each tube and shaken vigorously for 15 s, and left
to rest for 3 min. Samples were then spun at 12000 g at 4°C for 15 min and the top clear layer was
transferred to a fresh 1.5mL eppendorf. 500uL of isopropanol was added to the new tubes, vortexed
and left to rest. After 10 min the samples were spun at 12000 g at 4°C for 10 min and the
supernatant was removed, keeping only the white pellet. 1mL of 75% ethanol was added to each
tube and spun at 7500G at 4°C for 5 min. Ethanol was removed and the pellet was left to air dry

for 10 min before re-suspending in 100uL of water.

RNA was quantified using a nanodrop and 250ng of RNA was moved into PCR tubes. cDNA
synthesis was achieved using Superscript 111 Reverse Transcriptase (ThermoFisher) according to
the manufacturer’s protocol where 5X First Strand buffer, oligo(dT), random primers, and dNTP
mix were all added to the 250ng of RNA. cDNAs were synthesized (25°C at 5 min, 55°C 60 min,
70°C 15 min and finally 37°C at 20 min) and samples were diluted 1/10 for gqPCR. gPCRs were

run on a 7500 Fast Real-Time PCR system using the standard AACT program with melt curve.

Tumor sphere assay
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For primary spheres, YUMM cells were disaggregated with trypsin, counted and pushed through
a 25 gauge needle three times to produce a single cell suspension. 2 x 10° cells were seeded per
well into a 24 well ultralow attachment plate in 500uL of 1:1 DMEM/F12 supplemented with 1x
B27 supplement and 1x MEGS (ThermoFisher). Each group was seeded in technical duplicates
and imaged after 57 days s (depending on the cell group). Only spheres greater than or equal to
50um were counted for total sphere efficiency. To seed secondary spheres, primary spheres were
collected, rinsed in 1XPBS, treated with trypsin, ran through a 25 gauge needle three times and
counted. 2 x 10 cells were once again seeded in the same process as primary spheres and the

quantification process was repeated.
Flow cytometry

Cells were collected and rinsed with 1X DPBS, stained with Zombie NIR viability dye (Biolegend)
for 20 min and rinsed with 1X DPBS with 1% BSA (flow buffer). Cells were further stained with
FC block (Biolegend) for 20 min and stained for another 20 min with antibodies for ligands found
at the surface of cells (antibodies used are found in Table 4.1). For intracellular flow, the
Foxp3/Transcription Factor Staining Buffer Set (ThermoFisher) was used following extracellular
staining. In short, cells were fixed with Foxp3 Fixation/Permeabilization for 60 min, rinsed with
1X Permeabilization Buffer and stained with anti-rabbit SOX10 (Cell Signaling 1:50) for 60 min.
Cells were rinsed once again with 1X Permeabilization Buffer and stained with Goat anti-Rabbit
IgG Alexa Fluor 488 secondary for 60 min. Samples were resuspended in flow buffer and stored
at 4°C. All tumor samples were minced into small tumor pieces (no larger than 2mma3)
homogenized using the GentleMACS Octo Dissociator and incubated with ammonium chloride

for 3 min to remove all red blood cells. Samples were then stained for extracellular and/or
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intracellular markers using the above methods. Data was collected using FACS DIVA on a BD

LSR Fortessa and analyzed using FlowJo.
Cloning, viral production and siRNA transfection

CEACAML1 luciferase fragments were generated using BAC DNA (RP23-404A12 and RP23-
64F12). In short various oligonuclotides were synthesized to span 1kbp of the CEACAM1
promoter region and PCR amplicons were cloned into pCloneJet. The CloneJet plasmids were
digested with Kpnl and Xhol and the inserts were moved over to the luciferase backbone pGL3-
P. For pBABE-CEACAM1 Isoform 1 and 4 constructs, cDNAs from origene were amplified and
cloned into pClonelet. Using BamHI and EcoRl, the inserts were subcloned into the pBABE
retroviral backbone. Sox10 guides targeting the N-terminal region of Sox10 were created using
ChopChop (ChopChop.com), and oligos sgSox10-1 Forward: CACCGGTTGGTACTTGTAGT
CCGGA, sgSox10-1 Reverse: AAACTCCGGACTACAAGTACCAACC and sgSox10-18
Forward: CACCGACAAGTACCAACCTCGGCGG, sgSox10-18 Reverse: AAACCCGCCGAG
GTTGGTACTTGTC were annealed using a thermocylcer at 37°C for 30 min, 95°C for 5 min and
temperature was ramped down 5 °C/min to 25°C. pLKO H2B-mRFP-2A puro (a kind gift from
Dr. Daniel Schramek, University of Toronto) was digested with BsmBI and the annealed oligos

were subcloned into the digested vector.

For viral transduction 5 x 108 293T cells were transfected with 10pg of plasmid vector, Spg of
pCMV-dR8.2 dVPR (Addgene) or pUMCV (Addgene) packaging plasmid and 2ug of pCMV-
VSV-G (Addgene). Media was changed 12 h post transfection and collected 72 h later. The media
was filtered and used to infect the various YUMM lines. 48 h post infection, cells were either
sorted for RFP (for guide transduction), treated with puromycin for 9 days at 4 ug/mL (pBABE

transductions) or blasticidin at 5 pg/mL for 10 days (for Cas9 selection). Specifically for knockout
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cells, YUMM cells were first transduced with pLenti-Cas9-Blast and selected for. Following Cas9
selection, cells were then transduced with pLKO H2B-mRFP-2A-Puro encoding the guide RNA
targeting Sox10. Cells were sorted for RFP 48 h post infection and knockdown was confirmed by

western and gPCR analysis.

Dharmacon-designed siRNA specifically targeting mouse Sox10 was used for short term Sox10
knockdown. Briefly, 200nM of each siRNA was transfected using Lipofectamine 3000 and

samples were collected 72 h post transfection.
Luciferase assay

In vitro cell cultures were transfected with 1pg of pGL3P, pGL3P Ceacam1[-1525/+5], pGL3P
Ceacam1[-2875/-1435], pGL3P Ceacaml1[-4135/-2785] or pGL3P Ceacam1[-5305/-4045] with
0.2ug of pRL-CMV used as the transfection efficiency control. 48hrs post transfection media was
aspirated, cells were washed and 200uL 1X passive lysis buffer (provided by vendor) was placed
in each well and left for 15 min with vigorous rotation. 20uL of lysed cells were placed in triplicate
in a 96-well plate with 100uL of Luciferase assay buffer II and bioluminescence was read using a
Biotek Cytation 5 imaging reader. Following the reading 100uL of Stop and Glow buffer was
added and the plate was read once gain using Biotek Cytation 5 imaging reader to determine
Renilla activity. All individual cell samples were seeded in triplicate and averaged as a single

biological replicate. All experiments were done in biological triplicates.
Chromatin immunoprecipitation

For ChIP the SimpleChlIP protocol (New England BioLabs) was used. In short, 1 x 10¢ YUMMZ1.1
cells were seeded in a 15cm dish and allowed to grow for 48 h. Following 48 h, four 15cm dishes

containing the YUMML1.1 cells were cross-linked using formaldehyde, inactivated using glycine
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and collected and pooled according to the manufacturer’s instructions. Nuclei were isolated and
chromatin was digested by treating samples with MNase for 20 min at 37°C followed by sonication
on the Misonix sonicator 3000 using 30s pulses at the third setting for a total of three times. Input
samples were collected at this point and used downstream in our PCR for normalization. Anti-
SOX10 (1:50) was used and mixed with 10ug of digested chromatin while also using total Histone
and rabbit IgG as positive and negative controls, respectively. Samples were left on a rotor
overnight at 4°C and the next day 30uL of magnetic beads were added to each tube and left on the
rotor for an additional 2 h. Beads were rinsed multiple times according to the manufacturer’s
instructions and chromatin pulled downs were eluted. Chromatin was further cleaned using the
DNA spin columns provided and concentration of samples was determined using Qubit 3.0. PCRs
were run on various regions of the CEACAML1 promoter while also using RPL30 Intron 2 primers
as positive and negative controls. IgG samples were used as our normalization control to assess

background noise.

Correlation and immune infiltration analysis

For percent survival between high and low CD4+ and CD8+ T cell infiltration in melanoma, data
was processed and analyzed by Timer2.0 (http://timer.cistrome.org/) (276). The top 25% and

bottom 25% of T cell infiltrates were used in the Timer2.0 analysis.

The correlation data between SOX10 and CEACAM1 mRNA in melanoma, was retrieved on
cBioPortal (https://www.cbioportal.org/) (277,278), and re-plotted using GraphPad Prism
software. The Skin Cutaneous Melanoma TCGA Firehose Legacy dataset was used to retrieve the

data. Z score threshold of £2 was used to determine correlation between Sox10 and various genes.
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Statistical analysis

All in vitro experiments were performed in three biological replicates while all mice work was
done once with animal numbers indicated in the figure legends. All analysis was done through
GraphPad Prism software and data is represented as the SEM(xSEM). T tests, one way and two
ANOVA were used for statistical analysis of various experiments (statistical significance and tests

used is specified in figure legends).

Materials availability

Materials generated in this study can be made available upon request to the Lead Contact.

Data and code availability

This paper did not generate any original code. TCGA data used for correlation analysis is publicly
available from https://www.cbioportal.org/. TCGA data used for immune infiltration within skin
cutaneous melanoma is publicly available from http://timer.cistrome.org/. Any additional
information required to reanalyze the data reported in this paper is available from the lead contact

(Luc Sabourin, Isabourin@ohri.ca) upon request.

Table 4.1 Key resources

REAGENT or RESOURCES SOURCE IDENTIFIER

Antibodies

SOX10 New England BioLabs | Cat# 89356; Clone D5VIL;
RRID:AB_2792980

Beta-Actin Sigma-Aldrich Cat# A5316; Clone AC-74;
RRID:AB_476743

Histone H3 New England BioLabs | Cat# 4620; Clone D2B12;
RRID:AB_1904005

Mouse: CEACAM1 BV421 BioLegend Cat# 134531, Clone Mab-
CC1; RRID:AB 2687363

Human: CEACAM1 AF647 R&D Systems Cat# FAB2244R; Clone
283340
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PDL-1 BV786

BD Biosciences

Cat# 741014; Clone MIH5;
RRID:AB 2740636

PDL-2 PE BD Biosciences Cat# 557796; Clone TY25;
RRID:AB 396874

CD80 BV510 BD Biosciences Cat# 740130; Clone 16-
10A1; RRID:AB 2739887

CD86 BV650 BD Biosciences Cat# 564200; Clone GL1,

RRID:AB_2738665

CD45 Pe Texas Red BioLegend Cat# 103146; Clone 30-
F11; RRID:AB_2564003

CD45 AF700 BioLegend Cat# 103127; Clone 30-
F11; RRID:AB 493714

CD3 PeCy5 BioLegend Cat# 100310; Clone 145-
2C11 RRID:AB_312675

CD4 Fitc BioLegend Cat# 100510; Clone RM4-5
RRID:AB_312713

CD8 BV650 BioLegend Cat# 100742; Clone 53-6.7,
RRID:AB_2563056

CD8 BV786 BioLegend Cat# 100750; Clone 53-6.7,
RRID:AB_2562610

Zombie NIR APC Cy7 BiolLegend Cat# 423106

Rat Anti-Mouse CD16/CD32 (Mouse
BD Fc Block)

BD Biosciences

Cat# 553142; Clone 2.4G2;
AB 394656

Normal Rabbit IgG

New England BioLabs

Cat# 2729;
RRID:AB_1031062

BV650 Rat 1gG2a Isotype control

BD Biosciences

Cat#t 563236; Clone R35-
95; AB 2869472

BV510 Hamster 1gG2 Isotype control

BD Biosciences

Cat# 563202; Clone B81-3;
AB 2869469

PE Rat IgG2a Isotype control

BD Biosciences

Cat# 553930; Clone R35-
95; AB 479724

BV786 Rat 1gG2a Isotype control

BD Biosciences

Cat# 563335; Clone R35-
95; AB 2869486

Alexa Fluor 647 Mouse IgG2b Isotype
control

BD Biosciences

Cat# 557903; Clone 27-35;
AB 396928

BV421 Mouse IgG1 Isotype control

BD Biosciences

Cat# 562438; Clone X40;
AB_11207319

Dnk pAb to Rb 1IgG AF488 Abcam Cat# ab150073;
RRID:AB 2636877

Goat Anti-Rabbit IgG (H+L)-HRP BIO-RAD Cat# 1706515;

Conjugate RRID:AB 2617112

Goat Anti-Mouse 1gG (H+L)-HRP BIO-RAD Cat# 1706516;

Conjugate RRID:AB 2921252

Chemicals, Peptides, and

Recombinant Proteins

iTag Universal SYBR Green Supermix | Bio-Rad Cat# 1725124;
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Lipofectamine 3000 transfection ThermoFisher Cat# L.3000008
Reagent
Mammary Epithelial Growth ThermoFisher Cat# S0155

Supplement (MEGS)

Critical commercial assays

eBioscience™ Foxp3 / Transcription
Factor Staining Buffer Set

ThermoFisher Scientific

Cat# 00-5523-00;

Dual-Luciferase® Reporter Assay Promega Cat# E1980;
System
SimpleChIP® Enzymatic Chromatin IP | New England BioLabs | Cat# 9003;

Kit

Experimental models: Cell Lines

Mouse: Yale University Mouse
melanoma cell line

Dr. William Damsky;
Yale University

YUMML1.1, YUMML1.7,
YUMML1.9, YUMM2.1

Human: OHRI-13 melanoma cell line

Dr. Carolina llkow;
University of Ottawa

OHRI-13

Human: SKMEL?2 American Type Culture | Cat# HTB-68
Collection (ATCC)

Human: SKMEL28 Dr. John Bell; N/A
University of Ottawa

Human: M14 Dr. John Bell; N/A

University of Ottawa

Human: HEK293T

American Type Culture
Collection (ATCC)

Cat# CRL-3216; 293T

Experimental models:
Organism/strains

Mouse: C57BL/6

Jackson Laboratory

Cat# 000664; RRID:
IMSR_JAX:000664

Mouse: CB17.Cg-PrkdcscidHrhr/IcrCrl

Charles River

SCID

Mouse: B6.129S7-RagltmiMom/J Jackson Laboratory Ragl KO

(Bred in house; Dr.

Michele Ardolino)
Mouse: NOD- Charles River (Bred in | NCG
Prkdcem26Cd52112rgem26Cd22/NjuCr | house; Dr. Michele
I Ardolino)
Oligonucleotides
siRNA SOX10-1 Dharmacon Cat# J-049957-09
siRNA SOX10-2 Dharmacon Cat# J-049957-10
siRNA CTN Dharmacon Cat# D-001810-01

gPCR Primer: Sox10 forward:
AGGTTGCTGAACGAAAGTGAC

N/A

gPCR Primer: Sox10 reverse: N/A
CCGAGGTTGGTACTTGTAGTCC
gPCR Primer: CeacamlLong forward: N/A

GCGAGATCTCACAGAGCACA
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gPCR Primer: CeacamlLong reverse:

N/A

GCTGGGAATTGAAGTTCAGG

gPCR Primer: Ceacam1Short forward: N/A

CTGGCATCGTGATTGGAGTT

gPCR Primer: Ceacaml1Short reverse: N/A

CAGAAGGAGCCAGATCCG

gPCR Primer: 18s forward: N/A

AGTCCCTGCCCTTTGTACACA

gPCR Primer: 18s reverse: N/A

GATCCGAGGCCTCACTAAAC

ChIP Primer: Ceacamlforward [-4000]: | This manuscript N/A

GTAGAACCAACCTAGATCTCCA

ChIP Primer: Ceacam1 reverse [-3820]: | This manuscript N/A

CTGTAAACTTTGTGATTCATCT

ChIP Primer: Ceacaml forward [- This manuscript N/A

3820]:

GGATGT GGATAGACTTAGAATA

ChIP Primer: Ceacaml reverse [-3685]: | This manuscript N/A

GTTATATATGTAATTACATGTG

ChlIP Primer: Ceacaml forward [- This manuscript N/A

2916]:

CCTGTACTGGAGCATATAAAGT

ChlIP Primer: Ceacaml reverse [-2785]: | This manuscript N/A

CAACATTATGAACTAACCAGTA

SimpleChIP Mouse RPL30 Intron 2 New England BioLabs | Cat# 7015P

Primers

Recombinant DNA

pUMVC Addgene Cat# 8449;
RRID:Addgene 8449

pCMV-dR8.2 dvpr Addgene Cat# 8455;
RRID:Addgene 8455

pCMV-VSV-G Addgene Cat# 8454;
RRID:Addgene 8454

pBABE Addgene Cat# 1764,

RRID:Addgene 1764

pBABE-SOX10

This manuscript

N/A

pBABE-CEACAM1 Isoform 1 This manuscript N/A
pBABE-CEACAM1 Isoform 4 This manuscript N/A
pGL3P Promega Cat# E1761
pGL3P Ceacam1[-1525/+5] This manuscript N/A
pGL3P Ceacam1[-2875/-1435] This manuscript N/A
pGL3P Ceacam1[-4135/-2785] This manuscript N/A
pGL3P Ceacam1[-5305/-4045] This manuscript N/A
pRL-CMV Promega Cat# E2261
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pLenti Cas9-Blast Dr. Daniel Schramek; N/A
University of Toronto
pLKO H2B-mRFP-2A puro Dr. Daniel Schramek; N/A

University of Toronto

Software and algorithms

Timer2.0

Li et al., 2020 (276)

http://timer.cistrome.org/

cBioPortal

Cerami et al., 2012;
Gao et al, 2013

https://www.cbioportal.org/

(277,278)
Graphpad Prism
FACSDiva
FlowJo
BioRender Graphical abstract https://biorender.com/
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4.6 Results

SOX10+ cells display a growth advantage in immune-competent mice but reduced self-

renewal properties

The role of Sox10 in human melanoma is well established (120,187,252). Interrogation of
the Firehose human melanoma dataset shows that high SOX10 expression is correlated with a
decrease in survival (Figure 4.1A). To gain further insight into Sox10-driven phenotypes, we set
out to identify cells lines with differential SOX10 expression. To achieve this, the YUMM panel
of murine congenic melanoma cell lines (50) was assessed for Sox10 expression. Using Western
blotting we identified the YUMM1.1 as a SOX10 high cell line, YUMM2.1 showed intermediate
levels and YUMM1.7 & YUMML.9 cells showed little to no expression (Figure 4.1B). This was
further validated at the mRNA level, suggesting that Sox10 expression in these cells is likely to be
modulated at the transcriptional level (Figure 4.1C). We next tested the in vivo growth potential
of the SOX10+ YUMML.1 and the SOX10- YUMML.7 cell lines in C57 mice. As expected, the
SOX10+ cells reached endpoint significantly faster than the SOX10- cells (Figures 4.1D and 4.1F).
Although the SOX10- cells did grow slower, they still formed palpable tumors (Figure 4.1D).
Western blot analysis showed that SOX10 was not reactivated in the YUMML.7 tumors in an
immune competent background, confirming that cells lacking SOX10 did not activate it and
retained some in vivo growth potential (Figures 4.1D and 4.1F). To test the potential effects of the
immune system in this assay, cells were injected in NOD-SCID mice which lack functional T/B
cells and have impaired NK cell and macrophage functions. In marked contrast to previously
reported results (120,187,252), the SOX10+ cells displayed reduced growth compared to the
SOX10- cells (Figure 4.1E and 4.1G) in immuno-compromised hosts. One possibility is that

SOX10+ tumors have the ability to negatively modulate the immune system in an immune
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competent background. Alternatively, SOX10- cells may have increased cancer stem cell (CSC)
potential. Previous findings in our lab and others have identified SOX10 as a CSC marker
enhancing tumorsphere forming potential (183,184,274). Using melanosphere assays we tested the
CSC potential of both cell lines. Interestingly, the SOX10+ YUMML1.1 melanoma cells displayed
low sphere forming potential (Figure 4.1H), suggesting reduced levels of CSCs. This further
translated into a decrease in secondary sphere formation, supporting a reduction in self-renewal
capabilities. Surprisingly, no secondary spheres could be recovered from the high SOX10
expressing YUMML1.1 cells, whereas the YUMMZ2.1 cells, expressing intermediate SOX10 levels,
generated a low level of secondary spheres (Figure 4.1H and 4.11). Together, these data suggest
that high SOX10 populations have reduced stem cell-like content and that SOX10 may play a

different role in epithelial-like cancers.
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Figure 4.1: SOX10* cells display a growth advantage in an immune competent background
but reduced self- renewal properties (A) Kaplan Meier curve comparing overall survival in
SOX10-high and low melanomas patients from the Firehose Legacy dataset. (B and C) qPCR and
Western blots of various YUMM cell lines showing differential Sox10 expression. (D and E) In
vivo growth comparison of high and low SOX10 expressing melanoma cells in immune competent
C57 (n=5 and n=4 respectively) (D) and immune compromised SCID (n=6 and n=6 respectively)
(E) mice. Tumor size was measured at each indicated point. (F and G) Tumors from panels D and
E were collected and protein was harvested. Samples were analysed for SOX10 levels in the
YUMML1.1 and YUMML1.7 tumors from the immune competent (F) and immune compromised
mice (G). Three tumors from each cohort were used to allow for representative protein expression
found within the various tumors. (H) Quantitation of primary and secondary sphere formation for
various YUMM lines expressing different levels of SOX10. (I) Representative images of both
primary and secondary spheres enumerated in (H) are shown (scale bar = 100uM). Data is
representative of three independent experiments (C, H). Graphs show the mean £SEM. *p<0.05,

**p<0.005, ***p<0.001, ****p<0.0001 by one-way anova (H).
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SOX10 modulates the CSC properties of BRAF+ melanomas

To test whether SOX10 expression was sufficient to modulate the CSC potential of
melanoma cells, the SOX10- YUMML.7 cells were transduced with a retrovirus expressing Sox10.
Expression was confirmed by Western Blot analysis (Figure 4.2A) and the self-renewal
capabilities of the SOX10+ and SOX10- YUMML.7 cells were tested using sphere forming assays
in vitro. Interestingly, expression of SOX10 in the YUMM1.7 cells had no effect on primary sphere
formation but slightly decreased the CSC self-renewal capabilities (2° spheres; Figure 4.2B and
4.2C). To further test the role of SOX10 in self renewal, we knocked out Sox10 in YUMML.1 cells
using CRISPR-Cas9 and guide RNAs targeting the HMG domain in exon two. Western blotting
showed a significant SOX10 knock out using two independent guides (Figure 4.2D). In vitro
sphere forming assays with both Sox10 knock out cell lines showed that Sox10 deletion enhanced
the number of primary and secondary spheres (Figure 4.2E and 4.2F), suggesting that Sox10
expression negatively modulates CSC content. Similarly, Sox10 ablation in YUMM2.1 expressing
intermediate levels of SOX10 led to an increase in the sphere forming potential, further suggesting
that SOX10 decreases the CSC properties of melanoma (Figure S4.1A and S4.1B). Together our

data show that SOX10 expression reduces the CSC potential of BRAF+ melanomas.
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Figure 4.2: SOX10 modulates the CSC properties of BRAF+ melanomas. (A) Immunoblot of
YUMML.7 cells stably expressing SOX10. (B) Quantitation of primary and secondary sphere
formation of stably expressing SOX10 YUMML.7 cell line and control. (C) Representative images
of both primary and secondary spheres enumerated in (B). Scale bar = 100uM. (D) Immunoblot
of SOX10 knockout YUMML1.1 cells. (E) Quantitation of primary and secondary sphere formation
of our Sox10 knockout YUMML1.1 cells and control. (F) Representative images of both primary
and secondary spheres are shown for the YUMML1.1 control and Sox10 knockout cells (scale bar
=100uM). Data is representative of three independent experiments (B, E). Graphs show the mean

+SEM. *p<0.05, **p<0.005, ***p<0.001 by two-tailed t test (B) or one way anova (E).
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SOX10 affects CD8+ T-cell infiltration and is co-expressed with the immune modulator

CEACAM1

To further assess the role of SOX10 on tumor growth in vivo, the YUMML1.7 cells
expressing SOX10 were injected subcutaneously into immune competent mice. As expected,
SOX10-expressing YUMML.7 cells showed an increase in tumor growth compared to controls
(Figure 4.3A). One of the hallmarks of melanoma phenotype switching is the ability to evade the
immune system (279). Therefore, one possibility is that the observed in vivo enhanced growth by
the SOX10+ cells is due to immune suppression. Following tumor growth, we performed flow
cytometry on endpoint tumors. Our analyses show equal levels of CD3+ immune cell infiltration
in the tumor microenvironment (Figure S4.2A). However, flow analysis showed that the SOX10+
tumors had increased CD4+ T-cell infiltration with a decrease in CD8+ T-cell (Figure 4.3B),
suggesting that SOX10-driven melanoma tumors can regulate T-cell infiltration or immune escape.
To test this, we repeated the injections using RAG1 mice which lack T/B cells. Interestingly, we
found that the SOX10-expressing YUMML1.7 cells grew at the same rate as controls, supporting
the notion that SOX10+ melanoma can negatively regulate the immune response (Figure 4.3C and
S4.2B). This finding was further corroborated by injecting the SOX10-deficient YUMML.1 cells
(Figure 4.2D) in NCG mice which lack T and B cells while also having an extreme impairment in
innate immune function (Figure S4.2C). As SOX10 expression regulated T cell infiltration in
tumors, we analysed TCGA data for evidence of correlation between immune infiltration and
overall survival in melanomas using TIMER2.0. Interestingly, the extent of CD4+ T cell
infiltration within melanomas did not affect overall survival (Figure S4.2D). However, supporting
our data, patients with increased levels of CD8+ T cell infiltrates displayed better survival

outcomes (Figure S4.2E).
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Our previous work in breast cancer identified a number of potential SOX10 targets (184).
CEACAMLI, a glycoprotein found on the surface of various cell types, was found to be highly
expressed in SOX10+ breast cancer cells. Strikingly, CEACAML is believed to play multiple roles
in inhibiting cytotoxic lymphocyte function (280). To assess whether SOX10 could be driving the
expression of ligands inhibiting CD8+ T cell function, we tested a panel of common T cell
modulators including CEACAML, PDL1, PDL2, CD80 and CD86. Conventional ligands such as
PDL1, PDL2, CD80, and CD86 had no correlation with SOX10 expression in our various YUMM
lines as determined by flow cytometry (Figure S4.3A). However, CEACAML1 expression was only
observed in SOX10 expressing YUMM lines with YUMML.1 displaying the highest CEACAML1
and SOX10 levels (Figure 4.3D). Supporting this, using TCGA data on CBioPortal we found that
CEACAML1 and SOX10 mRNA levels are positively correlated in melanoma (Figure S4.3B). This
significant correlation between SOX10 and CEACAML in melanoma prompted us to test whether
CEACAML1 expression was SOX10-dependent. Using flow cytometry, we identified multiple
human  melanoma  cell lines  with  both  SOX10high/CEACAM1high  and
SOX10high/CEACAM1med levels (Figure 4.3E and S4.3C). This was also observed in the
YUMM lines, suggesting that this correlation is conserved in murine cell lines. We found that the
YUMML.7 cells expressed little to no SOX10 or CEACAML protein (Q2; Figure 4.3F). In
contrast, in both the YUMML1.1 and YUMMZ2.1, a large proportion of CEACAML positive cells
are also SOX10 positive (Q2; Figure 4.3F). Although a large proportion of cells are double-
positive, a CEACAM1-/SOX10+ population is also present (Q3), suggesting that CEACAM1
expression may also be dependent on additional factors or it is expressed in distinct SOX10+
subpopulations (Figure 4.3E and 4.3F). Furthermore, it suggests that SOX10 expression is

independent of CEACAML1.
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Figure 4.3: SOX10 expression is correlated with CD8+ T-cell infiltration and CEACAM1
levels. (A) In vivo growth comparison between the pBABE control (n=5) and the pBABE-SOX10
overexpressing (n=5) YUMML.7 cell lines in C57 immune competent mice. (B) Flow cytometry
analysis of the CD4+ and CD8+ T-cell populations within the pBABE and pBABE-SOX10 tumors
at endpoint. (C) Comparison of tumor size 24 days post injection between pBABE control (n=4)
and the pBABE-SOX10 overexpressing (n=5) YUMML.7 cell lines in RAG1 mice. (D) Flow
analysis showing the proportion of CEACAM1 positive cells in various YUMM cell lines
compared to isotype control. (E) Flow cytometric staining of SOX10 and CEACAML1 in OHRI-
13 and SK-MEL28 human melanoma cell lines. Percentage of each group is indicated within their
quadrant. (F) Flow cytometric staining of SOX10 and CEACAML in the YUMML1.1, YUMM1.7
and YUMM2.1 murine cell lines. Percentage of each group is indicated within their quadrant.

Graphs show the mean +SEM. **p<0.005 by two-tailed t test (B).
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SOX10 directly activates Ceacam1 on a distal promoter region

To determine whether SOX10 can modulate the expression of CEACAML, we transfected
two siRNAs targeting SOX10 into the YUMML1.1 and YUMMZ2.1 melanoma cell lines and
confirmed knockdown by western blotting (Figure 4.4A and S4.4A). Transfection of the SIRNAs
resulted in a marked downregulation of CEACAM1 (Figure 4.4B and S4.4B). Interestingly,
CEACAML1 levels were higher in YUMM1.1 and YUMM2.1 cells with residual SOX10
expression (Figure 4.4A-B and S4.4A-B). Flow cytometry also revealed that CEACAM1
expression was not re-activated following the long term CRISPR/Cas9-mediated SOX10 knock

out protocol (Figure S4.4C).

CEACAML is expressed as multiple isoforms generated through alternative splicing
(126,281). Most of these isoforms can be grouped as long (full intracellular domain) or short
(lacking the complete ITIM domain) with different functions. Although the specific roles of these
isoforms have yet to be fully elucidated, CEACAMI1-L isoforms seem to be predominantly
expressed and have been found to alter CD8 T-cell activation and regulate metastatic potential of
various cancers (282,283). To test whether Sox10 preferentially regulates specific CEACAM1
isoforms, we assessed the levels of both long and short isoform groups by gPCR. Sox10
knockdown in the YUMM1.1 decreased both Ceacam1l isoform groups equally, suggesting that
Sox10 expression does not affect the splicing mechanisms but overall Ceacaml expression (Figure
4.4C). To ultimately test whether SOX10 can activate CEACAM1 expression in melanoma, we
assessed CEACAML levels in SOX10-deficient YUMML.7 cells following transduction with
pBABE-S0x10. Following gPCR, exogenous SOX10 expression induced both Ceacaml isoform
groups in YUMML.7 cells (Figure 4.4D). Total CEACAML1 upregulation was further confirmed

via flow cytometry (Figure 4.4E). To determine whether SOX10 directly activates Ceacaml, we
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cloned multiple 1kb fragments of the Ceacam1 promoter region in pGL3-P, a luciferase backbone.
The overlapping fragments allowed for coverage of up to -5kb from the Ceacam1 transcriptional
start site. Interestingly, we identified two negative regulatory regions (-1525/+5 and -5305/-4045)
that showed decreased luciferase activity only in the YUMM1.7 cell lines lacking both CEACAM1
and SOX10 (Figure S4.4D). As expected, we identified one major fragment at approximately -
3kbps from the transcriptional start site (-4135/-2785) that displayed a 5-fold increase in luciferase
activity in SOX10+ YUMML1.1 cells (Figure 4.4F). Scanning of the -4135/-2785 fragment revealed
only one potential SOXE binding site containing the (A/T)(A/T)CAA(A/T)G binding consensus
sequence. Previous studies have shown that SOX10 can bind to distal promoter and/or enhancer
regions through a variant site with a requirement for a CAA(A/T) sequence. Using the CAA(A/T)
motif, we identified eight potential regions with four bearing a single nucleotide mismatch of the
conventional SoxE consensus region. To determine whether SOX10 is bound to these consensus
regions we used YUMM1.1 cells for ChIP analysis. Chromatin pull downs with anti-SOX10
antibodies showed significant enrichment above 1gG in 3 of the 8 regions within the -4135/-2785

fragment bound by SOX10, suggesting that it is a direct regulator of CEACAML (Figure 4.4G).

126



A B YUMM?1.1 siControl YUMM1.1 siSox10-1 YUMM1.1 siSox10-2
250K = 46.0% 250K = 89 250K =
YUMM1.1
W 200K = 200K = 200K =
N
~ 0 ‘.
Q S
FES Q -] -]
)
S S5 ‘L
) ) ) 100k = 100K 100K
soxto I —¢2 | .
o ° o
0w 10° 0° w0t w® w0 10? 10 10t 10° 0w 102 0 10* 10°
CEACAM1
C D E
YUMM1.7 pBABE
§ P *RKK *RAK *REK .5 i — T ]
2 B *kkk *RAk § ey e P
@ a— —: o— 200K = 200K =
5 YUMM1A & 1. Bebe ““" e
X 10 = siNTC o 10 B Babe-SOX10
< = siSox10-1 < g™ =
z = siSox10-2 &
£ 05 £ 05 100k 100k
@ @
2 2 sk ok
k] 5
B 00 g 0.0
4 o o [
N A A N A A T
+ & & s+ & & & o 10
o & & 2 O 0 L I
< F® R R CEACAM1
Genes Genes
F G Sox10 ChIP
YUMM 1.1 YUMM 2.1 105
3
PGL3-Ceacam1[-5305/-4045] _ 2
5
pGL3-Ceacam1[-4135/-2785] h g H .E %
pGL3-Ceacam1[-2875/-1435] k20
*kok *kok hil
pGL3-Ceacam1[-1525/+5] *% ok k k]
* I
pGL3-P
° N a2 L) ) o o N 8 LY ~
Relative Luciferase Activity Relative Luciferase Activity

127




Figure 4.4: SOX10 directly activates Ceacaml on a distal enhancer region. (A) YUMM1.1
cells were treated with siRNA at 200nM targeting Sox10 or a non-targeting control for 72 hours
and Sox10 knockdown was assessed by Immunoblot. (B) 72 hours post siRNA transfection cells
were isolated and stained for CEACAML. Representative flow plots were generated with indicated
percent CEACAM1+ cells. (C) gPCR was used to compare Sox10 knockdown efficiency with
Ceacaml isoform levels of the cells in (A). (D) YUMML.7 pBABE and YUMML1.7 pBABE-
SOX10 cells were collected and analysed by gPCR for Sox10 and Ceacaml isoforms. (E)
YUMML1.7 pBABE and YUMML.7 pBABE-SOX10 cells were isolated and stained for
CEACAML. Representative flow plots were generated with indicated percent CEACAM1+ cells.
(F) Luciferase activity measurements from various Ceacaml promoter fragments in YUMM1.1
and 2.1 cells. (G) RT-PCR of SOX10 ChIP in YUMML1.1 cells from various regions within the
CEACAML1 -4135/-2785 fragment showing the fold enrichment over 1gG. The red line represents
the 1gG control set to one. Data is representative of three independent experiments (C, D, F, G).
Graphs show the mean +SEM. *p<0.05, **p<0.005, ***p<0.001, ****p<0.0001 by one-way

anova (C, D) or by two-tailed t test (F).
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CEACAML1 decreases CD8+ T-Cell infiltration and promotes tumor growth

Since CEACAML1 has been shown to be expressed as multiple isoforms we tested whether
the longest or shortest isoforms had any effect on tumor growth and CSC properties. Isoform 1
contains the complete extra and intra cellular domains of CEACAML1 whereas isoform 4 has a
truncated extracellular and intracellular domain while still allowing for ligand binding (284). These
two isoforms were cloned into a retroviral backbone and transduced into YUMML.7 cells.
Expression was confirmed using flow cytometry (Figure 4.5A). We then tested the CSC properties
of these cells using tumor sphere assays as above. Similar to SOX10, CEACAML expression
decreased the secondary sphere formation of these cells (Figure 4.5B). Although both isoforms
showed a downward trend, only isoform 4 showed a significant reduction (Figure 4.5B and 4.5C).
To test whether this decrease in CSC properties correlated with overall growth, we injected
YUMML.7 cells expressing the different isoforms subcutaneously into NCG mice. Surprisingly,
although isoform 4 expression decreased CSC properties, we found that it conferred a marked
growth advantage in vivo as previously reported (285) (Figure 4.5D). Interestingly, isoform 1
expression had no effect on tumor growth in vivo (Figure 4.5D). To test the effect of CEACAML1
on immune infiltration we injected the cells in immune competent C57 mice. Although isoform 4
conferred a similar growth advantage, flow cytometry showed that both CEACAML1 isoforms
increased CD4+ T-cell and decreased CD8+ T-cell infiltration compared to controls (Figure 4.5E
and 4.5F). Together these data show a direct functional correlation between CEACAM1 and
SOX10 at repressing CD8+ T-cell infiltration and decreasing CSC properties in BRAF+

melanomas.

129



YUMM1.7 pBABE

ICEACAM1 Iso4

ICEACAM1 Iso1

IParental

lisotype
Y

10°

v 5 i §
10? 10 10

CEACAM =t

10! 10?

lv]

NCG

YUMMA1.7
- pBABE
= pBABE CEACAM1 Iso1
- pBABE CEACAM1 Iso4

-
o
(=3
o

-
(=3
o
o

Tumor Volume (mm?®)
(%
(=3
o

0 10 20
Days after Injection

Sphere forming efficiency (%)

%)
>
8

Tumor Volume (mm

-
)

-4

YUMM1.7

3 pBABE
B pBABE CEACAM1 Iso1
B pBABE CEACAM1 Iso4

*

C57BI/6J

YUMMA1.7
- pBABE
- pBABE CEACAM1 Iso1
- pBABE CEACAM1 Iso4

500

10 20 30
Days after Injection

© 4

130

Primary

Secondary

YUMM1.7 pBABE

% of CD3 cells

@

YUMM1.7 pBABE YUMM1.7 pBABE

CEACAM1 Iso1

@ _

¢

100
80
60
40

20

@, e

@

e ®
* %k %k %k %k %k
=
e
2
_;_5
Nk g
o°hx o&x

CEACAM1 Iso4

@
K

YUMM1.7
o pBABE
= pBABE CEACAM1 Iso1
o pBABE CEACAM1 Iso4



Figure 4.5: CEACAML decreases CD8+ T-Cell infiltration and promotes tumor growth. (A)
Overlaid flow profiles representing the YUMML.7 cells stably expressing CEACAML Isoform 1
or 4. (B) Quantitation of primary and secondary sphere formation in SOX10-deficient YUMM1.7
cells stably expressing CEACAML1 and controls. (C) Representative images of both primary and
secondary spheres from the assays in B (Scale bar = 100uM). (D and E) In vivo growth comparison
between the pBABE controls (n=5), the CEACAML1 isol (n=5) and iso4 (n=4) expressing
YUMML.7 cell lines in NCG immune compromised mice (D) and C57 immune competent mice
(E). (F) Flow cytometry analysis of the CD4+ and CD8+ T-cell populations within the pPBABE
and pBABE-CEACAM1 tumors at endpoint. Data is representative of three independent
experiments (B). Graphs show the mean +SEM. *p<0.05, **p<0.005, ***p<0.001 by one-way

anova (B, F).
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Co-expression of SOX10-CEACAM1 markedly decreases the CSC pool and CD8+ T-cell

infiltration in melanoma

CEACAML has been shown to play contradictory roles within different cancer types
(134,286,287). To gain insight into the SOX10-CEACAM1-driven phenotypes in melanoma, we
sorted our YUMML1.7 pBABE-So0x10 cells into their CEACAML1- and CEACAM1+ populations
(Figure5. 6A). These populations remained stable using flow cytometry for up to 17 days post
sorting (Figure S4.5A). The YUMM1.7 CEACAM1+ cells were found to be enriched for both the
short and long isoforms (Figure 4.6B) and displayed a significant increase in both Sox10 mRNA
and protein levels, supporting the observation that Ceacam1 is a SOX10 target (Figure 4.6B and
S4.5B). In agreement with this, the CEACAML- population had lower levels of SOX10 compared
to the pPBABE-Sox10 and CEACAM1+ cells (Figure S4.5B). To test whether SOX10-CEACAM1
expression could enhance tumor growth, we injected our YUMML1.7 CEACAM+, CEACAM1-,
and parental pBABE-Sox10 cells subcutaneously into immune competent mice. Unexpectedly, we
found that the CEACAML1+ cells grew the slowest while the pBABE-Sox10 parental line grew
significantly faster (Figure 4.6C). Following flow cytometry, we found no major differences in
CD4+ T cell content between all groups but an increase in CD8+ T cell infiltration in the
CEACAML1-, suggesting that SOX10-driven CEACAM1 expression suppresses CD8+ T cell

recruitment (Figure 4.6D).

One possibility for the observed reduced tumor growth in vivo is the potential depletion of the
CSC pool within both the YUMM1.7 SOX10-CEACAM1+ and SOX10-CEACAML1- populations.
To test this, we performed primary and secondary sphere assays in vitro. Supporting our
hypothesis, we found that the CEACAM1+ cells had significantly reduced primary and secondary

sphere forming potential, suggesting a reduction in CSC content and self-renewal capacity (Figure
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4.6E and 4.6F). Interestingly, both SOX10+ populations showed a reduction in self-renewal
capacity compared to the parental YUMML.7 cells (Figure 4.2B), suggesting that SOX10

expression is sufficient to reduce the CSC content of those cells.

We retested the CSC potential of those cells using limiting dilution assays in vivo. We injected
ten-fold dilutions of each group into the flanks of NCG mice and allowed tumors to develop for 4
weeks. Supporting the melanosphere data, CEACAM1+ populations showed a markedly reduced
tumor size and take rate upon dilution (Figure. 4.6G and 4.6H). The CSC frequency in CEACAM1-
cells was estimated to be approximately 11-fold higher than the CEACAM1+ population (Figure
4.61). These data suggest that SOX10-driven CEACAML1 expression can negatively modulate the

CSC pool but enhance immune evasion by suppressing CD8+ T cell infiltration.
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Figure 4.6: SOX10hi/CEACAM1+ cells show decreased CSC pool and CD8+ T-cell
infiltration in tumors. (A) Representative flow sorts showing the proportion of CEACAM1+ and
CEACAML1- cells obtained following SOX10 expression in YUMML1.7 cells. (B) gPCR analysis
for Sox10 and the Ceacaml isoforms in sorted YUMM1.7 pBABE-SOX10 cells shown in A. (C)
In vivo growth comparison between the pBABE-SOX10 (n=5), CEACAM1 (n=5) and
CEACAML1" (n=5) YUMML.7 cell lines in C57 immune competent mice. (D) Flow cytometry
analysis of the CD4+ and CD8+ T-cell populations within the pPBABE-SOX10, CEACAM1" and
CEACAML1" tumors at endpoint. (E) Quantitation of primary and secondary sphere formation in
the YUMM1.7 pBABE-SOX10, CEACAM1" and CEACAML1* cells. (F) Representative images
of both primary and secondary sphere assays from E (scale bar = 100uM). (G) 1x10° YUMM1.7
pPBABE-SOX10, CEACAM1 and CEACAM1" cells were injected into NCG mice. The mice were
euthanized 28 days post injection and the number of palpable tumors per group was recorded. (H)
Representative images of tumors removed following the 28 day endpoint. (I) Estimated
frequencies of CSC within the solid tumors isolated from the three groups using ELDA (288). Data
is representative of three independent experiments (B, E). Graphs show the mean +SEM. *p<0.05,

***p<0.001, ****p<0.0001 by one-way anova (B, D, E).
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4.7 Discussion

The role of SOX10 in melanoma is well documented. To gain further insight into the role
of SOX10 in melanoma progression, we screened a panel of YUMM lines (50) for SOX10
expression. Western blot analysis showed high SOX10 expression in YUMML1.1 cells with
moderate and very low levels in YUMMZ2.1 and 1.7, respectively (Figure 4.1B). Our data show
that high SOX10 expression in melanoma confers a tumor growth advantage in immune competent
mice (Figure 4.3A). Surprisingly this growth advantage was lost in immune compromised mice,
suggesting a role for SOX10 in immunomodulation (Figure 4.3C and S4.2C). Due to the high intra-
tumor heterogeneity in melanomas, we tested the CSC potential of SOX10+ YUMML.1 cells.
Unexpectedly, we found that SOX10 decreased the self renewal capacity in those cells (Figure
4.2E and S4.1A). To further investigate the mechanisms underlying these phenotypes, we tested a
panel of immune ligands expressed by tumor cells. Those studies revealed that CEACAML is a
direct gene target of SOX10 (Figure 4.4G). When co-expressed, we also find that the SOX10-

CEACAML1 axis is detrimental to tumor growth by depleting the CSC pool (Figure 4.6G-H).

Our data finds that SOX10-null cells have increased CSC properties (Figure 4.2E and
S4.1A). This observation is in stark contrast to a large number of reports identifying the SoxE
family as CSC-inducing. For example, SOX10 has been shown to induce stem/progenitor activity
in mammary epithelial cells (183) while also increasing the CSC pool in HER2+ breast cancer
(184). One reason for this opposing function of SOX10 in epithelial cells when compared to
melanoma could be due to the mutual exclusivity of SOX10 and SOX9 expression in melanoma
(165). Interestingly, SOX9 regulates SOX10 expression by direct binding to SOX10 upstream
sequences and reducing transcription (165). Furthermore, SOX9 is believed to be a major marker

for CSCs where it has been shown to confer multiple CSC properties in various cancer subtypes,
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including glioma, lung and breast cancer (170-172,289-291). Similarly, SOX9 can directly
activate SOX10 gene expression in breast cancer to induce a more stem cell-like phenotype (292).
As SOX9 is usually not expressed in SOX10+ melanoma populations (165), SOX9 deficiency may
lead to a decrease in potential CSC properties. Although SOX9 and SOX10 expression is mutually
exclusive in melanoma, understanding the specific phenotypic changes imparted by these factors

will shed light into potential SoxE-specific therapeutic strategies.

Here, we have shown that CEACAML expression in melanoma is dependent on SOX10
(Figure 4.3E and 4.3F). Furthermore, we find that SOX10 can directly bind to a CEACAML1 distal
enhancer region and induce its expression in melanoma (Figure 4.4G). Surprisingly, SOX9 has
been shown to repress CEACAML in melanoma, further supporting an antagonistic function
between SOX9 and SOX10 (293). Although SOX9 and SOX10 share very similar binding sites,
SOX9 seems to function more on a CEACAML proximal promoter element with no evidence of
SOX10 binding within the same region (293,294) (Figure 4.4F). Interestingly, we find that not all
SOX10+ cells express CEACAMLI, suggesting that SOX10 may require additional co-factor(s) to
fully activate CEACAML (Figure 4.3E and 4.3F). This has been previously observed for SOX10.
Indeed, SOX10-dependent activation of MITF requires Pax3 expression and TYPRL1 induction has
been shown to be mediated through direct interaction between SOX10 and BRG1 (295,296).
Interestingly, we do observe that SOX10 activates both subsets of CEACAML1 isoforms (long and
short), suggesting that it does not affect isoform selectivity (Figure 4.4C and 4.4D). The regulation
of the SOX10-CEACAML1 axis is still not fully understood and in-depth studies should identify

potential SOX10 co-factors critical in the activation of CEACAML1 gene expression.

Although SOX10 promotes tumor formation and was identified as a regulator of the

proliferative state in melanoma, the mechanistic details about how it regulates this are not fully
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understood (119,120,187,252). We show that SOX10 has the ability to regulate T-cell infiltration,
primarily CD8+ T cells (Figure 4.3B). This is in agreement with previous work showing that
SOX10 can confer tumor growth partially through blocking CD8+ T-cells infiltration (275).
Although various immune subtypes can infiltrate the tumor microenvironment, we find that
patients with high CD8+ T-cell infiltration have a better outcome (Figure S4.2E). For this reason,
CD8+ T cells have been the primary target of current immunotherapies. Immune checkpoint
inhibition, the most common form of immunotherapy, blocks inhibitory receptor interaction on
cytotoxic lymphocytes such as CD8+ T-cells, thereby activating the immune response. Current
ligands/receptors targets include PDL1/PD1, CTLA4 and TIM3 blockers, currently in clinical
trials. Whether SOX10high melanomas can be halted by single checkpoint blockers or in
combination is still unclear. Nevertheless, our studies and others (275) have identified SOX10 as

a potential biomarker of tumor immunity.

CEACAML1 can be found on both tumor and immune cells where it can participate in
homophilic or heterophilic interactions. CEACAML is alternatively spliced and is expressed as 12
human and 4 murine isoforms (280,297). Interestingly, blocking CEACAM1 homophillic
interactions in melanoma sensitized the cells to CD8+ T-cell cytotoxicity (298). Here we have
shown that isoform 4 had a significantly bigger effect on reducing CSC properties as well as CD8+
T-cell infiltration in melanoma (Figure 4.5B and 4.5E). Albeit missing the ITIM domains, the
shorter isoform 4 can still activate downstream signaling (299). It has been shown that, although
truncated at the N-terminus, the shorter isoforms such as 3S and 2S (human and mouse
respectively) still retain their homophilic and heterophilic interactions (284). It is then likely that
the differential expression between the various CEACAML1 isoforms or the isoform ratio (Figure

4.5A) plays a critical role in the penetrance of the immune phenotype.
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CEACAML1 can also interact with TIM3, a receptor found on CD8+ T-cells usually during
exhaustion (300). Current TIM3 blocking antibodies have shown great potential at reactivating
immune function and inhibiting tumor immunity (301). It will be of great interest to determine
whether CEACAM1 on tumors can induce CD8+ T-cell exhaustion by promoting TIM3-
dependent responses. In addition, a greater understanding of the role of the various CEACAM1

isoforms on melanoma progression is required.

Melanomas typically present as heterogeneous populations with gene expression that is
non-uniform throughout the tumor (302). Our data show that co-expression of SOX10 and
CEACAML1 imparts a marked growth advantage to melanoma tumors (Figure 4.6C). As it was
shown that CEACAML expression in melanoma was strongest at invading fronts (303), it is
possible that the co-expression of SOX10/CEACAML occurs at the periphery of tumors This
would suggest that CEACAM1 may be expressed primarily on the outer edge of the tumor or areas
of vascularization. Overall, our data identifies SOX10 is a direct regulator of CEACAMLI. This
SOX10-CEACAML1 axis functions in both a pro- and anti-tumorigenic fashion by decreasing CD8-
T-cell infiltration but by also modulating the CSC properties in melanoma (Figure 4.6D and 4.6E-
I respectively). We believe future studies will identify other potential immune cellular subtypes
regulated by this pathway as well as potential immune markers for the development of specific

melanoma therapies.
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4.8 Supplementary figures
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Supplementary Figure 4.1: Increased tumor sphere self-renewal in Sox10 knockout
melanoma. (A) Quantitation of primary and secondary sphere formation in Sox10 knockout
YUMM2.1 cells and control. (B) Representative images of both primary and secondary spheres
enumerated in A (scale bar = 100uM). Data is representative of three independent experiments

(A). Graphs show the mean +SEM. ***p<0.001 by one-way anova (A).
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Supplementary Figure 4.2: SOX10 does not affect tumor growth in immune compromised
mice. (A) Flow cytometry analysis of the CD3+ T-cell populations within the pBABE (red) and
pPBABE-SOX10 (purple) tumors at endpoint. (B) Representative images of tumors removed from
RAG1 mice (Figure 4.3C) following the 24 day endpoint (scale bar = 1cm). (C) In vivo growth
potential between the YUMML.1 control (n=5) and two independent Sox10 knockout (Sg10-1 n=4
and Sg10-18 n=4) cell lines in an immune compromised NCG background. (D) Kaplan Meier
curve comparing overall survival in CD4+ T-cell-high and low melanoma patients. (E) Kaplan
Meier curve comparing overall survival in CD8+ T-cell-high and low melanomas patients. Kaplan

Meier curve (D & E) was processed and graphed by Timer2.0 (http://timer.cistrome.org/).
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Supplementary Figure 4.3: Sox10 expression is correlated with Ceacaml in melanoma. (A)

Flow analysis showing the proportion of CD80, CD86, PD-L1 or PD-L2 positive cells in various

YUMM cell lines compared to isotype control. (B) Correlation analysis between SOX10 and

CEACAML1 expression using the Skin Cutaneous Melanoma TCGA Firehose legacy dataset on

cBioPortal (https://www.cbioportal.org/) (Spearman: 0.13, p = 0.0243; Pearson: 0.32, p=4.8 x 10°

8 (C) Flow cytometric staining of SOX10 and CEACAM1 in SK-MEL2 and M14 human

melanoma cell lines. Percentage of each group is indicated within their quadrant.
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Supplementary Figure 4.4: SOX10 downregulation reduces CEACAML1 expression. (A, B)
YUMM2.1 cells were treated with sSiRNA at 200nM targeting Sox10 or a non-targeting control for
72 hours and Sox10 knockdown and SOX10 expression was assessed by immunoblot (A) and
CEACAML1 levels were measured by flow cytometry (B). (C) Flow analysis for CEACAML in
YUMML1.1 Sox10 knockout cells. (D) Luciferase activity measurements from various Ceacaml
promoter fragments in YUMML.7. Data is representative of three independent experiments (D).

Graphs show the mean +SEM. *p<0.05, **p<0.005 by two-tailed t test (D).
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Supplementary Figure 4.5: CEACAML1+ sort enriches for the SOX10 positive population.
(A) Flow plots showing the proportion of CEACAM1+ and CEACAML- cells 17 days post flow
sort in SOX10-expressing YUMML1.7 cells and controls. (B) Immunoblot of YUMML1.7 cells

stably expressing SOX10 following sorting for the CEACAM1+ and CEACAML1- populations.
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Chapter 5

General Discussion
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5.1 Summary

The importance of SOX9 and SOX10 in cancer maintenance and progression is well documented.
However, the relationship between these two proteins has not been thoroughly investigated. To
dissect the various functions of SOX9 and SOX10, we utilized a panel of murine melanoma cell
lines (YUMM) that express SOX9 or SOX10. Interestingly, we find that SOX9 expression is
associated with a targeted therapy resistant state in melanoma, while SOX10 expression is
observed in drug sensitive cells. Moreover, the loss of SOX10 promotes entry into a therapy
resistant state and loss of sensitivity to both targeted therapy and oncolytic virus treatment. On the
other hand, we have shown that SOX9 can act as a gatekeeper between states. SOX9-deficient
melanoma cells lose the ability to transition into a drug resistant state and remain sensitive during
prolonged treatments with MAPK inhibitors. Therapy resistance has previously been linked to the
enrichment of CSC within the tumour population. We have shown that SOX10 directly regulates
CEACAML1 and that this SOX10-CEACAML1 axis regulates the CSC-like properties in melanoma.
This signaling pathway proved to be both pro-and-anti-tumourigenic. For example, tumours
enriched for both SOX10 and CEACAML1 had reduced CD8+ T cell infiltration within the tumour
microenvironment but also showed reduced overall tumour burden. Overall, we have uncovered
novel roles for both SOX9 and SOX10 in melanoma therapy resistance that could lay the
foundation for the identification of new pathways driving the transition between therapy sensitive

and resistant states.

5.2 The relationship between SOX9 and SOX10

The characterization of SOX9 and SOX10 function has mainly focused on healthy cells. In
general, the primary functions of SOX9 and SOX10 are related to development and neural crest

lineage specification(161,162). Surprisingly, few studies have simultaneously investigated both
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proteins. Therefore, the extent of their co-expression in various tissue types is still unknown. In
the mammary epithelium, SOX9 marks the luminal progenitor population and the loss of Sox9
inhibits mammary gland development (304). Similarly, Mertelmeyer et al., have shown that Sox10
haploinsufficiency delays early mammary gland development (305). In agreement with these
findings Dravis et al., have shown that SOX10 is a marker of fetal mammary stem cells, driving
mammary gland development (183,274). Although these studies all examined SOX9 and SOX10
independently, it is not clear if they are co-expressed or whether they have redundant functions.
We have shown the co-expression of SOX9 and SOX10 in HER2+ breast cancers (Appendix
A)(292). Our data show that Sox10 expression is driven by AKT which can phosphorylate SOX9

and promote Sox10 activation on an upstream enhancer element (Appendix A)(292).

In contrast, SOX9 and SOX10 have been shown to have opposing roles in melanoma. The
overexpression of SOX9 in human melanoma cells represses SOX10 (165). We have validated
this finding in murine melanoma cell lines where we observe exclusive expression of either SOX9
or SOX10 (Figure 2.1). This unique expression pattern can be used to characterize two distinct
states adopted by melanoma cells(119). The SOX10M9" population represents the proliferative,
therapy sensitive state while the SOX9M19" population represents the slow cycling, therapy resistant
state (Figure 2.2)(119). It remains unclear why SOX9 and SOX10 may work in conjunction in
breast cancer but antagonistically in melanoma. Yang et al., have reported that SOX9 functions
depend on its expression level(179). Therefore, if a certain threshold of SOX9 expression is not
achieved, this could explain its different roles between cancer types (179). One study found that
certain Sox9 regulatory elements are buffered to changes in SOX9 expression while others are
highly sensitive(306). If the sensitive regulatory elements of Sox9 are more accessible in one

cancer type versus the other, this could lead to activation/repression of different downstream
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targets eliciting diverse phenotypes (306). There is also the possibility that SOX9 function is
regulated by co-factors and post-translational modifications only present in certain cancer types.
We found that SOX9 is bound to various regulatory elements in breast cancer cells without
promoting transcriptional activity (Appendix A)(292). Following phosphorylation at S181, SOX9
becomes transcriptionally active at SOXE regulatory elements, driving transcription (Appendix
A)(292). However, it is still unclear as to what drives these paradoxical functions of SOX9 and

SOX10 in different cancer types and further work is required to address this.

5.3 Targeted therapy resistance in melanoma is regulated by SOX9 and SOX10

Surprisingly, SOX9 expression in melanoma has been shown to be both absent and present
in various metastatic human patient tumors(177). Our findings show that SOX9 is only present in
cell lines that have intrinsic resistance to targeted therapies or have been chronically treated with
vemurafenib to induce a resistant state (Chapter 2). Others have found SOX9 expression primarily
in slow-cycling, invasive melanoma(119,121). Although resistance and invasion represent two
distinct phenotypes, they are commonly observed together. This begs the question of whether
SOX9 is potentially driving both of these states. If SOXO9 is the sole driver of this invasive/resistant
state, one would predict that manipulation of SOX9 would alter these phenotypes. In our hands,
the constitutive expression of SOX9 had no impact on inducing vemurafenib resistance in vitro
(Figure 2.3). Interestingly, expression of SOX9 has been shown to promote proliferative,
migratory and invasive capabilities in many other cancer types(166). One group showed that low
to medium SOX9 expression acts in an antiproliferative fashion whereas high levels promote
tumor cell growth in melanoma(179). Others have identified the presence of SOX9 in a slow
cycling melanoma state, while SOX10 promotes a proliferative state(119,121). In our panel of

parental YUMM cell lines, the SOX9-expressing cells have an increased proliferative capacity in
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vitro when compared to the SOX10 positive cells (Figure 2.1 and 4.1). This increase in
proliferation was also observed in vivo, only in an immune compromised background (Figure 4.1).
One possibility is that a threshold of SOX9 expression causing a phenotypic change has not been
achieved. Future experiments using an inducible system to study a SOX9-induced phenotype could

address this issue.

While SOX10 function has been less scrutinized in the context of melanoma, it has been
shown to mediate opposing phenotypes. One group identified SOX10 as a major regulator of
FOXD3, a transcription factor shown to promote targeted therapy resistance in melanoma
(192,193). The loss of SOX10 reduced FOXD3 expression following MAPK inhibition and in turn
sensitized the cells to BRAF inhibition (193). This is stark contrast to other studies, including our
own. One potential reason for this discrepancy could be due to the use of knockdown and not
knockout melanoma cells in Han et al. study(193). In Han et al, they also did not test cell viability
using Resazurin but rather AnnexinV staining(193). When looking at untreated controls vs Sox10
knockdown cells, the Sox10 knockdown melanoma cells have inherently higher AnnexinV staining
and therefore start off “less viable”. Therefore, a true test on increased sensitivity should be looking
at total fold change rather than overall AnnexinV positive cells(193). Indeed, we show that the
removal of SOX10 perpetuates a therapy resistant state, allowing for the activation of SOX9
(Figure 2.2 and 3.3). Transcriptomic data finds that the loss of SOX10 induces markers of invasion,
proliferation, and metabolism in melanoma(197). A loss in SOX10 also increases the migratory
and invasive capabilities of melanoma in both 2-D and 3-D cultures(197). Multiple studies also
find that SOX10 loss increases MAPK inhibitor resistance in melanoma, further supporting our
findings (119,194-197). The loss of SOX10 creates a dormant/quiescent like state, where the cells

further gain increased migratory and invasive capabilities(197). The different role of SOX10 in
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therapy resistance could be due to multiple factors, including acute vs chronic treatment, low vs
high expression and the specific cell lines used. Some critical questions still remain: 1) why is
SOX10 expression lost over time in chronically treated samples? and 2) how can SOX10-deficient

melanomas be effectively treated?

5.4 SOX9 and SOX10 as gatekeepers of the targeted therapy resistant state

Here, we showed that both SOX9 and SOX10 act as gatekeepers to the resistant state
(Chapter 2). We find that the loss of SOX10 following chronic treatment with vemurafenib is due
to chromatin remodeling at the Sox10 locus (Figure 2.5). We also observed that, following the
transition to the resistant state, Sox9 activation is in part due to the opening of chromatin along the
Sox9 promoter region (Figure 2.5). This transitionary period has been documented in various
studies, marking these two states as proliferative (SOX10+) and invasive (SOX9+)
(119,124,196,197). Interestingly, we find that the knockout of Sox10 not only reduces the
expression of SOX10, but also reduces the open chromatin surrounding the Sox10 locus (Figure
2.5). In general, CRISPR/Cas9 inactivation shifts the ORF of the targeted region and therefore
should not impact the overall genomic landscape of the gene of interest. Our data suggest that the
modulation of SOX10 protein expression is sufficient to shift the cells into the previously observed
MAPK inhibitor resistant, quiescent state(119,197). To verify this, we constitutively expressed
SOX10 in two melanoma cell lines inherently lacking SOX10. Surprisingly, the production of
exogenous SOX10 had no impact on vemurafenib resistance, suggesting that SOX10 alone is not
sufficient to trigger chromatin remodeling and that the activation of SOX10-independent targets
are also required. It would be of interest to modulate SOX10 protein through the use of
PROteolysis TArgeting Chimeras (PROTACSs). PROTACS is a small molecule that contains two

binding moieties, one targeting the protein of interest and the other encodes an E3 ligase. This
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allows for the ubiquitination of the protein of interest and promotes its degradation. If targeting
SOX10 induces this transition, this would suggest that the loss of SOX10 protein is required to

promote chromatin remodelling and modification of Sox10’s genomic landscape.

Another possibility is that the loss of genomic accessibility at the Sox10 locus drives the
loss of SOX10 protein and promotes the transition to the resistant state. Since exogenous
expression did not affect vemurafenib sensitivity, reversing this resistant state may require
genomic manipulation of Sox10. The use of CrisprA could revert overall resistance by reopening
the chromatin landscape around the Sox10 locus. This would drive endogenous SOX10 expression,
potentially reverting cells to their tolerant state. However, this would not address the mechanisms

by which SOX10 expression is lost.

Although SOX9 expression appears to always be correlated with the resistant state, its
function and regulation have never been clearly documented(119,197). As the Sox9 locus opens
following resistance to vemurafenib, we speculated that SOX9 was driving this resistant
phenotype. Like SOX10, over-expression of SOX9 did not alter resistance to vemurafenib.
Surprisingly, unlike the knockdown of Sox10, knockdown of Sox9 did not sensitize intrinsically
resistant or adaptively resistant melanoma cells to vemurafenib. This suggests that SOX9 is
required for the initial activation of a transcriptional network but not necessary thereafter during
the transition to this slow-cycling, MAPK inhibitor resistant state. Sox9 CrisprA could be used to

test this idea.

Based on our initial findings, we hypothesized that, although SOX9 does not alter tolerance
to MAPK inhibitors, endogenous Sox9 may be required for the programming of this resistant state.
Once achieved, Sox9 will no longer be required due to the activation of a positive feedback loop,

perpetuating the resistant state. Here, we have reported that the knockout of Sox9 prior to MAPK
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inhibition blocks the cells from entering a resistant state. What was peculiar was that SOX10
expression remained unchanged during our subacute treatment regimen in the Sox9 knockout cells.
This finding further supports the hypothesis that SOX9, but not SOX10, may be the major regulator
promoting the transition to the resistant state. However, one limitation to our study was the time
course of the experiment. A subacute treatment regimen was used to test the importance of SOX9
on melanoma transitioning. Whether SOX9 promotes a delay or a complete block of the transition
is still unknown. One important experiment that could shed light on this phenomenon would be
the dual knockout of SOX9 and SOX10. This might address whether the inability to turn on SOX9
following SOX10 knockout could still drive cells to a therapy resistant state. Extensive genetic

manipulations in vivo and in vitro will be required to address this.

5.5 The role of SOX9 and SOX10 as immunomodulators

Some reports have identified SOX9 as a major regulator of CEACAML1 gene expression.
In the colon epithelium, SOX9 has been shown to promote CEACAML1 expression directly
together with p300(294). On the contrary, another group has found that SOX9 represses
CEACAML1 indirectly in human melanoma cell lines(293). This repression of Sox9 elicited a
resistance to cytotoxic lymphocyte killing in melanoma cells, connecting both CEACAM1 and
SOX9 as modulators of immune-mediated cytotoxicity in melanoma(293). Our group and others
have found that SOX10 can regulate both CEACAML1 and HVEM in melanoma (Chapter 4)(275).
In addition, we have identified SOX10 as a direct regulator of CEACAML. Furthermore, we find
that not all SOX10 positive melanoma cells express CEACAM1 but all CEACAML1-positive
melanoma cells express SOX10, in agreement with our findings. Interestingly, we find that the
expression of SOX10 affects the ratio of CD3 positive T-cells in the tumour microenvironment.

More specifically, it can promote CD4 T-cell infiltration over CD8, promoting overall tumour
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growth in immunocompetent mice. Others have also shown that the knockout of SOX10 greatly
reduces the tumour burden in immunocompetent mice versus immunocompromised, suggesting
an immune suppression mechanism being solicited by SOX10 and potentially CEACAM1(275).
Although it is believed that SOX10 marks a therapy sensitive state, these data suggest that it can

also enhance immune suppression through a non canonical pathway.

T-cell infiltration varied depending on SOX10 expression, but the activity of these
infiltrating T-cells and their subset is still unknown. We do observe decreased CD8 T-cell
infiltration following overexpression of SOX10 with a decrease in CD4 T-cells. CD4 T-cells can
be grouped into two major classes, the helper T-cells and regulatory T-cells (Tregs)(307). Tregs
function in an immunosuppressive fashion where they can inhibit CD8 T-cell requirement and
activity(307). Since we observe differing levels of CD4/CD8 T-cell infiltration dependent on
SOX10 levels, Tregs could be playing a major role at inducing this T-cell switch within the tumour

microenvironment and therefore should be a potential focus in future studies.

CEACAML1 knockout in SOX10-positive melanoma reduced overall tumour burden and
prolonged survival in vivo(275). CEACAML1 can bind both in cis and trans with other isoforms of
CEACAML1 eliciting different responses. Although we find that both long and short isoforms of
CEACAML1 regulate T-cell infiltration in melanoma tumors, the short isoform has a more
pronounced effect. Over-expression of the short isoform reduces CD8 T-cell infiltration, and CSC
properties but enhances overall tumour burden. It is unknown why the shorter isoform induces
more pronounced phenotypes but this could be due to 1) augmented dimerization with binding
partners, 2) a shorter, more simplified intracellular tail, and/or 3) the overall levels of the
CEACAML1 short isoform are higher. Surprisingly, expression of the CEACAML1 long isoform in

our cell lines was found to be lethal. Therefore, we were unable to enrich for populations

153



expressing the CEACAML long isoform. It would be of interest to perform depletion experiments
of various immune cells and assess CEACAM1-driven melanoma tumour growth, or whether a

blocking antibody targeting CEACAML could potentially be used as a checkpoint blockade.

5.6 Cross-resistance phenomenon

Currently, the best treatment regimen for late-stage metastatic melanoma is dual therapy
using MAPK inhibitors with IClIs. Various groups have shown that prior treatment with MAPK
inhibitors reduces the overall response rate to immunotherapies (308-310). This was further
validated using transcriptomics where tumours that were previously treated with MAPK inhibitors
had a gene signature related to PD-1 therapy resistance (311). An in vivo study utilizing melanoma
mouse tumours found that relapsed tumours post-MAPK inhibitor treatment had intrinsic
resistance to both PD-1 and CTLA4 ICI treatment (312). This resistance was due to an
immunosuppressive tumour microenvironment, inhibiting cytotoxic T cell function (312).
Interestingly, one study correlated a SOX10 gene signature with the MAPK and ICI resistant state
(198). Since targeted therapy resistance induces a cross resistance to ICI, we asked whether it could
induce resistance to other therapies. We found that adaptively resistant melanoma cell lines also
have a cross-resistant response to OVs, specifically VSVAS51 (Figure 3.2). In agreement with
previous findings, the loss of SOX10 recapitulates both MAPK inhibitor resistance and resistance
to OVs (Figure 3.3). This transition to the resistant state through chronic MAPK inhibition or the
loss of SOX10 both lead to an upregulation in I1SGs, typically induced through the activation of
the type I IFN response (Figure 3.4). The activation of the type I IFN response and the induction
of ISGs has previously been shown to modulate the CSC pool in various cancer types. Our group
and others have shown that the loss of SOX10 induces a more quiescent/dormant-like phenotype

with enhanced progenitor-like properties(197). However, the ability of SOX10 to regulate these
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ISGs has not been thoroughly characterized(313). One study focused on SOX10's ability to
activate IRF4 (314). IRF4 represses IRF1, which becomes activated through the JAK1/2 pathway,
allowing for the activation of various immunogenic receptors such as MHC class I, PD-L1 and
PD-L2(314). Although IRF4 was not part of the various ISGs observed to be induced (Table 4.1),
it does suggest that SOX10 plays a specific role in modulating an IFN response. It would be
interesting to determine whether SOX10 re-expression in either the SOX10 knockout cells, or the
targeted therapy resistant cells could re-sensitize the cells to OVs. Could the re-sensitization of
one therapy indirectly lead to an increase in the efficacy other therapies? This could be further

addressed using MAPK inhibitors.

5.7 Therapeutic strategies to treat SOX9 or SOX10 melanoma

Overall, we find that melanomas expressing SOX10 remain susceptible to MAPK
inhibition and viral infection while the SOX9-positive melanoma cells tend to present with a
resistant, more cancer stem-like state. Few studies have attempted to interfere with the MAPK
resistant state. Capparelli et al. have found that clAP is induced in SOX10-deficient melanoma
cells (197). These SOX10-deficient cells have increased tolerance to the clAP inhibitor, Birinapant
(197). They also found that a treatment regimen that included BRAF, MEK, and clAP inhibitors
prolonged overall mouse survival and reduced tumour burden in comparison to MAPK inhibitors
alone(315). When Birinapant was used following a treatment with MAPK inhibitors, the overall
survival was not as favourable compared to when it was used in conjunction(315). We believe the
proper course of action is to block what drives the loss of SOX10 or activation of SOX9 during
the transition to the resistant state. Although counterintuitive, since SOX10 promotes the
proliferative state, it will block the ability of the tumour to transition to a cross resistant state,

allowing for prolonged sensitivity to the current standard of care.
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5.8 Significance and Concluding Remarks

The ability of cancer cells to transition between a proliferative to invasive state has affected
the efficacy of various forms of therapies in melanoma. Multiple studies have identified various
markers depicting either a therapy resistant or sensitive state. Currently lacking, is our ability to
identify which of these markers, if any, could drive cells to a more proliferative, therapy sensitive
state. Here we have shown that SOXO9, a key transcription factor found in most epithelial-like
cancers, can block the intermediate transition of melanoma cells to a targeted therapy resistant
condition. SOX10, another key marker shown to be lost during therapy resistance, remains
expressed during this “failed” transition to the resistant state following the knockout of SOX9,
supporting antagonistic regulation between these two proteins. However, it is still unclear how and
why SOX9 and SOX10 become activated and lost, respectively, during this transition. Our Sox9-
deficient model provides a system for the identification of regulators of this transition for

therapeutic manipulation.

As melanomas transition to a targeted therapy resistant state, they undergo a genetic shift,
activating and repressing different genes. This shift not only induces resistance to standard of care
treatments but also causes cross resistance to other types of therapies. We have demonstrated that
the transition following chronic vemurafenib treatment results in resistance to OVs, in particular,
VSVASI1. Interestingly, the loss of SOX10 alone can recapitulate this cross resistant state,

decreasing sensitivity to MAPK inhibitors as well as VSV infection and propagation.

Lastly, we have linked the loss of SOX10 with the ability to increase the CSC properties
of melanoma. It has been previously reported that SOX10 promotes progenitor-like activity during
the initiation and propagation of melanoma. Here we show that SOX10 diminishes the CSC pool

in already established melanoma cell lines, suggesting an early progenitor-like role for SOX10 that
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is lost as melanoma is established. This loss in CSC properties is also driven through the expression
of CEACAML. SOX10 can drive CEACAML expression, where enrichment of CEACAM1 can
diminish the CSC-like properties in vitro and in vivo. Finally, we have shown that modest
SOX10/CEACAML1 expression represses CD8 T cell tumour infiltration increasing overall tumour
burden. Enrichment for SOX10/CEACAML1, diminishes the tumour's CSC properties resulting in

a loss of proliferation.

Overall, our data show an important role for SOX9 in a memory state imparted by chronic
vemurafenib treatment. However, SOX10-expression is associated with cross sensitivity and
melanoma self renewal. The ultimate therapeutic approach could involve blocking the induction
of the Sox9-dependent network, maintaining SOX10 expression, drug sensitivity and reduced stem
cell-like properties. Due to the elusive function of these proteins and the difficulty of targeting
transcription factors, understanding their upstream regulators and downstream targets should be
the primary focus of future work. Once uncovered, these novel pathways could allow for the
development of new therapeutic approaches that could be used to halt or revert resistance in

melanoma.
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ABSTRACT

Background

Approximately 5-10% of HER2-positive breast cancers can be defined by low expression of the
Ste20-like kinase, SLK, and high expression of SOX10. Our lab has observed that genetic deletion
of SLK results in the induction of Sox10 and significantly accelerates tumor initiation in a HER2-
induced mammary tumor model. However, the mechanism responsible for the induction of SOX10

gene expression in this context remains unknown.

Methods

Using tumor-derived cell lines from MMTV-Neu mice lacking SLK and biochemical approaches,
we have characterized the signaling mechanisms and relevant DNA elements driving Sox10

expression.

Results

Biochemical and genetic analyses of the SOX10 regulatory region in SLK-deficient mammary
tumor cells show that Sox10 expression is dependent on a novel —7kb enhancer that harbors three
SoxE binding sites. ChIP analyses demonstrate that Sox9 is bound to those elements in vivo. Our
data show that AKT can directly phosphorylate Sox9 in vitro at serine 181 and that AKT inhibition
blocks Sox9 phosphorylation and Sox10 expression in SLK(-/-) tumor cells. AKT-mediated Sox9

phosphorylation increases its transcriptional activity on the Sox10 —7kb enhancer without altering
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its DNA-binding activity. Interestingly, analysis of murine and human mammary tumors reveals a

direct correlation between the levels of active phospho-Sox9 S181 and Sox10 expression.

Conclusions

Our results have identified a novel Sox10 enhancer and validated Sox9 as a direct target for AKT.
As Sox10 is a biomarker for triple-negative breast cancers (TNBC), these findings might have

major implications in the targeting and treatment of those cancers.

INTRODUCTION

Approximately, 12% of all new cancers yearly are reported as breast carcinomas. However,
extensive heterogeneity and the complex biology and etiology for the various breast cancer
subtypes make treatment difficult. Breast cancer subtypes are generally classified based on the
expression of the estrogen receptor (ESR1), progesterone receptor (PGR), or the human epidermal
growth factor receptor 2 (HER2) (1,2). The HER2-positive subtype, characterized by
overexpression and amplification of HER2, accounts for 20-30% of all breast cancers and is
associated with poor prognosis and aggressive cancers(3,4). The activation of the HER2 receptor
through tyrosine phosphorylation (5,6) results in the upregulation of proliferative and survival
pathways (7,8). Although HER2 amplification is a critical event in the etiology of HER2+ breast

cancers, the molecular mechanisms regulating its progression are not fully understood.

The Ste20-like kinase (SLK) has been shown to regulate multiple biological responses(9). In
addition to cell migration (10,11), SLK has been observed to play an important role in the
breakdown of E-cadherin and ZO-1-positive junctions following TGFp stimulation(12). The loss
of SLK delayed EMT, suggesting that it regulates the cytoskeletal changes associated with this

process (12,13). We have previously shown that SLK is activated downstream of Neu (rat homolog
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of HER2) and requires PI3K or PLCy activity for maximal activation(14). Supporting a role for
SLK in HER2-driven signaling, expression of a dominant negative SLK K63R reduced HER2-

dependent chemotaxis in human breast cancer cell lines.

The Akt/PKB literature is constantly growing since the cloning of v-Akt in 1987 (extensively
reviewed in (15)). It is now well established that Akt activation occurs downstream of
phosphoinositide-3-kinase (PI3K), a lipid kinase implicated in tumorigenesis and the insulin
response. The PI3K-dependent generation of PtdIns-3,4-P3 (PIP3) recruits and activates Akt at the
membrane in concert with PDK1 and mTORC2. There are well over 100 reported Akt substrates
implicated cell survival, proliferation, metabolism, neuronal functions, and angiogenesis. To date,
the only transcription factors reported to be Akt targets are the Forkhead Box O proteins (FoxO1,
3, 4, and 6), regulating multiple transcription programs. Their phosphorylation induces their
cytosolic retention through interactions with 14-3-3 proteins, blocking their access to target genes.
The importance of turning off the PI3K-Akt pathway is underscored by the sheer number of
negative feedback and cross-talk pathways. The most critical signal terminator is the phosphatase
tumor suppressor PTEN, capable of converting the activator PIP3 to PIP2. Obviously,
perturbations in AKT signaling lead to numerous pathological conditions such as overgrowth

syndromes, autoimmune diseases, and cancer.

The Sry-HMG-box (Sox) family of transcription (reviewed in (16-18)) plays critical roles in many
developmental processes. The SoxE group proteins, including Sox8, 9, and 10, have been
extensively studied in the context of reproductive system development, neural crest cell-derived
tissues, and cell types such as melanocytes. Although Sox9 and Sox10 have been widely studied
during development, little is known about the mechanisms that regulate their activities other than

their nucleocytoplasmic shuttling. The role of the Sox proteins in cancer progression remains
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elusive and controversial (reviewed in (18)). Different members have been shown to play a role
both as tumor promoters and tumor suppressors in various types of cancers through the regulation
of oncogenic pathways. Supporting this, Sox2 and Sox9 have been shown to be critical for the
persistence of quiescent stem-like cancer cells through immune evasion(19). We and others have
recently identified Sox10 as a marker of triple-negative breast cancers (TNBC) (20) and secretory
carcinomas, often triple negative and basal-like. Recently, Sox10 was found to be specifically
expressed in mammary progenitor cells, including fetal and adult mammary cells in vivo (21) and
be critical to maintain the stem cell state and reprogramming in breast cancer (22). Strikingly,
Sox10 deletion impairs mammary gland reconstitution whereas its overexpression increases it

(21).

We have recently demonstrated that conditional SLK deletion in a MMTV-Neu background
activates the PDK1-Akt system and accelerates breast tumor onset (23). Although they are
HER2/Neu+, those tumors display a basal-like phenotype. Strikingly, early lesions and tumor-
derived cell lines express high levels of Sox10, a marker of TNBC(20). This is accompanied by
increased tumor stem cell activity in vitro and enhanced tumor growth in xenograft models.
Interestingly, this phenotype is dependent on AKT activity and Sox10 expression. To gain insights
into the molecular mechanisms regulating Sox10 expression, we have further assessed the role of
the PISK-PDK1-AKT pathway on Sox10 regulation. Our data show that AKT-driven Sox10
expression is dependent on Sox9 activation. Furthermore, this activation requires direct Sox9
phosphorylation by AKT. Our studies have uncovered Sox9 as a novel substrate for AKT,

providing a novel link between AKT and tumor progression.

METHODS

Plasmids and cloning
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Fragments of the Sox10 promoter were amplified by PCR (see Supp. Table 1) from the bacterial
artificial chromosome (BAC) RP23-424P8 which contains up to 12 kb of the Sox10 promoter and
was purchased from the Centre of Applied Genomics (SickKids, Toronto, Canada). Each fragment
of the Sox10 promoter was amplified using the indicated primers in Supplementary Table 1,
digested with Kpnl and Xhol (which were included in the forward or reverse primer, respectively)

and ligated into pGL3P which was linearized with Kpnl and Xhol.

pGEX-Sox9 was generated by PCR amplifying Sox9 cDNA from pCMV6-myc-DDK-Sox9 with
the indicated primers in Supplementary Table 1, digested with BamHI and Xhol (which were
included in the forward or reverse primer, respectively) and ligated into pGEX-4T2 which was

linearized with BamHI and Xhol.

pGEX-S0x91-223 was generated by linearizing and purifying pGEX-Sox9 with Smal and Notl.
The linear fragment was then blunted with Klenow (New England Biolabs) and purified from a
0.8% agarose gel using the QIAGEN Gel Extraction Kit (28704). The linearized vector was then

incubated with T4 DNA ligase (New England Biolabs) to generate the circular plasmid.

Sox9 S181A mutants were generated using either pGEX-So0x91-223 or pCMV6-myc-DDK-Sox9
as template. The point mutation was generated using the QuickChange XL Site-directed
Mutagenesis Kit according to the manufacturer’s protocol. The primers used to generate the point

mutations are listed in Supplementary Table 1.
Cell culture

All mammary tumor cell lines were maintained in DMEM/F12 containing 10% FBS, 1%
mammary epithelial growth supplement (Life Technologies), 1% penicillin/streptomycin, and 1%

I-glutamine. Mammary tumor cell lines were isolated as described from individual tumors at
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endpoint (23). All experiments were performed on three independent isolates and representative
data are shown. All mammary tumor cell lines were used within 30 passages of initial isolation.
All other cell lines used were maintained in DMEM containing 10% FBS, 1%
penicillin/streptomycin, and 1% I-glutamine. Cells were cultured at 37°C in a humidified incubator

set at 5% CO2. Cells were routinely passaged at a one in ten dilution every 2—-3 days.

For plasmid and siRNA (Supplementary Table 3) transfections, cells were seeded such that they
would reach approximately 75% confluency the day of the transfection. Lipofectamine 3000 was
used for all transfections according to the manufacturer’s protocol using 8 ug of plasmid DNA or

200 nM of each siRNAs. Transfections were performed for 48—72 h prior to cell harvest.

Immunohistochemistry

The tissues were harvested and fixed in 10% buffered formalin phosphate for 24 h and then
transferred to 70% ethanol for storage. The tissues were formalin fixed, paraffin-embedded, and
sectioned at a 5-um thickness. Tissue sections were deparaffinized and subjected to antigen
retrieval in 10 mM citrate buffer (pH 6.0) and quenched with 3% hydrogen peroxide. Sections
were blocked in 5% donkey serum and incubated overnight with the indicated primary antibody
(Supplementary Table 2) at 4°C. Sections were washed followed by incubation with the
appropriate HRP-conjugated secondary antibody. For mouse monoclonal antibodies on mouse
tissues, mouse-on-mouse blocking solution (Vector Laboratories) was added to the blocking step.
All IHC staining were carefully controlled with no primary antibody controls. Staining was
developed using DAB substrate (Sigma Aldrich), and sections were counterstained with
hematoxylin. Sections were dehydrated in ethanol then xylene and mounted. Sections were imaged
using the Aperio Scanscope (Leica Biosystems), and images were processed and/or analyzed using

Imagescope or Imagel. For quantification, stained and scanned sections were opened in
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ImageScope and the percentage of DAB-positive (brown) pixels for each core was quantified using
the built-in Aperio positive pixel count algorithm. Only pixels that fell into the “strong positive”
default setting were counted. For the murine hyperplastic lesions, a total of 10 mammary glands

were surveyed for each genotype.

Western blotting

Tissues and cell lines were homogenized in RIPA lysis buffer containing protease inhibitors
(0.05% SDS, 1% Triton X-100, 1% NP-40, 50 mM Tris-HCI, pH 7.5, 150 mM NaCl, 2 mM EDTA,
pH 8.0, 12 mM Na-Deoxycholate, 10 mM NaF, 1 mM DTT, 10 mM B-glycerophosphate, 0.6 mM
NaVO03, 1 mM PMSF, 10 pg/mL leupeptin, 10 pg/mL aprotinin, 10 pg/mL pepstatin, and 100 uM
benzamide). Lysate was cleared by centrifugation and protein concentrations were determined
using Bradford reagent (Bio-Rad). Equal amounts of protein lysate were denatured and subject to
SDS-PAGE. Samples were then transferred to a PVDF membrane and probed with the indicated
primary antibody (Supplementary Table 2) overnight at 4°C in 5% BSA. The membranes were
washed and incubated with the appropriate HRP-conjugated secondary antibody. Reactive proteins

were detected by chemiluminescence (Perkin EImer) and exposure to X-ray film.

GST-fusion protein production and kinase assay

RP bacteria were transformed with the indicated GST or GST-fusion plasmids and glycerol stocks
were stored at —80°C. Glycerol stocks were used to inoculate 3 mL of LB broth containing the
appropriate antibiotic, and cultures were left to grow overnight at 37°C with shaking at 225 rpm.
The 3-mL cultures were then expanded to 30 mL and left to shake at 225 rpm for 1 h at 37°C.
GST-fusion protein production was then induced with 1 mM IPTG for 2 h at 37°C with shaking at

225 rpm. The bacterial cultures were then pelleted at 3000 rpm for 15 min at 4°C. Bacterial pellets
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were lysed in 500 puL of RIPA lysis buffer containing protease inhibitors and incubated on ice for
15 min with occasional vortexing. Lysates were then sonicated with three 15-s pulses and cleared
by centrifugation at 14000 rpm for 30 min at 4°C. GST-fusion proteins were then purified with 20

uL of GST-sepharose beads (GE Healthcare) using the immunoprecipitation protocol.

In vitro kinase assays were performed as previously described (11). Briefly, GST samples were
pulled down and washed beads were resuspended in 1x kinase buffer (20-mM Tris-HCI, pH 7.4,
0.25-mM NaVvO3, 1-mM NaF, 10-mM B-glycerophosphate, 1-mM DTT, and 15-mM MgCI2). The
kinase assay was initiated by the addition of 1 pL of [32P]yATP (5 puCi/uL, Perkin Elmer) and
incubated for 30 min at 30°C. Recombinant human GST-AKT fusion protein (200ng; Sigma
Aldrich, SRP-5001) was added to the kinase assay master mix. The reactions were terminated with
the addition of 4x SDS sample buffer (200-mM Tris-HCI, 400-mM DTT, 8% SDS, 0.4%
bromophenol blue, and 40% glycerol) and subject to SDS-PAGE. The incorporation of the
radiolabeled phosphate was detected by autoradiography and the efficiency of

immunoprecipitation was determined by Western blot.

Quantitative real-time PCR and microarray analysis

The total RNA was isolated using Trizol (Invitrogen). cDNA synthesis was performed using the
Superscript III Reverse Transcriptase (Life Technologies) according to the manufacturer’s
protocol. qRT-PCR was performed using an Applied Biosystems 7500 Real-Time Fast PCR
thermocycler. Relative mRNA expression was calculated using the AACT method and normalizing
to total levels of ribosomal 18S. For microarray analysis, total RNA was hybridized to the Mouse
Gene 2.0 ST Array (Affymetrix). Microarray data analysis was carried out in the r statistical
programming environment with Bioconductor (GSE128514). Primers used for gRT-PCR are listed

in Supplementary Table 1.

195



Bisulfite sequencing

Genomic DNA for bisulfite conversion was isolated using the DNeasy Blood and Tissue Kit
following the manufacturer’s protocol (QIAGEN). Bisulfite conversion of genomic DNA was
performed using the EpiTect Plus DNA Bisulfite Kit (QIAGEN) following the manufacturer’s
protocol. Promoter regions of control and bisulfite converted DNA were amplified using the
primers indicated in Supplementary Table 1 using Taqg polymerase (Invitrogen). Amplicons were
subcloned into pGEM-T (Promega) according to the manufacturer’s protocol. Five clones for each
conversion reaction were picked, miniprepped, and sequenced to identify methylated cytosine

residues.
Luciferase assay

For luciferase assays, 1.5 x 105 cells were seeded in triplicate wells of a 6-well plate. The following
day, the cells were transfected using lipofectamine 3000 with 1.25 pg of the appropriate pGL3P
reporter construct and 1.25 pug of pRL-CMV (encoding Renilla luciferase) for 48 h. Luciferase
assays were performed using the Dual Luciferase Assay Reporter System (Promega). Cells were
collected in 1.5 mL Eppendorf tubes and lysed in 100 uL of 1X passive lysis buffer with rotation
at room temperature for 30 min. Lysates were cleared by centrifugation at 13000 rpm for 10 min
at room temperature. 20 pL of each sample was transferred in triplicate into a black-sided 96-well
plate with a clear bottom. 100 pL of resuspended Luciferase Assay Substrate was added to each
well and read using a luminometer with a read time of 10 s and a 2-s delay per well. 100 pL of
Stop and Glo solution was then added to each well and read using a luminometer with a read time
of 10 s and a 2-s delay per well. Luciferase counts were normalized to the pRL-CMV counts to

account for differences in transfection efficiency between wells.
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Chromatin immunoprecipitation

For chromatin immunoprecipitation, 5x106 cells from each condition were seeded in two 15-cm
plates and cultured for 48 h. Cells were then cross-linked in 1% formaldehyde for 10 min at room
temperature. The formaldehyde was then quenched with the addition of glycine to a final
concentration of 125 mM. Nuclear extraction, chromatin digestion, and immunoprecipitation and
DNA elution were all performed using the SimpleChip Kit (Cell Signaling Technologies)
according to the manufacturer’s protocol with the addition of a pre-clearing step with beads alone
prior to the immunoprecipitation. 10 pg of chromatin was used per immunoprecipitation with 1 ug
of the indicated antibody. Following chromatin IP and DNA cleanup, 6.5 pL of chromatin was
mixed with 35 pL of iTaq Universal SYBR Green Supermix (BioRad), 6.5 pL of the indicated
primers (SuM), and 21 pL of nuclease-free water. The PCR reaction was started with an initial
hold and denaturation at 50°C for 5 min and 95°C for 10 min, respectively, followed by 40 cycles
of denaturation at 95°C for 15 s and Annealing and Extension at 60°C for 60 s. The percent input
was then calculated as follows: percent input = 2% x 2(C[T] 2% input sample — C[T] IP sample).
The antibodies used for chromatin immunoprecipitation can be found in Supplementary Table 2.

The primers used for ChlIP-gPCR can be found in Supplementary Table 1.

RESULTS

Sox10 expression is regulated by several upstream promoter elements in SLK-deficient Neu-

induced mammary tumor cells

We have previously shown that deletion of the Ste20-like kinase SLK induces Sox10 expression,
enhancing tumorigenesis in vivo (23). This is also accompanied by AKT upregulation and

increased tumor stem/progenitor cell activity (23). To gain further insights into the molecular
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mechanisms regulating Sox10 expression, we first assessed any potential epigenetic changes at the
SOX10 locus. The SOX10 promoter has previously been shown to be epigenetically silenced in
human gastric cancers and metastatic melanoma (24-26), the basal level of Sox10 expression is
low in vitro, we hypothesized that Sox10 gene induction could be due to gene demethylation in
SLK-/- NDL cells. We identified two putative CpG islands immediately upstream of the Sox10
transcription start site using the MethPrimer CpG island prediction software (Supp. Figure 1A)
(26). To assess whether the Sox10 gene was methylated, we treated SLKfl/fl and SLK-/- NDL
cells with 5-aza-2’-deoxycytidine for 5 days to effectively eliminate any methylation marks within
the genome. Following treatment, only a modest increase in Sox10 mRNA was observed in the
SLK-/- NDL cells with no significant differences observed in SLK expressing controls (Supp.
Figure 1B). The lack of a robust Sox10 induction following 5-aza-2’-deoxycytidine treatment
suggests that these putative CpG islands are not heavily methylated in either cell line. To validate
this, we isolated genomic DNA and performed bisulfite sequencing on both putative CpG islands
and compared the methylation pattern in SLKfl/fl and SLK-/- NDL cells. Using this approach, we
found that only approximately 20% of cytosines within these CpG islands are methylated in either
cell line with no significant differences observed following SLK deletion (Suppl. Figure 1C).
Together, these results indicate that demethylation of the Sox10 promoter is not the main

mechanism of Sox10 induction following SLK deletion.

As epigenetic silencing is not responsible for the differential expression of Sox10 in SLKfl/fl and
SLK-/- NDL cells, we sought to identify potential signaling systems regulating Sox10 expression.
As we have shown that AKT activity is required for maintenance of Sox10 expression in SLK
knockout mammary tumor cells (23), we first assessed the levels and nuclear localization of known

transcription factors that are AKT-responsive. Direct AKT targets implicated in transcription
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control include CREB and Forkhead box factors (FoxAl and FoxO family (15)). Cellular
fractionation and Western blot analysis (Fig 1a) showed no difference in the levels and localization
of those factors, suggesting that Sox10 is likely activated through other AKT-dependent
mechanisms. To bootstrap our way back to transcriptional regulators controlling Sox10 expression
in SLK-null cells, we analyzed potential regulatory regions around the Sox10 gene. Comparative
sequence analyses have previously identified multiple-species conserved sequences (MCS) that
control Sox10 expression (27). As two of these MCS (4 and 7) have been shown to regulate Sox10
expression in mammary epithelial cells (Fig 1b for schematic), we tested whether these enhancer
elements were differentially regulated in SLKfl/fl and SLK-/- NDL cells. Both enhancer elements
drove luciferase activity above the levels of the control vector; however, no significant differences
between cell lines was observed (Fig. 1c), suggesting that these enhancer sequences do not mediate
the differential Sox10 expression observed in the SLK-/- NDL cells but perhaps mediate basal
expression of Sox10. Since little is known about the mechanisms regulating Sox10 transcription
other than the MCS sequences, we generated luciferase constructs driven by five independent
Sox10 promoter elements within —7 kb of the transcription start site. Interestingly, the
—3484/—2495 fragment of the promoter contains a repressive element which decreased luciferase
activity by approximately 75% in both SLKfl/fl and SLK-/- NDL cell lines and may account for
the lower basal expression of Sox10 in cultured mammary epithelial tumor cell lines (Fig 1d).
Differential regulation of luciferase activity was observed in the two most distal promoter
fragments between SLKfl/fl and SLK-/- NDL cells (Fig 1d). The —6904/—5995 fragment showed
a three-fold increase in luciferase activity in the SLK knockout cells, whereas that same element
was inactive in the control cell line (Fig 1d), suggesting that it harbors a differentially regulated

enhancer region within the Sox10 promoter.
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Figure 1. Identification of a differentially regulated fragment of the Sox10 promoter
following Slk deletion. a SLK-null tumor cells do not differentially express known transcription
factors that are AKT targets. Cytosolic (cyto) and nuclear (nuc) fractions were subjected to
Western blot analysis for the indicated proteins. No changes were observed in levels or distribution
of the AKT targets surveyed. b Schematic representation of putative SoxE binding sites within the
Sox10 promoter. Luciferase assays from two multiple-species conserved enhancer sequences
(MCS4 and 7) that have been shown to control Sox10 expression (c) and approximately 1 kb
fragments of the Sox10 promoter (d) assessed for their ability to drive luciferase activity in
SLKIfl/fl and SLK-/- NDL cells. Raw light units from the luciferase constructs were normalized to
Renilla for each technical sample. Data is represented as the mean luciferase activity from three

independent biological replicates +/— SEM. ns: no statistical difference, *p < 0.05, ***p < 0.0005
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The Sox10 promoter contains putative SoxE binding sites which are bound by Sox9

Interestingly, sequence analysis of the —6904/—5995 enhancer element revealed three consensus
SoxE (Sox8, 9, and 10) binding sites (27)within this 909 base pair (bp) region (see Fig. 1c).
However, Q-PCR analysis revealed no detectable expression of Sox8 and no differences in Sox9
expression in either cell lines grown in culture (Fig. 2a). As Sox10 is highly expressed in the SLK-
deficient cells, we investigated the possibility that Sox10 could control its own expression by
assessing the levels of endogenous Sox10 in stable pBABE-Sox10 overexpressing SLKfl/fl NDL
cells. Using primers located in the 3'UTR, we found that exogenous Sox10 was unable to induce

endogenous gene expression (Fig. 2b).

One possibility is that the locus is in an inactive topology or, alternatively, the Sox10 target sites
are bound by another SoxE transcription factor. Interestingly, the Sox9 transcription factor has
been shown to induce Sox10 gene expression through SoxE binding sites (16,28-32), As Sox8 is
not expressed in NDL cells, we performed chromatin immunoprecipitation (ChlP) for Sox9 at the
consensus SoxE binding sites within the active —6904/—5995 element in SLK-deficient NDL cells
(Fig. 2c). Although we observed a significant enrichment for Sox9 above 1gG pull down in both
control and SLK knockout cells, no significant differences between the two cell lines were
observed (Fig 2c). Similar results were observed when using an anti-K27 acetylated histone H3
antibody, suggesting an open chromatin conformation around those enhancers (Suppl. Figure 2A).
As a negative control, we also performed anti-Sox9 ChIP on a putative SoxE binding site within
exon 1 that was unresponsive in our luciferase assay (Fig. 1d). This element was not bound by
Sox9 in either cell line (Fig 2¢), suggesting that the enrichment observed within the —6904/—5995

element is not due to non-specific chromatin pull down by the Sox9 antibody. Importantly, these
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data show that the SoxE sites within the —6904/—5995 Sox10 genomic region are bound by Sox9,

suggesting that it plays a role in Sox10 gene expression.
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Figure 2. Sox9 binds directly to the SoxE binding sites within the Sox10 promoter. a The
expression level of the SoxE family of transcription factors was assessed in SLKfl/fl and SLK-/-
NDL cells by gRT-PCR analysis. b The levels of endogenous Sox10 were assessed in the indicated
cell lines using qRT-PCR primers located within the 3'UTR of Sox10. Note that the retroviral
PBABE-Sox10 plasmid only contains the coding ¢cDNA and not the 3'UTR. ¢ Chromatin
immunoprecipitation (ChIP) was performed on SLKfl/fl and SLK-/- NDL cells to assess Sox9
binding to the Sox10 promoter. Following Sox9 ChIP, gPCR analysis was performed across two
putative SoxE binding sites within the —6904/—5995 fragment of the Sox10 promoter. qRT-PCR
data was normalized to an 1gG ChIP (dashed red line) or a negative control element within exon

one (—150/+103). N=3, nd: no detectable expression, ns: no statistical difference, ***p < 0.0005
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Slk deletion increases Sox9 S181 phosphorylation

As Sox9 is bound to the Sox10 promoter in both wildtype and SLK knockout cell lines, we
reasoned that the activity of Sox9 may be enhanced in the absence of SLK, through post-
translational modifications, without affecting its DNA binding capacity. Interestingly, Sox9 has
been shown to be phosphorylated at S64, S181, and S211 to regulate its nuclear import, stability,
and DNA-binding/transcriptional activity(33-36). Using phospho-serine 181 (pSox9 S181) as an
indicator of Sox9 activity, we assessed the levels of pSox9 S181 in both cell lines. Western blot
analysis showed a marked increase in the levels of Sox9 S181 phosphorylation in SLK knockout
tumor cell lines that was correlated with elevated Sox10 levels in these cells (Fig. 3a), suggesting
increased Sox9 activity in SLK-null tumor cells compared to the control. This was also correlated
with higher levels of active AKT (pAKT S473; Fig. 3a). We have previously reported a two-fold
increase in the number of Sox10+ nuclei from SLK-null mammary hyperplasia at 16 weeks of age
(23). Supporting this, immunohistochemical analysis for pSox9 S181 on hyperplastic lesions from
SLK expressing and knockout hyperplastic lesions shows a similar increase (18 + 4% vs 35 + 7%)
in the number of pSox9 S181-positive nuclei following SLK deletion in vivo (Fig 3b). We did not
observe any differences in the proportion of Sox10+ or pSox9 S181+ nuclei at endpoint, suggesting
that SLK deletion affects tumor initiation as previously described (23). Our previous analyses
showed that SLK deletion results in a basal-like phenotype in MMTV-Neu mice (23). Furthermore,
as high as 13% of HER2+ patients fall within the SLK-low/SOX10-high subtype (23) and that
Sox10 is a biomarker of the TNBC subtype (20). Corroborating recent findings (37), analysis of
those TCGA datasets reveals a strong correlation between high levels of Sox9 and Sox10 in TNBC
samples (Fig. 3c, blue dots). To establish a potential link with active Sox9 in Sox10+ human

samples, we assessed the levels of pSox9 S181 and Sox10 by immunohistochemistry across
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HER2-positive, luminal, and TNBC tumor cores. Consistent with our TCGA analysis (also see
(23,37)and murine data, we observed that 43% of TNBC cores were Sox10hi and that all Sox10hi
nuclei in those cores also showed a pSox9 S181hi signal (Fig. 3d), suggesting that the activation
of Sox9 and Sox10 induction is also observed in human breast cancer samples. Together, these
studies suggest that the loss of SLK results in the activation of Sox9 that can directly induce Sox10

expression in murine tumors as well as human breast cancers.

207



IB: pSox9 S181

Log2(SOX9)

IB: pAKT S473

IB: SLK

IB: Sox9

I1B: AKT
IB: B-Actin

oot

5 10
Log2(SOX10)

15

16 week
Mammary Glands

Subgpe

TNBC
HER2
Luminal A/B

SLK**NIC 7 sLK™"MNIC

I a

pSox9 S181 )

Core K12 (HER2-positive) Core A6 (Lummal) Core A4 (Trlple-negatlve)

e ;‘zg

pSox9 8181
&

p/ ’i.-‘a!

“5.
4
A
o]

%"‘
4

us Blomax BR20810

208



Figure 3. Slk deletion increases phosphorylated Sox9 which is correlated with higher Sox10
expression in human breast cancer samples. a Activity of Sox9 was assessed by Western blot
analysis using a pS181-specific antibody in SLKfl/fl and SLK-/- NDL cells. Active AKT was
assessed using a pS473 antibody. b pSox9 S181 histochemistry was performed on hyperplastic
lesions from mammary glands of SLK+/+ and SLKfl/fl NIC mice (n=10 glands/genotype) and
representative images are shown for each genotype. Quantitation showed that SLK-null
hyperplasia have a two-fold increase in pSox9 S181-positive nuclei (18 £ 4% vs 35 + 7%; p<0.05).
Scale bar = 100 um. ¢ The TCGA dataset was interrogated for expression of SOX9 and SOX10
across all breast cancer subtypes. Co-expression of both genes was observed in these patient
samples with a Pearson correlation coefficient of 0.351 for all subtypes combined. d Serial sections
of a human breast cancer TMA, BR20810, containing 104 breast cancer cases were stained with
pSox9 S181 and Sox10 antibodies. Representative cores from each major molecular subtype, as

defined by staining intensity of HER2, ESR1, and PGR, are shown. Scale bar =200 um
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Sox9 is directly phosphorylated by AKT at serine 181

We have previously shown that Slk deletion results in enhanced mammary tumorigenesis with the
activation of PDK1 and AKT (23). Therefore, we tested the possibility that Sox9 could be activated
downstream of that pathway. Interestingly, amino acid sequence alignment and analysis of Sox9
revealed a putative AKT consensus phosphorylation site at serine 181, resembling several bona
fide AKT targets (Fig. 4a). To assess whether Sox9 was a direct target of AKT, we performed in
vitro kinase assays using recombinant proteins and monitored direct phosphorylation. As the full-
length GST-Sox9 fusion protein is unstable and readily broken down in bacteria (not shown), we
tested whether Sox9 was directly phosphorylated at serine 181 by AKT using a GST-Sox91-223
truncation. Recombinant AKT was able to efficiently phosphorylate the GST-Sox91-223 fusion
protein, which contained the serine 181 residue (Fig. 4b, c). Mutation of serine 181 to alanine
(S181A) in the GST-Sox91-223 truncation completely abolished AKT-dependent phosphorylation
of Sox9 (Fig. 4c), suggesting that Sox9 is a novel substrate for AKT at the serine 181 consensus
site.Supporting our in vitro kinase assays, treatment of SLK knockout cells with the AKT inhibitor
MK-2206 significantly reduced the expression of Sox10 and the phosphorylation of AKT and Sox9
(Fig. 4d). Furthermore, MK-2206 treatment was sufficient to abolish luciferase activity driven
from the —6904/—5995 enhancer element of the Sox10 promoter in SLK knockout cells (Fig. 4e).
Knockdown of AKTL1, 2 or 3 showed that a ~50% knockdown of AKT1 reduced Sox10 levels by
about 50%. However, knockdown of AKT2 by 50-70% reduced Sox10 levels to about 20% of
controls. Knockdown of AKT3 did not show a marked downregulation of Sox10. Together, these
data suggest that AKT2 preferentially regulates Sox10 expression and that direct AKT-mediated

activation of Sox9 regulates Sox10 transcription from the —6904/—5995 enhancer element.
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Figure 4. AKT directly phosphorylates Sox9 at serine 181. a The consensus AKT target
sequence is provided aligned to bona fide AKT substrates (GSK-3b, FOXO3A, GABRB2, and
SOX2) and the putative consensus sequence within SOX9 at serine 181. Within the consensus
sequence X represents any amino acid, the phosphorylated serine (S) or threonine (T) is in red and
¢ is any hydrophobic residue. A recombinant kinase assay was performed using 200 ng of
recombinant active GST-AKT and GST-Sox9 as substrate (b) or a GST-Sox9 S181A mutant (c).
d Phosphorylation of Sox9 at serine 181 was assessed by Western blot analysis in SLKfl/fl and
SLK-/- NDL cells treated with DMSO or MK-2206 for 72 hours. e Luciferase assays were
performed in the presence or absence of MK-2206 using the responsive —6904/—5995 element of
the Sox10 promoter. Raw light units from the luciferase constructs were normalized to Renilla for
each technical sample. Data is represented as the mean luciferase activity from three independent

biological replicates +/— SEM. ns: no statistical difference, *p < 0.05
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Phosphorylation of Sox9 at serine 181 is required for maximal transcriptional activity

To assess the effect of Sox9 phosphorylation on Sox10 transcriptional regulation, we first tested
whether phosphorylation of Sox9 was required for direct binding to the Sox10 promoter. SLK-/-
NDL cells were transfected with an empty vector, myc-Sox9 or myc-Sox9 S181A and subjected
to anti-myc ChIP on the Sox10 promoter (Fig. 5a). No differences were observed in DNA binding
activity for the Sox9 S181A mutant (Fig. 5a), suggesting that S181 phosphorylation is not required
for enhancer binding. Next, we investigated whether Sox9 S181A expression could impair
luciferase expression driven from the Sox10 promoter. Transfection of myc-Sox9 into SLK-/-
NDL cells with the Sox10 —6904/—5995 enhancer element resulted in a 2.5-fold increase in
luciferase activity above a Myc control vector and myc-Sox91-223, lacking the C-terminal
transactivation domain (Fig. 5b). Albeit significantly lower than wildtype Sox9, overexpression of
the Sox9 S181A mutant also resulted in an increase in luciferase activity (Fig 5b). As Sox9 can
homodimerize when bound to DNA (38), one possibility is that the Sox9 S181A mutant can form
a complex with endogenous Sox9, resulting in reduced transcriptional activity imparted by the

mutant Sox9.

Since Sox9 is present on the Sox10 promoter of both cell lines, we hypothesized that the activation
of AKT results in DNA-bound Sox9 phosphorylation and increased transcriptional activity. To test
this, we transiently overexpressed myc, myc-Sox9, or myc-Sox9 S181A in SLK-/- NDL cells and
performed luciferase assays using the —6904/—5995 fragment of the Sox10 promoter. Consistent
with our previous data, we observed a two- to three-fold increase in luciferase activity from the
Sox10 promoter fragment with the Myc vector control (Fig. 5¢) lanes 1 and 2). Additionally, we
observed an AKT-dependent increase in luciferase activity following heregulin-stimulation in

these cells (Fig. 5¢c, lanes 3 and 4). These controls further support the notion that Sox10 induction
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from the —6904/—5995 promoter element is dependent on Neu signaling through AKT. To validate
that these signals are dependent on Sox9 transcriptional activity (34), we assessed luciferase
activity in the presence of myc-Sox9 or a myc-Sox9 S181A mutant with reduced transcriptional
activity. As observed in Fig. 5b, in unstimulated cells, both wildtype and mutant Sox9 were
sufficient to increase luciferase activity four-fold above background (Fig. 5c, lanes 5 and 6
compared to lanes 9 and 10). However, following stimulation with heregulin, a two-fold increase
in luciferase activity was observed in myc-Sox9 expressing cells, whereas no significant change
was observed in cells expressing the myc-Sox9 S181A mutant (Fig. 5c, lanes 6 and 7 compared to
lanes 10 and 11). As for myc control-transfected cells, the increased luciferase activity following
heregulin-stimulation in myc-Sox9 transfected cells was completely dependent on AKT activity
(Fig. 5c¢, lanes 7 and 8). Together, these data show that the —6904/—5995 region of the Sox10

promoter is an AKT5
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Figure 5. Sox9 phosphorylation at serine 181 is required for maximal transcriptional
activation of the Sox10 promoter. a Anti-myc ChIP was performed on SLK-/- NDL cells
transiently transfected with myc-DDK, myc-DDK-Sox9, or myc-DDK-Sox9 S181A. Following
anti-myc ChlIP, qPCR analysis was performed across two SoxE binding sites within the
—6904/—5995 fragment of the Sox10 promoter. qRT-PCR data was normalized to an 1gG ChIP
(dashed red line). ns: no statistical difference. b Luciferase assays were performed on SLK-/- NDL
cells that were transiently transfected with the indicated plasmids along with the responsive
—6904/—5995 element of the Sox10 promoter. Raw light units from the luciferase constructs were
normalized to Renilla for each technical sample. Data is represented as the mean luciferase activity
from three independent biological replicates +/— SEM. All bars with the same letter are not
statistically significant from each other. a compared to b: p < 0.005; a compared to c: p <0.005; b
compared to c: p < 0.05. ¢ SLK-/- NDL cell were transfected with the indicated plasmids along
with the responsive —6904/—5995 element of the Sox10 promoter for 48 h. Cells were treated with
heregulin-p (HRG-B), AKT inhibitor (MK-2206), or vehicle control for 2 h prior collecting the
cell lysate. Raw light units from the luciferase constructs were normalized to Renilla for each
technical sample. Data is represented as the mean luciferase activity from three independent
biological replicates +/— SEM. All bars with the same letter are not statistically significant from
each other. a compared to b: p<0.05, a compared to ¢ or d: p<0.005, b compared to c: p<0.05, b

compared to d: p<0.005 and ¢ compared to d: p<0.05
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DISCUSSION

Here, we have shown that the observed induction of Sox10 in SLK-/- NDL tumor cells is
dependent on a novel enhancer located at about —7kb upstream of the putative Sox10 start site.
Our data show that Sox10 expression is also directly correlated with Sox9 phosphorylation and
activity in our SLK-/- NDL mouse model and human tissue microarrays. We demonstrate that
AKT can directly phosphorylate DNA-bound Sox9 at serine 181, increasing its transcriptional

activity on the —7kb Sox10 enhancer. These data also extends the growing list of AKT substrates.

Our data demonstrate that an AKT-dependent pathway regulates Sox10 transcription specifically
through an enhancer fragment located between —6904 and —5995 from the putative start site.
Scanning of this enhancer revealed three SoxE sites. Although we have observed some variability,
no significant differences were found in Sox9 binding to those SoxE sites, suggesting that Sox9 is
bound equally to these elements in both SLKfl/fl and SLK-/- NDL cells. This suggests that Sox9
phosphorylation at S181 activates transcription without altering its DNA binding activity. Given
the large increase in Sox10 expression in the SLK-/- cells, it is likely that, in addition to Sox9
binding to SoxE sites, other transcriptional mechanisms are activated. One possibility is that
phosphorylation at this site is required to recruit transcriptional cofactors which may be required

for maximal activity.

Using amino acid alignment and kinase assays, we have shown that AKT can directly
phosphorylate Sox9 in vitro and that enhancer activity is lost following AKT inhibition (Fig. 4).
This suggests that the inability for AKT to phosphorylate Sox9 prevents its activation and Sox10
induction. Although we predict that AKT directly phosphorylates Sox9 at serine 181, this remains
to be demonstrated in vivo. However, this may be more challenging as a number of other kinases

have been shown to phosphorylate that site in other contexts (33-36). Alternatively, it is possible
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that AKT directly phosphorylates and inhibits the activity of an unknown phosphatase that targets
pSox9 S181. It is also possible that this phosphorylation may be mediated by another kinase in the
AKT pathway such as S6 kinase (S6K). S6 Kinase is activated by mTOR downstream of AKT and
has a consensus phosphorylation motif matching that of Sox9 S181 (39). Combined with in vitro
kinase assays, rapamycin treatment to inhibit mTOR would address the potential role of S6K in

Sox9 activation and Sox10 expression.

To validate the role of Sox9 in regulating the transcription of Sox10, we performed luciferase
assays using the AKT-responsive element from the Sox10 promoter. Surprisingly, myc-Sox9 or
the myc-Sox9 S181A mutant is both capable of activating luciferase expression from the —7kb
enhancer under basal conditions (Fig. 5). This was also observed for the collagen Il promoter,
where the induction by both Sox9 constructs is relatively high above background (34). In the
context of the collagen Il promoter, wildtype Sox9 was sufficient to boost luciferase activity
following co-transfection with the catalytic subunit of PKA, whereas the Sox9 S181A mutant
failed to do so (34). Similarly, treatment of the myc-Sox9 transfected cells with heregulin increased
luciferase activity two-fold above the untreated sample (Fig. 5c, lanes 6 and 7). However,
expression of the phospho-deficient mutant abrogated this effect (Fig. 5c, lanes 10 and 11). One
possibility is that Sox9 activity through phosphorylation at S181 and/or S211 can be further
increased by specific signals while bound to DNA as a homodimer. This would explain the slight
reduction in enhancer activity when a myc-Sox9 S181A is expressed in SLK-/-NDL cells. The

S181A mutant may have a dominant negative effect on a Sox9/Sox9 S181A dimer.

We have previously shown that Sox10 is biomarker for the TNBC subtype and is induced
following the mammary gland-specific deletion of SLK in a MMTV-Neu mouse model, inducing

a basal-like phenotype in a HER2+ model (23). The induction of Sox10 is accompanied by
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increased stemness and accelerated tumorigenesis (23). Recently, Sox10 has been shown to be
expressed in mammary progenitor cells in vivo (21) and be critical to maintain stemness in breast
cancer(22). Interestingly, Sox2 and Sox9 have been shown to be critical for the persistence of
quiescent stem-like breast cancer cells (19). It is not clear whether those Sox9+ stem-like cells also

express Sox10.

Supporting our findings in murine mammary tumors, we have also observed a correlation between
pSox9 S181 levels and Sox10 expression in a proportion of HER2+ human tumor samples (23).
In addition, Fig 3c shows that a high proportion of Sox10hi TNBC samples also show a Sox9hi
phenotype (blue dots in the SOX9/SOX10 high quadrant of the data set), suggesting that high Sox9
activity could occur without increased Akt activity. Similarly, Sox9 is highly phosphorylated in
human triple-negative breast cancers expressing high levels of Sox10 (see Fig. 3 and (37)).
Therefore, it is possible that a similar mechanism exists in breast cancers that display high level of
PI3K/AKT pathway activation. In fact, oncogenic activation of the PI3K/AKT signaling pathway
is frequent in TNBC and most commonly occurs following PIK3CA gain-of-function mutations
or P53 inactivation (40,41). Treatment of triple-negative breast cancer cell lines with the allosteric
AKT inhibitor, MK-2206, inhibits tumor growth and increases sensitivity to other
chemotherapeutic agents (42—-44). Clinical trials for TNBC have shown that AKT inhibitors,
including MK-2206, have a synergistic effect with paclitaxel and significantly improve
progression-free and overall survival (42,43). In addition to regulating cell survival and promoting
tumor growth, we have shown that AKT controls the expression of Sox10. Therefore, we believe
that the therapeutic targeting of AKT could decrease mammary tumor stem/progenitor activity by

downregulating SOX10 expression in TNBC.
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A recent murine model for TNBC has identified a high frequency of both Egfr and Fgfr2
amplifications (21,30). FGF-signaling has previously been shown to induce the expression of both
Sox9 and Sox10 (21,30). In light of our observations, Fgfr2 amplifications in TNBC (41) may be
sufficient to upregulate Sox9 expression. Combined with gain-of-function mutations in PIK3CA,
this would be sufficient to increase Sox9 activity in an AKT-dependent manner. Therefore, the
combinatorial treatment of triple-negative breast cancers with FGFR and AKT inhibitors may
target two distinct signaling pathways that drive SOX10 expression by blocking both the induction

and activation of Sox9.

One of the largest barriers to the effective treatment of HER2-positive breast cancers is the rapid
acquisition of Herceptin-resistance (45,46) often accompanied by significantly elevated levels of
phosphorylated active AKT (47). As both chronic Herceptin treatment and SLK deletion result in
the hyperactivation of AKT, we speculate that these Herceptin-resistant tumors may have also
acquired SOX10 expression. Therefore, it is possible that Herceptin-resistant tumors with high

levels of AKT activity may be dependent on the oncogenic and stem/progenitor activities of Sox10.
Conclusion

We and others have reported that triple-negative and basal/stem-like breast cancers can be defined
by a high level of SOX10 expression (20,48-51). Here, we have uncovered a novel link between
constitutive activation of AKT, Sox9 phosphorylation, and the induction of Sox10 gene
expression. Our studies have identified Sox9 as a novel AKT substrate. As recently highlighted
(20,22), Sox10 transcriptional reprogramming may be a hallmark of TNBCs. This raises the
possibility that targeted therapies to the Sox9-Sox10 axis could represent an important first step in
the treatment of TNBCs. This might also have major implications in the targeting of tumor stem

cells in TNBCs and our understanding of the role of Sox9 and Sox10 during development.
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Supplementary Figure 1. Induction of Sox10 following Slk deletion is not due to promoter
demethylation. A, Schematic representation of the murine Sox10 gene. The transcriptional start
site is indicated by the forward arrow. The location of all CG dinucleotides are represented as
individual vertical lines. Methprimer CpG prediction software was used to identify potential CpG
islands and are shown as the underlined regions. B, SLK™ and SLK”* NDL cells were treated with
5-aza-2’-deoxycytidine (5’-Aza) for five days. The levels of Sox10 transcript was assessed by
gPCR analysis. C, Bisulfite sequencing of genomic DNA from SLK™ and SLK”- NDL cells was
performed. Five independent clones from each cell line was sequenced. A representative plot of
unmethylated (open) and methylated (filled) CpG repeats from two putative CpG islands identified

in (A) is presented. ns: no statistical difference, * p < 0.05.

221



B sLK"" NDL
Bl sLK" NDL

IP:lgG
N w o o

-

Relative Enrichment over

")
bq‘b
&
‘@\

Sox10 Promoter (bp from start codon)

A N N
siRNA: = N~ N o o

Sox10 M W mw = s oo
AKT W0 o o s o st
B-Actin cms e a» e e e

o
N
-

C
. A
SiRNA: < o oY

soxto [
AKT3 S ————
B-Actin s a———

Supplementary Figure 2. Sox10 induction is preferentially mediated by AKT2. (A) Chromatin
immunoprecipitation (ChlP) was performed on SLKfl/fl and SLK-/- NDL cells to assess K27
Acetylated histone H3 binding to the Sox10 enhancers. Following ChIP, gPCR analysis was
performed across two putative SoXE binding sites within the -6904/-5995 fragment of the Sox10
promoter. gRT-PCR data was normalized to an IgG ChlIP or a negative control element within
exon one (-150/+103) as in Fig 2. No statistical differences were observed between the cell lines.

N=3. (B) Knock down of AKT1 or AKT2 results in Sox10 downregulation. AKT1 knockdowns
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were ~50% at best with two independent siRNAs. AKT2 knockdowns with two siRNAs ranged
from 50-70% with a marked downregulation (80-90%) of Sox10. (C) AKT3 knockdowns from
40-60% did not show any appreciable reduction in Sox10 levels. Underexposed blots were
subjected to ImageJ densitometry and normalized to B-actin and NT controls. NT= non targeting

siRNA control.
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