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Abstract

SOX9 and SOX10 have both pamd antitumouigenic functions. In melanoma, SOX9 and
SOX10expression are mutually exclusive, suggestimey play unique rolesHere we assesd

the role of SOX9 and SOX10 on therapy resistance in BRAF V@bOEN melanoma. We used

a panel of syngeneic murine YUMM (Yale University Murine Melanoma) cell lines and
demonstrated that these YUMM ceifgleedhave mutually exclusive expression of SOX9 and
SOX10, correlad with their vemurafenib resistance (a BRAFV600E inhibitor). Unexpectedly,
exogenous expression of SO¥P SOX10 did not alter resistance to vemurafenib. Interestingly,
SOX9 knockout cells that under went a tovae mur af
resistant statand remained sensitive o geneactivation and 8x10 repression during the
transition to the resistant state were in part due to chromatin remodeling. To further explore the
role of SOX10in resistancewe treated vemurafenib resistant YUMM lines with the oncolytic
virus VSVm51, a n showedhgtithesg resistapt cedisprey also rdsestant 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 k&les in this cross resistant stake.gain further
insights into the role of SOX10 in melanoma, we generated Sox10knubckUMM lines. We

found that the loss of SOX10 alters tumour growth by two distinct mechariibgless of SOX10
induces cancer an celtlike (CSC) propertieaind lead to a downregulation of CEACANMHR
inhibitory immune receptor found on both immune and cancer cells. This SORKACAM1 axis

led to a decrease in aitimour CD8+ Tcell infiltration in melanomdumous. Taken together,

we find that SOX9 plays a gatekeeper role during the transition to a targeted therapy resistant state

while SOX10enhances 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 cas@s the United State does account for most skielateddeath$l,2).
Melanoma can be divided infour groups; cutaneous melanoma (C{ff)elanoma of the skjn
mucosal melanomémucous membrafgeacral melanoma (located on palms, nail beds and the
soles of feet)anduvealmelanomgmelanoma of the ey). CM is the most common arnglthe

focus of my work.

CM can be further divided according to the molecular landscape of genes that can modulate
the mitogeractivated protein kinag®APK) cascad@l). The most common subtype, the B
Rapidly Accelerated Fibrosarcoma (BRARutants account for approximately-80% of all
CM(4,5). This mutation status is commanmelanomas arising from intermittent sun exposure
and tend to have less somatic mutations compared to the other s(h&)pdse Ras subtype
typically NRAS accounts for about 30% of all melan@¢@). Unlike the BRAF subtype, NRAS
melanomas occur in older patierftdlowing chronic sun exposu{®,9). The third common
subtype isassociated with a neurofibromatosis typRfF{) loss of function mutation which causes
a lack of negativeregulation on RAS proteindeading tohyper activabn of the MAPK
cascad@t,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 increasagations anamplifications of genes associated
cell cycle progressionor receptor tyrosine kinasebat signal downstream to the MAPK

cascad@t,5,11)



1.1.2 The mitogenactivated protein kinase (MAPK) pathway

The most common MAPK pathway observed toaltered in cancer is the RASAF-
MEK-ERK cascad@?2). 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 ¢&B,14) Canonical RASRAF-MEK-ERK signalling can be
initiated by the activation of various RTKs (HER, FGFR, PDGFR) found at the surface of the
cdl(15). Following activation, RTKs can dimerize and autophosphorylate, allowing various
adaptor protein docking such as GRB®. GRB2 can then recruit various Ras guanine nucleotide
exchange factors such as SOS which facilitates the exchange of GDP to GTP on RA1#dteins
GTP bound RAS can interact with RAF proteins at the plasma memlaaiigating the homo,
or heterodimerization of RAF proteins and activating their kinase a¢fiBfyRAF dimers can
then phosphorylate the serine/threonine kinase MEK, and subsequent{§ RERK, the final
kinase of the canonical MAPK pathway, can phosphorylate a plethora of proteins including
transcription factors -dun and eVlyc, promoting cell growth, proliferation and

survival15)Figure 11A).

1.1.3 BRAF(V600E) subtype

BRAF is a serine/threonine kinase part of a larger famibctifeRAF proteins including
ARAF and CRAK16). Three conserved regions makp the RAF proteins (CR1, CR2 and
CR3)17). CR1 contains two specific domaintlse RASbinding domain (RBD) and theysteine
rich domain (CRD), where it functions as the GBiRding domain used for its interaction with
RAS proteingl8,19) CR2 acts as hinge to allow for conformational changes of RAF proteins
andto enter an open/active or closed/inactive state. This region is predominantlyrstriaed

allows for 143-3 protein bindin¢20). CR3 is the catalytic domain and allows ftire

3



phosphorylation of RAF specific targé26i 22). Interestingly BRAF is the most commonly
mutated RAF protein in various cancer types such as colorectal cancers, thyroid cancers and
melanomé23). Although it is not fully understood why BRAIS a preferential target for
mutations, variousexplanationsave 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 domiaimay also be the reason for its oncogenic

potentia(24i 26).

Before an activation signal, BRAF remains as a monomer in the cytosol in its closed
conformationf27). It is held in this conformation through autoinhibitiospCR1 and CR®inding
and throughnteraction with dl4-3-3 protein hat is mediated through phosphorylation in the CR2
domair(17,20) This stabilizes the closed conformation and blackinase activity. BRAF
activation begins with GTP bound RAS binding to the RBD on BRAR32). This binding allows
for BRAF recruitment to the plasma membrane where the CRD can bind to phospsexiiogs
in the plasma membra(@8i 33). Once both the and CRD are engaged, BRAF loses its
autoinhibibry conformatio32,33) At the plasma membranenteraction withphospholipids
allows for the release of 13t3 bound to the CR2 regi@mddephosphorylation of the CR1 domain
converting BRAF into its open st§8li 36). Once in its active conformatipBRAF can form
homo or heterodimers with other RAF proteins, where they can allosterically activate one another
in the CR3 regiof86). Active BRAF canphosphorylad MEK which in turn can phosphorylate

ERK1/2to complete signal transducti8V)Figure 1.1A)

Over 80% of all BRAF mutéons found in melanoma revolve around the missense
mutation at ocleotidel 799 where is a thymine to adensubstitutiori23). 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 BRAFeeping the DFG motif in its inactive/closed conformaid®)39) Due to the
V600E mutation the hydrophobic valine is now a charged glutamic acid, disrupting the
hydrophobic interaction and forcing til=G motif into its open active conformation, aligning
ATP and the peptide recognitioleading to constitutive kinase acti\i8g8,39) 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
conformatiornt40,41) 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

regulatior{39)(Figure 1.1B)

The oncogenic potential of BRAF(V600HS dependent orthe genetic landscape
BRAFV8%Eexpression in melanocytésadsto a commorphenomenomalled oncogenéduced
senescengdzi 44). Following a rapid cell divisiormelanocytesose their growth capabilitiesnd
begin tostain positive for senescent markers such as'¥¥#and SAb-gal(45). In mice it was
found that BRAFESEexpression in melanocytes gave rise to melanocyti¢4®vi4) These nevi
undergo growth arrest following multiptell cyclesandsharethe expression afenescénduced
genes Although these newre not truly senescent but rather in tisescemike state, they can
bypass this growth arrest and form melanoma. This is achieved through the loss or inhibition of
tumoursuppressors like PTEN or CDNK2a whigdmoves theyrowth arrest signab induce a

malignanttumour46,47)
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Figure 1.1 Schematic representatlon of MAPK signallingpre- and posttumour treatment.

(A) Representation of MAPK signalling in normal tissue. (B) BERE induced MAPK
signalling is unaltered by ERK negative feedback and does not require upstream cues for
activation. (C) BRASE inhibition using vemurafenib blocks downstream signalling, reducing
tumour burden and inducing cell death. (D) Chronic MAPK inhibition induces adaptive
reactivation of the MAPK cascade and neighbouring signalling pathways t@ofgdumour

regrowth.Figure was generated in BioRender.



1.1.4 Generation of murine modelsusing the V600E mutation

Various murine melanoma models do exist that usually recapitulate various RAS or BRAF
driven melanomas. The mastmmonstudiesfocus on the NRA®R and BRAF®%E mutations
which all produce melamytic nevi in micg48). Interestingly many models pair thesgcogenic
mutations withconditionaldeletions of variousimoursuppressoriscluding p18K4A PTEN and
P5348). These deletions are accomplished usingtiedox recombinase system where twoRox
sites ardflanking critical domainswvithin the gene of interesTissuespecificexpression of Cre
allows critical exons to be excised, resulting in null alleles in organs of ifg&esh melanoma
models two main promoters argypically used the DCT or Tyosinase(Tyr) promote(48).
Current melanoma models use an inducible sysfean example the BRAFE PTEN'"
Cdkn2"" utilizesthe CreER that is driven off the Tyr promdts). This allows for topical or
systemic melanomandudion that isdependent on-OHT treatmer(®6). Interestingly,termed
YUMM, variousC57 cell lines fronBRAF'®°°Emodels harbdng various genetic mutatiorsave
been derive(b0). These cell lines havasimilar genetic makeup but differ in variopgoperties
including invitro and invivo growth potential, immune infiltration and resistance to targeted

therapies0).

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 Kkill
cancer cells. This strongly differs from chemotherapies as those target rapidly cycling cells, which
is not always the case in some can@s Targeted therapies are aimed at specific mutations,
amplifications, or increased enzyme activity that is specific to particular sancereasing

specificity and decreasing the death of normal neighbouring ¢&kue
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Targeted therapies usually come in two forms: monoclonal antibodies (eg. Herceptin), and
small molecules (eg. Imatinif2i 54). One of the first tested targeted therapies used against
melanoma consistenf two kinase inhibitors, sorafenib and RRB555). These two molecules
are both norselective inhibitors, targeting multiple proteins due to the similarity of the kinase
structure. Although functioning as intended, they lack the specificitynigéalincreased toxicity
in patient$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 vemurafeni®6). Vemurafenibis a small molecule inhibitor thdtinctions
similarly to sorafenib by competing with ATP, but rather than targetieginactive kinase,
vemurafenib primarily inhibits BRAF iits active/open conformatigincreasing specificity for
the BRAF®%E varian(56,57) Although vemurafenib caused inhibition of BRAFE (31nM) it
could also inhibit other kinases at various potencies includiRg\le-1 (48nM) and wildtype
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 and58i 6i\/p In
clinical trials, vemurafenib was shown to extend overall survival and progression free survival in
metastatic BRAE°°Emelanoma, making it an importaneatmeni62i 64). Vemurafenib was able
to produce great response rates with an increase in clinical response by approximaté® 50%
64)Figure 1.1C)However, within ayear patierg no longer responded to vemurafenib treatment
and began to relapb). This lack of response to vemurafenib was due to the activation of various

resistant mechanisms currently being studied in mela(@@ha



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 (ICIT.heyutilize monoclonal antibodies to block ligand access to
inhibitory receptors on cytotoxic lymphocytes. Ligands such as-P1D80, LAG3, HVEM and
CEACAM1 can bind to their respective receptors on immune cells and impose an

immunosuppressive effé6b).

Currently approved ICIs include Ipilimumab and Nivolurt@ 69). These antibodies
block CTLA-4 and PD1, respectively, two inhibitory receptors usually found on cytotoxiells
(671 69). These checkpoint blockers function through binding to trespective receptor, no
longer allowing liganereceptor interaction and therefore, blocking theells from entering an
exhausted, shutdown sta(é6). This allows for the reactivation of the host's immune cells,
recognition of the cancer and immumediated 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 senitlvit). Combined with the loss of
vemurafenib sensitivity, this dual resistanc
resistance, a vast majority of these ligands become expressed at the cellular surface causing
increased immunosuppressi@do). Other ICIs blocking LAG3 and TIM3 interactions are
currently being tested to circumvent this overall resistance obsé&uwathination therapy of anti
PD-1/LAG-3 has shown approximately a 13% objective response rate in patients previously
treated with anti/PEL therapy73,74) Although minuscule these findings provide initial proof for

the useof other ligand/receptor blockers to allow forsensitization to checkpoiirthibitors



Although antiPD-1 and CTLA4 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 tumoiltratihg lymphocytes
(TILs)(75). Briefly, TILs are harvested from the patient, expanded and activated ex vivo, and then
subsequently administered back to the patient
microenvironment, they harbor an inherent recognition of the tuasgciated antigens, and
therefore can recognize and properly clear the tumour. In a phase lll 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 thd. -treated compared to the ipilimuméleated groufy6).

Overall, TIL therapy is a promising avenue which is currently being tested iatraatment
regi men with 1 Cls to allow for reactivation

clearance.

1.2.3 Virotherapies

Oncolytic virotherapy functions in two major ways:thyough the direct lysis of cancer
cells and 2) through the recruitment of amtnour immune cells to the tumour microenvironment.
Although there are various forms of oncolytic viruses, only the herpes simplex wes;, has
been FDAapproved for meda use in melanon{@7). But with the breakthrough of targeted and
ICI therapies, the mode of action ofVEC has not been fully elucidated as well as for other

oncolytic viruseg/8).

Vesicular stomatitis virus (VSV) is a single negative strand RNA virus that belongs to the
Rhabdoviridae family. Interestingly/SV tends tanfect horses, rodents and cattle nunhimally
infects humans with only mild/asymptomatic outcomes. V®drborsan 11lkbp genome
containing only 5 genes, the Nucleocapsid protein (N), Phosphoprotein (P), Matrix protein (M),
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Glycoprotein (G) and the Large polymerase protei(/1®,80) These 5 proteins make up the bullet

shaped envelope virus aalow for its viral entry replication and spre&ddi 81).

During viral infection the cells have a multipurpose defense/sense mechanism that
activates the type | IFN response that inhibital replicatior{82). During viral infection the Type
| interferon response can be activated through vanatiswaysknown as pattern recognition
receptors (PRRE2). Although PRRs come in many formagainstRNA virusesiwo families are
mainly involved including Toll like receptors and Rl@ike receptors. These PRRs sense VSV
proteins or genomic RNA that are not familiar to the hostsg@eimproper localization andan
further induce the type | IFN respoii®2). Thetype IIFN response signals through its receptors
IFNAR1/2 which dimerize following IFN bindin@2). This binding promotes the
autophosphorylation of JAK1 and TYK2 which phosphorylates STAT1 and STAT2 promoting
their dimerizatio(82). Following STAT1/2 phosphorylation, they can enter the nucleus as a trimer
with IRF9 where they can activate various interfestimulated genes (IS@2). These ISGs play

various roles in blocking viral infection and propagation, terminating the viral §&ad

Although resistance can be observed following oncolytic treatment, understanding the
mechanisms behind this resistance lvalpimprovetreatments. A majority of studies have looked
into VSV treatment and potential mechanisms of resistance to oncolytic infection. Specifically in
melanomait has been shown thdifferenthuman melanoma cells have varying susceptibility to
VSVqB3)l Pret r eat ment with | FNb was able to reso
concentrations, indicating that certain cells have various levels of defects in the antiviral IFN
respons€83). Following immune checkpoint inhibitor resistance in melanamaroportion of
patientsshowa loss of function mutation within the IFMAK-STAT pathway84). Oncolytic virus

treatment post ICI resistance has shown an increase in VSV susceptibility which is due to the loss
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of functionof JAK2 and an impaired IFNignalingpathway(84), providingapotentialalternative

treatmenfor 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 pathwéb). This is primarily achieved through the upregulation of
various receptor tyrosine kinadgq8is87)cSigure bhlDas PDGIH
These kinases perpetuate the downstream signaling of the MAPK cascade independently of the
BRAFV%E mutation through the activation of either wilgpe BRAF, other RAF proteingnd or
neighbouring signalling pathway3he administration of MEK inhibitors in conjunction with
BRAF inhibitors has been introduced to eliminate MAPK cascade reacti(@gi@1). This dual
treatment prolonged patient survival compared to single agent use and is the current therapy
standard of care for the treatment of metastatic mela@3i@8). 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 MAPKIi resistant cases have
acquired NRAS mutatioi84). Patient sequencing data has also confirmed that in about 8% of
resistant cases, there is a MEK mutation within exon 332¥,85) 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 BRA¥E splice variants that occur following
targeted therapy resistaii®@6). These splice variants usually occur within the RBD region

allowing for easier dimerization and therefore enhanced downstream sigi@&l)ilBRAF is also
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observed to show gene amplification following resistance that can further stimulate MAPK

downstream signalling6,97)

Although the MAPK pathway plays a very important roléumouigenicity, melanomas
sometimes activate MAPKdependent pathways to overcome resistance. One interesting
pathway that becomes stimulated through RTKs is theKPAKT signalling pathwa(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 preumouigenic cues associated with melan¢@8 101)Figure 1.1D)

Other pathways have also shown to play a role in MAPKi resistance such as the
WNT/Catenin network, various metabolic pathways and other genomic alte(aiari3)
Although the molecular cues and phenotypic changes-tpzgtment are well understood,

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

1.3.2 Heterogen@uspopulations

Intratumoul 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 witlingle agen{d04) The notion of intraumouial heterogeneity originated
from two key ideas: clonal evolution and the cancer stem cell (CSC) (hodgIClonal evolution
focuses on the idea that various mutational signatures allow for epigenetic changes that result in
slightly differenttumour cells, each potentially having its own distinct phenotype within the
tumourmicroenvironment. Interestingly, with the use of SNV and CNV, melanoma display one
of the largest clonal populations when compared to othertsmiduis(105,106) The CSC model

hypothesizes that tiiamourinitiates off a specific subset tafmouigenic CSCs, allowing for the
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developmenbf phenotypically distinct populations of melanoma cells. These CSCdunraoeir
initiation activity while the major populations within tiemouis do not. The earliest studies on

CSC in melanoma focused on sorting CSCs and assessing their tumourigenic potential. Sorted
CD34'p75 melanoma cells showed increasechourformation while the CD3$75" cells rarely

formed tumours in immunocompromised n{i@7). There is no unique marker of CSC in
melanoma. However, various stem cell markers have been widely used such as CD271, CD133,
Sox2, and ALDH{108 111) Various studies have shown that these markers may exist in a
proportion of melanomas but not in oth€l®8 112) These populations when isolated and
transplanted into partial immunocompromised mice led to overall tumour growth, where the
negative isolates did nd09,110,113)Interestingly, single cell transplants of human melanoma
cells in completeimmunocompromised mice showéttreaseduptake and growtlof a large
proportion of melanoma cellsontradicting the CSC moddl14,115) 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 wei@und to be ustable where the negative

and positive populations reverted back to homeostatic levels, suggesting an alternative mechanism

to the CSC modéL15)

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 $ugi§ested
This model focuses on the idea that cancer cells can transition dynamically from a proliferative
drug sensitive state to a therapy tolerant and invasivékit&)eNonCSClike cells can transition
to CSClike cells and these transitions are dependent on various cues that exist witamdhbe

microenvironment. Indeed, studies have identified two populations within melanoma; a
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proliferative (differentiated) and invasive (undifferentiated) phendfyi# 119) With the use of
transcriptomics, the proliferative state was shown to express SOX10 and MITF, two major players
in melanoma initiation and progressfafa7 120YFigure 1.2) The invasive state expressed
various EMTFlike markers including ZEB1, SNAI1, and EGER7 119) Using cohorts of
melanoma within the TCGA dataseétimours appear to transition from one state to the next
independently of the mutational status, strengthening the idea of a dynamic epigenetic
landscap€l19) 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 it8) In general, the proliferative state

can be identified as a SOX1®, MITF"9" AXL 0%, SOX9°" state while the invasive state

displays the reverse expresgibh7 121)Figure 1.2)

Additional molecular states have now been identified using various markers and shown
transition between each other, dependent on cellula(X2#424) Following gene signature
clustering, two new molecular states were identified: the transitory state and neural crest Jike state
showing varying levels of SOX9, SOX10, MITF, and RTH&2 124). 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 neurallikregihenotype and finally
ending at the undifferentiated st@t23) The undifferentiated state was shown émsbsceptible
to ferroptosisnducing compounds capable of eradicating targeted therapy resistant cells within
the cell populatiofL23) Using scRNAseq, these states were confirmed within paiikmived
melanoma cell ling&24). 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 stgfi24)

Although the drug resistance and the transition between various states is well documented,
no therapeutics have beencovered 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 tmd res

sensitivity.

16



SOX10 SOX9
MITF SOX6 AXL
Tyr NGFR TEAD

GP100

Length of MAPK inhibitor treatment

Targeted therapy [Mfermediate Targeted therapy

sensitive resistant

) Prolif?rative, Invasive, Slow-Cycling
Differentiated State Undifferentiated State

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 slowcycling Sox9+ state following chronic treatment with MAPK inhibitors (eg.

vemurafenib). This transition is believed to be initiated throughodgsof SOX10 and MITF and

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

1.4.1 CEACAM family and structure

Carcinoembryonic antigerelatedcell adhesion molecules (CEACAMSs) are a group of
glycoproteins found on the surface of various cell typ25) Thehuman genome expresses 12
CEACAM members,CEACAM1 CEACAM38, CEACAM16 and CEACAM1821, which all
contain various structures with different functi¢irzs) CEACAM1 can be found on a plethora of
cell types including cancer and immune qél&6). In humans, there are 12 different isoforms of
CEACAM1produced through alternative splicing while only 4 exist in (ii2& 128). Murine
CEACAML1 isoforms consist odne Nterminal IgV immunoglobulidomainthat functions as a
binding region to CER@AZAOIE s threedgCl onmenoglpallint ner s
domains follow the IgV immunoglobulibound tothe transmembrane domain and a cytoplasmic
tail(128) The two CEACAML1 long isoforms consist of a long cytoplasmic tail containing an
immunoreceptor tyrosinbased 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 c@l&7,128]Figure 1.3) It has been shown to bind to
itself and CEACAMS with high specifici(it27,128) Although it is also predicted to bind to

CEACAM3, 6 and CEACAMS, its affinity to these proteins is lo(@28)

1.4.2 CEACAM1 in cancer and immune surveillance

In various cancers, CEACAM1 h&=gen shown to have antitumourigenic eff€28
132) However, in melanoma it appears to promote tumour proliferation, migration and
invasior(133,134) Interestingly, using an activating antibody specific to CEACAM1, one study

found that it reduced melanoma viability and promoted apoptosis ifih8&p Whether
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Figure 1.3 Schematic representation of the murine CEACAML1 isoforms CEACAM1-4L

contains all Nterminal immunoglobulins and a complete¢eZminal intracellular tail bearing the

ITIM domain. CEACAMZ14S contains all Merminal domains similar to CEACAMAL but lacks

a complete intracellular tail. CEACAM2L has a completentracellular tail but lacks 2/3 of the
IgC2 immunoglobulin domains. CEACAMAS is the smallest murine CEACAM1 isoform
lacking both a complete-términal and @erminal domain. CEACAML1 isofans can dimerize in
trans where it is facilitated through the IgV immunoglobulin, or in cis where dimerization is

facilitated through all immunoglobuling; 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 CEACAM1, primarily on
NK cells. In melanoma, CEACAML1 found on the NK cells can bind to CEACAM1/5 on melanoma
cells, suppressing the cytotoxic capabilities of the NK (3@ 138) CEACAM1 on melanoma

is also hypothesized to regulate the trafficking of NKG2D ligands, suppressing their transport to

theplasma membrane and therefore repressingmédiated cytolysi439)

1.5The Sry-related HMG box family of transcription factors

1.5.1 The SOX family

With over 1500memberencoded by the human gengnvanscription factors (TH)ave
beensubdivided intovarious subgroups. The sex determining regioi®ry)(high mobility group
(HMG)-box (SOX) family of TFss comprise of 20 different proteins which are divided into nine
subgroups(A, B1, B2 Cto H), with each protein within the grougisplaying a specific
characteristi(140,141) These SOX proteins are characterized by their highly conserved HMG
box domain which primarily binds the DNA site (A/T)(A/IT)CAA(A/T)@42) The SOX genes
are known as architectural TFs due to their ability to bind to the minor groove of @8bting
distinct bends in the templdfel3 145) This brings various regulatory regions in close proximity
and allows for direct regulatioby various factorfl43,144) The HMGbox is flanked bytwo
nuclear localization signals amgarsone nuclear export signal, allowing for nucleocytoplasmic
shuttling of the SOX transcription fact¢ig6 148). Although all the SOX proteins play important
roles in development and lineage specificatibay havewidely different functions within cancer

initiation, maintenance and progressib48,149)
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1.5.2 The SoxE subgroup

SOX8, SOX9 and SOX10 make up the SoxE family of transcription fa¢i®®) In
addition toa Gterminaltransactivation domain (TAjhe SoxEgroupis characterized by a unique
dimerization (DIM) domain which allogsvfor homo or heterodimerization with other SOX
proteing151,152fFigure 1.4) SoxE dimerization is facilitated by a DiM-HMG box domain
interaction suggestingthat only one DIM domain is required for dimerization betweddXS
proteing151) This also suggests that SoxE transcription factor binidiagghthe DIM domain
is SOX-specifiq151) Interaction ofSoxE proteins with other THs thought to bendependenof
the DIM domain. For example, SOX10 binds to PAX3 through its HMG domaintlaaidvas
corroborated using SOX10 protein truncations that lack the HMG domain causing a loss in all

proteinprotein interactio(153)

While also containing a TAthe SoxE group also shara K2 domain which acts as a
transactivatiorregionprimarily in the center of the proteiAlthough highly homologousthese
domains play varying roles depending on the g&uox8 has been shown to primarily function
from its K2 central domain antb lack any actiity 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 cortiegender{il56,157) Sox10
has been shown to require baolie K2 and TA for optimal transcriptional activatiomhe use of
the TA independently of K2s believed to be also context depen@Es8,159) More recently the
K2 and TA in all SoxE proteins have been shown to have cooperative and independent functions

that arecompletely context dependgdi6O)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 proteinsAmino 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 proligiutamine and alanine (PQA) rich domakigure

was generated in BioRender.
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oligodendrocytes and chondrocyte81,162) Due to the high homology between the SoxE
membersmany functions are assumed to be redundectmpensated foby other members. One
example of this phenomenon is in oligodendrocytes where individual SOX9 or SOX10 knockouts
shows no ovel phenotypefl63,164) However, deletion oboth genesigesrise to localized
apoptosi€le4) The SOXE proteins have also been shown to ham&agonistic functiong-or
instance, in melanoma SOX10 drives the initiation and proliferation of nwiacmevi(165).

SOX9 induction is believed to induce a fapoptotic environmentherefore having the opposite
effec{(165) Together the functions of SOX9 and SOX10 seem to be cetégeandent andan

displaysimilar orantagonistic functions imarious cancers.

1.5.3 SOX9 in cancer

SOX9 was initially identified in 1998vith anotherseven new SOX genes (SOA8)
bringing thetotalto 14 SOX genesxpressed in mouse embryos at 11.5@d@p0) Whi | e S OX9Z¢
role in cancer has been well documeniegispecific function and target genes atidl largely
unknown. SOX9 has been shown to promote proliferation anuirpouigenic phenotypes in
oesophageal squamous cell carcinoma, hepatocarcinoma and parngneaticcells while also

being proapoptotic in melanoma céli§6)

Although SOX9 plays multiple roles in cangérs generally associated with the epithelial
to-mesenchymal transition (EMT) procés86). Briefly, EMT is the transition of epithelidike
cells to a more mesenchymal state, inareasiotility and invasion of the cell&lthough it is a
non-epithelial cancern melanoma, this transition is termed phenotype switcaniyesembles
the EMT by transitioning to a more invasje-differentiated stafd67) SOX9 has been shown
to bind to key regulatory regions alteritige expression ahesenchymal TFs markers including

SLUG, Vimentin, and ZEB(@68,169) These have been shown to plaiyotal rolesin the

23



initiation of EMT in various cance(&67) The loss of SOX9 has also been shown salten the
downregulation of anajority of these markers as well as phenotypically reduce the invasive

capacity of various cancers both in vitro and in YhGH).

In various solidumours, SOX9 has also been shown to plagiwotal role in maintaining
the cancer stem cell populat{@s6) In conjunction with SLUG, SOX9 knockdown reduces the
tumour initiating cell population in both breast and lung cgi@é;,171) This was accompanied
by a reduction in sphere formation as well as a reduction in overall metastatic pdfédfiai1)
SOX9 induced CSC propertiepromoed EMT and contributed to drug resistafibé6,171)
Recent findings in basdike breast cancer identified SOX9 as ragulator of lineage
plasticity(172) SubsequentlySOX9 was identified as an upregulated gene during the transition
to a plastic stat€172,173) This upregulation was accompanied by a strong positive correlation
betweerSOX9 expression and neoadjuvant hormone thetiagaged patien{d 73). 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 cafti o)

1.5.4 SOX9 in melanoma

The role ofSOX9as apro-or-antiumouigenicfactorhas been strongly debated over the
past two decades. Earlyjelanomapatient data has found that SOX9 is only expressed in
approximately 20% of melanoma nevi atidht this expression drops further in primary and
metastatic melanomas to 4% and 0% respec{iék). Exogenougxpressiomf SOX9 perturbed
the proliferative abilities of melanoma in vivo andvitro, suggesting a strorntitumouigenic
function for SOX9177) In contrast, others identified SOX9 expression in primary melanoma as
well as in subset of invasive human melanoma cell [h24,178) Interestingly, 5aza cytidine

and bisulphite sequencing showed methylation of the Sox9 gene in proliferative melét@has
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When overexpressed, SOX9 induced cell cycle arrest while also mediating a more invasive
phenotype in vitro and in vi@21) Ultimately, a study identified SOX9 expression in human

patient samples to be predominandypressedn metastatic melanombesions compared to

primary melanomaand ng€%7r9) |t was further determined that
threshold dependent where low SOX9 expression seems to mediate an antiproliferative response

while elevated levels increase the metastatic pot€hfia)

1.5.5 SOX10 in cancer

SOX10 expression is observed in various formemthelialcancers such as breast and
ovarian but most predomintly in melanomg180). However,its role in modulating thgrowth,

EMT and the CSC state as welldisig resistance hamot 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 a b-tatnin, tawo pfomioentl i t at

markers of proliferatiori182)

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/progenito( E&Byity
In HER2positive breast cancer, the overexpression of SOX10 promoted the CSC properties, while
also promoting cell growth in viv@.84) In triple-negative breast cancer, SOX10 has been shown
to promote the expansion of a CDA4D24 population, common markers of CSC found within
breast cance(185) Whether these SOXiflependent cancer stdike 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 haploinsufficiencyreduced nevi formation in vivo while also alterifigmour
initiation from 2 months in control mice to 5 months in SOXH2Z mice(186) A similar study
focused on NRA®IK driven melanoma where it was found that SOXiploinsufficiency
reduces the hyperpigmentation found withimouss and increase the timettanouronset(187).

A reduction in SOX10 levels also reduced the proliferative status of melanoma and abolished
tumour growth in vivq(187) This loss otumourgrowth was also associated with the loss of the
NCSC marker CD271, previously associated with melanoma initiafibh3,187,188)
Interestingly multiple studies have shown that SOX10 plays an important role in regulating

melanoma proliferation, migration and invas{@d9 191).

Although the importance SOX10 in melanoma initiation amdintenancehas 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
melanomg192,193) Interestingly, inhibition of ERK with the use of vemurafenib promoted the
transcriptional activity of SOX10 on the FOXD3 promotg®3) This in turn promoted overall
resistance to MAPK inhibitor¢193) In contrast, various studies have marked the SOX10
population as the druplerant stat€119,194197) With the use of CRISPRas9, it was found
that the deletion of SOX10 pushes the cells into a dormant/quiddeentate(197). These slow
cycling cells were characterized by an wupreg
increasing the overall invasiveness and targeted therapy resistance in mdla@om&/ith the

use of published datasetse groupcurated a list oSOX10associated gen@®98) This gene
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signature was negatively correlated with targeted theragigtant melanoma samples in both
single BRAF inhibition and combination therapy with MEK inhibi{@@8). It was also found

that the SOX10gene signature also negatively correlated with-r€Sistant patient samples,
suggesting the loss of SOX10 may drive a cross resistant phenomenon in méEs®)niais is

in contrast to findings showing that SOXd6pleted melanoma cells are more sensitive to
cytotoxic T cells and t h¥l99% Pespitethesedtudiey, ttieo #ill ne s

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 maintgd®33eOn the contrary, the
removal of Sox10 caused the loss of melanocyte pigmentafbp These different phenotypes
were further validated in giant congenital naevi where Sox9 knockout mice did not affect
hyperpigmentation lesions while Sox10 removal blocked lesion form#&ti6s) 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 regiqd65) This antagonistic relationship between SOX9 and SOX10 also
appears to exist between the proliferative drug sensitive state (ED210+) and slow cycling
drug resistant state (SOX9+/SOX)10119,124,196,197)Surprisingly, little is known about the
role of Sox9 in targeted therapy resistance even though it is activated following the loss of

SOX10119,124,197)
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1.6 Rational, objectives and chapter overvie/

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 @ta8194 197) Somestudies 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’$0X9
stat€119,124,196,197)The loss of SOX10 appears to be a critical step in drug resistance and
SOX9 activationTherefore, whether it is BRAF-targeted or immune-directed, our global
hypothesis was that the SOXI{BOX9 interplay is critical for drug resistance and the
phenomenon of cross resistanceOur prediction was that the loss of SOX10 would trigger a

stemlike phenotype switch accompanied with resistance to multiple therapeutics.
1.6.2 Chapter overview

The overall goabf this thesisvasto investigate the role of SOX9 and SOX10 in
melanoma therapy resistante Chapter 2, we investigate the potential relationship of SOX9
and SOX10 in melanontargeted therapy resistand#e 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 ralenducing vemurafenib resistance but rather acts as a
gatekeeper, where expression of SOX9 is requiredachrad activate aiesistant state but is no

longer required posgesistance

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 theonaidSGs.
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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 degoeagenitorlike
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 Gitive Tcells

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

Sox9mediatesthe transition to a targetedtherapy 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 melandmareparation.
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Sabourin L: Provided general expertise throughout the project. Also proofread and edited the
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2.3 Abstract

SOX9 and SOX10 are keyranscription 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 BfRRFpositive melanoma. Upon the loss of SOX10,
SOX9 is induced pogteatment. 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 lte cells to vemurafenib in both intrinsically and jaiilgely resistant murine
melanoma cell lines. However, we find that SOX9 is necessary to confer a vemuragestdnce
memory state. Indeed, SOX9 deletion in-ppeated cells confers the same overall sensitivity as
naive controls, suggesting that SOXSequired early during the cells transition to the resistant
state. We observed that SOX9 activation upon acquired resistance occurs through chromatin
remodel ing with increased open chromatin al on:i

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

Melanomadevelopment is typicallglue to increased activation of the MAiRasecascade,
commonlydue to a mutation upstream of the MBRK signaling cascade. The BRMEE
mutation, which accounts for approximately 50% of melanoma cases was first discovered in
200223). This mutation creates a constitutively active kinase no longer affbgtethibitory
signals produced from excessive MAPK signaling, inducing an uncontrolled proliferative
phenotyp&38,39) Vemurafenib, a highly specific BRAF Einhibitor, was the first of its kind
and showedutstanding clinical activi$p6). Tumors shrunk and overall patient survival increased
to 84% within 6 month€ompared to 64% in the dacarbazine gf6dp64). Albeit promising,
patients relapsedithin 12 month&5). This acquired resistance stasebelieved to be due to the

reactivation of theMAPK cascade, independénbf the oncogen@00).

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 tontsntleus
heterogeneit§d 05,106) Various studies have identified multiple molecular states characterized by
differential gene expressi@iil7 120,122 124) These states have specialized functions pertaining
to proliferation, invasion, targeted therapy resistance and/or immune mod{dla#di4)
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
melanocyte@01) Following the loss of SOX10, melanoma transitioned into a targeted therapy
resistant state that was accompanied by an increase in metastatic jb8h1ial’) Interestingly,

SOX10 loss also induced a dormiike invasive state that is marked by an increase in invasive
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markers such aZebland Sox4197) The expression of SOX9, another SOXE protein, was
originally found to benutually exclusive with that of SOX10 in melangi®5) Various studies

have shown that SOX9 acts in an antitustiloe fashion in melanoma where it is silenced due to
hypermethylation of its promoter regid21,177) One study found SOX906s
on its expression level, switching from an antitumor function to a-ppobferative
phenotypé€l79). 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 stétd9,124,196,197)

Our studies show that the expression of SOX9 and SOX10 is indeed mutually exclusive in
a new subset of BRAEE positive murine melanoma cell lines (YUMM)e find that SOX9
expressiorstrongly correlatewith the vemurafenilesistant population of melanoma cells while
SOX10levels are downregulatebhterestingly, we find that exogenous expression of either SOX9
or SOX10 does not impaeemurafenib (Vemu) sensitivitydowever intrinsically sensitive cells
with SOX9deletedosethe ability of the cells to enter a resistant state following Vemu treatment.
When rechallenged, SOX9 knockocglls restores Vemu sensitivity upon drug rechallenge,
suggestingth&d8 OX9 acti vity is required to impart a
Finally, we find that SOX%@ctivation upon Vemu treatment of SOX@gative cells is not due to

altered methylation butatherto de novo transcriptional activation at t8®X9 locus
2.5Materials and Methods:
Cell culture

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

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

grown at37°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 10C 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 (@4DFPFL0001Q

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 NacCl,
0.1% Tweer20) overnight at 4. Following the next day, primary antibody was collected and

the membrane was washed three times, 5 minutes each with 1X TBSTFcdiRBated
secondarie¢Cat: 170655 or 1706516 Bio-Rad)were added at a 1:5000 dilution5f6 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 secondxpased to Xay 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
repeatedPrimary antibodies usdnclude SOX10 (Cat: 89356, CellSignaling), SOX9 (Cat: 82630.

CellSignaling) and BetaActin (Cat:A5316, SigmaAldrich).

Resazurin viability assay
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Melanoma cells were plated in a-@ll dish and treated with various compounds for 72 hours.
At the end of the treatment, supernatants in eachwegttremoved and replacenith 100puL of
resazurin solution (55uM resazurin s@tat: R7017, Millipore Sigma)L0% FBS, 1XDMEM).

Four hours after adding resazurin solution the absorbance of each well was read at 576rand 604
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 Vemuraféddi: S1267, 8lleckchen 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 curvéii@e days to confirm the resistant phenotype.
RNA isolation, cDNA synthesis and QPCR

Cell cultures were collected by using 1mL of TrigGht: 15596018, Life Techand scraping the
contents into a 1.5mL Eppendorf. To the Trizol collected samples, 200uL of chloroform was
added, and tubes wemgixedfor 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 £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 mMRNA precipitation
and spun at 12000 x g for 10 minutes. Supernatants were removed and the mRMAysEE

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. mRNA samples were

resuspended in 100uL of RNase free water and was further pufibed potential DNA
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contamination using the RNeasy Mini K€at: 74104, QiagenPurified mRNA samples were

guantified and purity was assessed using a nanodrop.

Purified mRNA samples were used for the generation of cDNA. 250ng of mRNA, 50pL of random
primers(Cat: 48190011, LifeTech)250ng of oligo(dT-1s(Cat: 18418012, LifeTechand 10nM

of dNTP were resuspended in a total of 13uL and incubate@@tf6b65 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, LifeTechand 1pL of SuperScript Il reverse
transcriptasgCat: 18080093, LifeTechyvas addedTo create cDNA the samples were then
incubated at 2% for 5 minutes, 5% for 60 minutes and 7Q for 15 minutes. Samples were then

diluted 1:200 in nucleaskee water and stored #20°C.

To run a RTPCR all samples used were run in technical triplicates, where relative mRNA
expression was d e tnethadwith ecdmalizationrtogActin or ébospgaCl8S.
Each well in the RIPCR contained 5uL of 2X iTaq Universal SYBR Green SuperfGit:
1725124, BieRad) 0.6pL of 10uM primer, 1uL cDNA and 3.4puL water. Plates were then run on
an Applied Biosystems 7500 Rdahe Fast PCR thermocycler at®&0for 5 minutes, 9% for 10

minutes, and then 40 cycles of’@5for 15 seconds and 8Dfor 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 & 9&r 5 minutes, 61C for 25 minutes, 9% for

5 minutes, 68C for 85 minutes, 9%& for 5 minutes and 9& 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 CloneJe{Cat: K1231, LifeTech)from Origene construct¢Cat: MR227031 &
MR207452, Origene)Primers used for the pBABEOX10 cloning were flanked by restriction
enzymes BamHI and EcoRI. With the use of BamHI and EcoRl SOX10 was removed from the
CloneJet plasmid and ligated into pBABEHro(Cat: 1746, Addgenepimilar processes were used

to clone SOX9 and SOX10 into the pMS@RESGFP Il (Cat: 52107, Addene)plasmid
although the restriction enzyme sites were reversed on the primer sequence. To synthesize the
guide RNAplasmids 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 H2BnRFR2A puro. For SOX9 guides oligos sgSeKk?2 FWD:
CACCGGATGACCGACGAGCAGGAGA, sgSox¥X1 REV: AAACTCTCCTGCTCGTCGGT
CATCC, sgSoxXK2 FWD: CACCGGTGTCCGAGCCGGAGCCCGA, and sgSeik9 REV:
AAACTCGGGCTCCGGCTCGGACACGvere usedGeneration of the SOX10 guide RNA has

been previously described.
Retro/lentivirus production and viral transduction

Viral particles were produced by seeding 5 df®93Ts in a 10cm dish. 293Ts were transfected
using lipofectamine 3000 with 10ug of construct, 8ug of pUMVC or pGiR8B.2 dvpr (for

retrovirus or lentivirus respectively) and 2ug of pCMASV-G. The next day media was changed
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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 fedanoma cells were infected for

6 hours with 1mL 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 5pug/mL of blasticidin(Cas9 selectionpug/mL of puromycin (pBABE SOX1Q)sorted for

GFP (SOX9GFP and SOX1{GFP), or sorted ér 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 thd 50 bootstrap option. Followinglignment, raw abundance counts were
analyzedand genes with fewer than 10 counts across samples were filtered out. Differential gene
expression was done wusing the O6resultsé funcHt

treatments pairs for each cell line.

Assay for transposaseccessible chromatin sequencing

ATAC-sequencing sample preparation was done following the user manual for the 2aaAKit
(Cat: 53150 ActiveMotif). In brief, 50000 cells from each cell line were collected and washed
with 1X PBS. Samples were resuspended using the ALY Buffer and spun for 10 minutes
at4°C to isolate nuclei. Nuclevasresuspended with the Tagmentation Master Mix and incubated
on a thermomixer at 3 for 30 minutes, set to 800rpm. Following this incubation, DNA becomes
fragmented and is isolated through the use of a colusulated DNA undergoes library
preparation and multiplexing using PCR amplification &C7fdr 5 minutes, 9& for 30 seconds,

and then 11 cycles of 98 for 10 seconds, 63 for 30 seconds, and @2 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 chromatirBamples werg@repared andgequencing was performg¢@Genome
Quebeg using the lllumina NovaSeq 600Bastq files for each library were then processed with
the Nextflow (v22.10.6) rEoreATAC-seq pipeline (v2.@202). Bigwig files were then visualized

with IGV and SOX9 and SOX1@&gions were analyzed.
Statistical analysis

All statisticalanalysis was done through GraphPad Prism software and data is represented as the
SEM(xSEM). T testsand nonlinear regressionvgere used for statistical analysis of various

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

To assess any potential correlation betw8emn gene expression and targeted therapy
resistance we used the Yale University murine melanoma (YUMM) cel(fidg©verallintrinsic
resistancdo targeted therapies wawvaluatedwith vemurafenib,a small moleculehat blocks
BRAF%%Esjgnaling. One cell line out of the panel (YUMM1.1) was found to be highly sensitive
to vemurafenib while the otheshowedvarious degrees afesistance until plateauing 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.TB)determine potential drivers of
vemurafenibresistancebetween the YUMM lines we performed RNA sequencing analysis on
three independent cultures of YUMM1.1 (vemurafesinsitive Vemw?) and YUMM1.7
(vemurafenib resistanVemuR) cell lines.We observeadver 1300 genes that were upregulated 2

fold in either the YUMML1.1 or YUMML1.7 cell line€Supplemental Figure 2.1AlFollowing Go
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term analysis, weolnd that the YUMM1.7 cell lineshowsenrichment in multiple pathways

focused on theell migration associated processes suclii@&asx t r acel | ul ar matr i »
Af ocal adhesi ono, and (Sapplengenid Rgure 2118 noajor maréer | mi g
of melanoma is the SoxE gergnx10 From our RNA sequencing analysis, we found 8@t10

is highly expressed in the YUMMZ1.1 cell line while it is undetectable in the YUMML.7 line (Figure

1C). Mutual exclusivity betweeBox9andSox10has been previously reported and was found to

be the case between the YUMML1.1 and YUMML.7 cell lines (Figure RL66) We further

mined allSoxgenes from our RNAequencing analysis and found that seven showed differential
expression (Figure 2.1C). It should be noted that nsxgenes did not show adequate levels of
transcripts, suggesting that they are not expressed (Figure 2.1C). Direct comparison shows that
Sox4 Sox6andSox10are upregulated in the YUMM1.1 cell lines wher8asx2 Sox12 Sox9and

Sox7are highly expressed in YUMML.7 cells (Figure 2.1C). We then validated the expression of
SOX9 and SOX10 in our panel of YUMM cell lines. &spected, we did find that the YUMM1.1

cells expressed SOX10 exclusively while the YUMM1.7 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 stsince, 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 YUMM1.1 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 experimentsC). (A & B) Significance was calculated using a ttailed

t-test, where * = p < 0.05, ** = p < 0.@hd *** = p < 0.001.

43



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 IGRMM1.1 5um, YUMM1.7/9 10uM)
and monitored for SOX9 and SOX10 levels. Surprisingly, SOX10 was found to be further
upregulated podtreatment in YUMML1.1 cells while SOX9 showed a downregulation in resistant
YUMML1.7 cells (Figure 2.2A). Others have also winothat SOX10 can facilitate resistance to
vemurafenib through the activation of FOX[93) To determine whether this expression was
observed chronically we further assessed SOX9 and SOX10 levels following acquired resistance.
We treated the YUMML1.1 and YUMMZ1.9 cells at their approximate IC50 (5, 10um respectively)
continuously for 6 week3.hree separate resistahdnes werésolatedand vemurafenib resistance
was confirmed using an alantaueviability assg (Figure 2.2B and C). Western blot analysis of
all resistantcloneswas accompanied by an increaseSOX9 expressioand a loss of SOXA
(Figure 2.2D and E)ogether, our data suggest thatuired and stabBRAF inhibitor resistance

is accompaniedy concomitantSOX9 inductiorand SOX10 loss.
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Figure 2.2: Vemurafenib resistance induces SOX9 expression in melanon{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 YUMML1.9 (C)
populations, rechallenged with vemurafenib. (D and E) Westetaiédysis of SOX9 and SOX10

in the vemurafenib resistant YUMM1.1 (D) and YUMML1.9 (E) populations. Data is representative
of three independent experiments (B and C). (Figure 2.2B lesrhedified from Figure 3.2B).

(B & C) Significance was calculatdwy first identifying the 1C50 of the curves using a Aiorear
regression. IC50s of the resistant populations was compared to the parental poputesiens

= p < 0.00Irepresents 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 blottuqgplénental
Figure 2.2A). We next evaluated vemurafenib sensitivity in S@X&essing 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 espya on the Vemu resistant SOX10
deficient YUMML.7 cells (Supplemental Figure 2.2B). Again, the expression of SOX10 in
YUMML1.7 cells did not affect their vemurafenib sensitivity (Figure 2.3B). Since both the
YUMM1.1 and YUMML1.7 cells express endogenousX30 and SOX9, respectively, ti8&oxE
binding sites could be already bound or saturated. To test this hypothesis, we used the YUMM5.2
cell line, which still harbors the BRAFE mutation but lacks both SOX9 and SOX10 protein
expression. We confirmed stabdspression 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 SEhessing YUMM5.2 cells

(Figure 2.3C).

We then evaluated whether the loss of SOX9 would affect vemurafenib sensitivity. We
used varioushRNAdargetingSox9to deplete mRNA levels in both the YUMML.7 (intrinsically
resistant) and YUMM1.1 ResA (adaptively resistant) cells (Supplemental Figureg=2.2mvo
out of the threshRNAgargetingSox9showed significant knockdown following Western analysis
and QPCR. ThoseshRNAgshSox%6165 and 6167) were then used for further characterization
(Supplemental Figure 2.2B). Surprisingly, the downregulation of SOX9 in both the YUMML1.1

ResA and YUMML1.7 cell lines had no impact on their overall vemurafenib sensitivgyré-i
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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 Verells 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 YUMM1.1
(SOX9Y/SOX10"") cell line, (B) SOX10 was transduced into the YUMM1.7
(SOX9M9SOX103°") cell line, and (C) SOX9 and SOX10 was transduced into the YUMM5.2
(SOXF°V/SOX13°Y) cell line. (D and EBSox9targetingshRNAswere transduced into the (D)
YUMML1.1 ResA and (E) YUMML1.7 cell lines. Data is representative of three independent

experiments (AE).
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SOX9 allows for a transition to a memory state post vemurafenib treatment

Since overexpression 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 knoth&ax®andSox10n
YUMML.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 kneclt of SOX9 in he YUMML1.1 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 Sedé&ficient lines and netargeting controls (NTC) were treated
with 5um of vemurafenib fot5 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 obgrved 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 (dugkdhockout) 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 criticalrftransition to acquired resistance, weesposed our previously
DMSO-treated and vemurafentbeated cells to vemurafenib for 72 hours after a 7 day recovery.
Strikingly, during this rechallenge, we observed that the NTC controls-tpgated with
vemurd eni b for 15 days had acquired a Amemory s
SOX9+ YUMML1.7 cells (Figure 24D and E).hi s fAmemory stateo is def

viability of the pretreated cells when rechallenged with vemurafenib comparé&dtdabe
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pretreated DMSO controls. Supporting our hypothesis, the Sf@K8ient cells that were e
challenged with vemurafenib remained sensitive to the drug as the DMSO conttagpeel

SOX9 knockout cells (Figure 2.4D, F, G). These findings suggest that $@¥® a role as a
gatekeeper to an acquired resistant state. Without the activation of SOX9, the cells do not gain a

Amemory stateo to drug treatment, remaining
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Figure 24: SOX9 isrequired for the transition into the resistant state. A) Western blot
analysis of SOX9 and SOX10 expression on SOX9 and SOX10 knockout YUMMZ1.1 cell lines.
(B) In vitro viability assay on two independent SOX9 and SOX10 knockout YUMML1.1 cell lines.
(C) YUMM1.1 SOX9 knockout and SOX10 knockout cells were pregcetor 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 contreirpeged or DMSQreated

cells were reexposed to vemurafenib for 72 hours and viability was determined using alamarblue.
(E-G) DMSO or vemurafenib preeated (E) YUMM1.1 sgNTC, (F) sgSoXdL, or (G) sgSox9

K2 cells individually plotted from panel D. Data is representadiithree independent experiments

(B, D-G). (B & E-G) Significance was calculatday first identifying the IC50 of the curves using

a nonlinear regression. IC50s of the gireated populations was compared to the DMSO control

populations where ns = not significant atiti= p < 0.001 represents two distinct IC50s.
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Vemurafenib resistance alters the genomic landscape around$® and Sx10

SOX9%has previously been shown to be methylated in highly proliferative melanomas and
this methylation status is lost in the invasive gif#&) Since invasion and target therapy
resistance usually eexist, weassessed whethenethylationplayed a role irSox9and Sox10
expression inthe YUMM1.1 (SOX9SOX10), YUMML1.1 ResA (SOX9/SOX10) and
YUMM1.7 (SOX9/S0OX10) cell lines.The YUMM cells were treated for three days with 5
azacytidine (5aza), which inhibits DNA methyltransferases by acting as a cytidine analog. We
then assessed mMRNA levels for b8ix9andSox10following the 5aza treatment. All cell lines
displayed increased levels 8bx9transcripts with the YUMMZ1.1 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 upregulationSiox10mRNA in the YUMM1.1 ResA and
YUMML1.7 cells, suggesting a tightly regulated ptriainscriptional mechanism (Figure 2.8Bd

C).

To test whether the Sox9 promoter was specifically demethylated, we identified potential
CpG islands using of th8ox9promoter region using MethPrin{@03). We found five CpG
islands 1500 bp umnd downstream from tH&oxStranscriptional start site (TSS) (Supplemental
Figure 2.3A).SOX9has 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 2.3A21). Bisulfite sequencing of genomic DNA from YUMM1.1
and YUMML.7 cells showed no major differences in methylated cytosines, suggestiSgsxtBat

expression in YUMML.7 cells is not due differential promoter methylation (Supplemental Figure
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2.3B). To gain further insight intox%andSox10regulation following the transition to a resistant
state, we performed ATAGequencing on YUMML.1 control, ResA aB8dx10knockout cells.
Interestingly, we observed an increase in accessible chromatinSaxflecus in both th&ox10
knockout and ResA YUMML.1 cell lines, both expressing Sox9 (Figure 2.5D). We also find that
the upstream region of tf&ox10locus is less accessible following the lossSok10and during

the transition to the resistant te#gFigure 2.5E). Together, these data suggest thatSmi®and
Sox10are regulated through chromatin accessibility of their upstream regions, likely through key
histone modifiers during the transition to an acquired resistance state inVE¥A#riven

melanoma.

56



mRNA Exp

Sox9 B Sox10 c
YUMM1.1 VresA YUMM1.7

IS

Treatment

£ R omsna  OAZA - 4+ -+ -+ (20uM)
soxto @R
0

SGSOX10 . A

SR | eeeeseee—— 200bp

—— NN
Sox9
E
Control . S e .. - e -~y
ResA
sgS0X10 . - N o 800bp
Overlay ‘~ —— - e R
ik —t - -
Sox10

57



Figure 2.5: Chromatin remodeling is required to turn on Sox9and turn off Sox10expression

during resistance.(A andB) RNA was collected in triplicate from YUMML1.1, YUMM1.1 ResA

and YUMML1.7 cell lines treated with DMSO ofAZA for 72 hours. Differential expression of

(A) Sox9and B) Sox10following 5-AZA treatment was determined using gPCR. YUMM1.1,
YUMML1.1 ResA and YUMML.7 cells were treated with 20uM ehBa2 -@eoxycytidine (5

AZA) for 72 hours. Protein was collected from DMSO arllZA treated samples and SOX9 and
SOX10 expression was determined using Western blottingarf® E) ATAC-seq tracks
representing biological duplicates comparing overall open chromatin of the (D) Sox9 or (E) Sox10
locus in YUMM1.1, YUMML1.1 ResA ath YUMML1.1 sgSOX10 cells(A) Significance was

calculated using a twtailed ttest, 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 me{at6rt87,189
191,194,195,197)50x9,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
(119,124,165,196,197Although markers of both of these states, IBww9and Sox10become
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 #relinduction of SOX9. Surprisingly,
expression of SOX9 or SOX10 in different melanoma cell lines did not alter the vemurafenib
resistance. Furthermore, the knockdown Sux9 did not affect oveall resistance in both
intrinsically resistant and adaptively resistant melanoma cell lines. It has been previously shown
that the knockdown oBox10can shift cells into a resistant stgf©4,197,205)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 sensitiveistant and SOX10 knockout cell lines showed an
overall increased, open chromatin region withinSlo&9locus and a suppressed, closed region at
theSox10docus upon therapy resistance. We believe that the change in overall chromatin structure

could be de 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 acslovmg/dormardike state that

gains resistance to various MAPK inhibit@¢i®94,197) 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 cd08r209) Since
Sox10andSox9have previously been shown to mark the MAPK inhibgensitive and resistant
state, respectively, we hypothesized that the-expression of either of these genes would result

in a shift in toleranc€119,124,165,196,197purprisingly, 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 inabiity to modulate the chromatin landscafi®4,197)in resistant cellslf 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 ws®wn to block the transition to the resistant state. The
availability of both BRAF®%°E melanoma models and SOX9 conditional mice could provide a

genetic model to test the sensitivity of SOX3I 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. Althougiil ihat clear how
SOXO9 elicits this response, we have found an increase and decrease in open chromatin regions
around theSox9and Sox10locus, respectively. Interestingl$ox9has been shown to act as an
epigenetic regulator in various tissue tyfE&2,210212). In embryonic epidermal stem cells, the
activation of SOX9 promotes a switch in lineage differentiation, where it can alter chromatin
access by modulating nucleosome bin@@ig.) In brain tumoursSox9has been found to both
repress and promote tumour formation of highde glioma and ependymoma, respectively,

through the regulation of H3K27g12). Although these studies have identified a roleéSox9in
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altering the genomic landscape, what regul8tesand 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
predominantlytestedin syngeneic murine cell models, common somatic mutations or single
nucleotide variations observed within human cell cultwaes 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 ¢ouoin vivo. A key experiment that could
answer this question is with the use of BRAFV6E PTENM Cdkn2'", SOXJ" melanoma
model. With the removal of SOX9 in melanocytes, melanoma tumours can be treated with MAPK
inhibitors, following tumour induction. If SOXAull tumours regress and remain absent following
prolonged MAPK inhibition, it would conclude that SOX9 exgmien 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 Supplementaryfigures
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Supplemental Figure 2.1: Geneontology (GO) analysis between SOX9¥/SOX10"9" and
SOXHI/SOX10°% YUMM cell lines. (A) RNA was collected in triplicate from YUMM1.1 and
YUMML1.7 cell lines. RNAsequencing was performed and differentially expressed genes were
represented in a heatmap where specific colors represenssttere of each individual gene. (B)

GO terms represting differentially expressed processes between the YUMML1.1 (blue) and

YUMML1.7 (red) cell lines.
62



YUMMS.2

A YUMM1. 1 B YUMMA.7 C . o o
GEP —BNBE SOX9 SOX10
SOX9 BABE
ACTIN - Sox10 g =il sox1o [N
ACTIN NSSNS  cTiv [
D E YUMM1.1 ResA F YUMM1.7
YUMM1.1 ResA YUMMA1.7 o C1se
Sox9 Sox9 Sox9 Sox9 Sox9 Sox9 2 S
ShRNA NTC (0 (l66 6167 NTC 6165 6166 6167 g 251 g | =
SOX9 WD . . WS ke WD GEP W8 S TR S
Z 2. « 4 Ea shSox9 6167
& g, & 9,0
Sox9 Sox10 Sox9 Sox10
Genes Genes

SupplementalFigure 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 shRNA targeting Sox9. (E
and F) gPCR showing the differential expression of Sox9 treated with shte(E) YUMM1.1

ResA or (F) YUMML1.7 cell line. Data is representative of three independent experiments (E and
F). (E & F) Significance was calculated using a taded ttest, where * = p < 0.08nd** = p <

0.01
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Supplemental Figure 2.3: Sox9expression is independent of hypermethylation of th&ox9

locusin 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 MethPrin{@03). (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

Sox1Qdeficient drug resistant melanoma cells are refractory to oncolytic RNA viruses.
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3.3 Abstract

Targetedherapy resistandeequently develops in melanordae to intratumor heterogenednd
epigenetic reprogramming This also typically induces cross resistance to immunotherapies.
Whether thigncludes additional modes of therapy Inasbeenfully assessedVe show that co
treatments of MAPKIi with VStbased oncolytics do not function in a synergistic fashion, rather
the MAPKIis block infection. Melanoma resistance to vemurafenib further perturbs the cells ability
to be infected by oncolytic viruses. Resistat@eremurafenib can be induced by the loss of
SOX10, a common proliferative marker melanoma. The loss of SOX10 promotes a cross
resistant state by further inhibiting viral infection aeglication Analysis ofRNA-seq datasets

we observed an upregulation ¢8Gsin SOX10 knockout populatianandtargeted therapy
resistant cellsAdditionally, the induction of ISGsappears to béndependent of type | IFN
production Overall, our data suggests that the pathway mediating oncolytic resistance is due to

the loss of SOX10 duringcquired drugesistance 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 BEBXE targeted therapy that
showed great specificity and increased overall survival of melanoma pafiz#s?16)
Unfortunately, theffectiveness of thesberapieonly lastsor about a year when most melanoma
patients begin to relaps@17,218) Other MAPK inhibitors (MAPKi) have been used in
conjunction with BRAF inhibitors but resistance still occ(#%9,220) This is in part due to the
large intratumor heterogeneity of melanoma wisem@ecells can undergo epigenetic alterations

and shift their gene expression profileringprolonged treatmer{221,222)

Interestingly, targeted therapy resistance can be induced through the loss of SOX10, a key
player in melanoma initiation and progress{@g@3 227). 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 sté228,229) As more work unravels this concept of cancer stem
cells, others havebservedhat the enrichment of cancer stem cells induces a-ocesggant state
to both chemotherapy and immunotherg@30) 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-detiged therapeutic
(231) One virus, namely Vesicular Stomatitis Virus (VSV), has been well documented to target
and kill proliferative cancers such as melanoma botlitro andin vivo (83,232,233)In healthy
cells, viral infection induces the type | interferon (IFN) response, which increases the production
of | R284) This in turn activates specific interferon stimulated genes (ISGs) that are used to
repress viral replication and sprg@84,235) 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

whethertargeted therapgould be used together witimcolytic viruses

Il n this study, we find that VSV and MAPKI
MAPKi 6s bl ock VSV infecti on. th@¥acquira drughesistants how
state are less susceptible to viral infection and this ¢essstant state can be recapitulated
following thedeletionof SOX10. Finally, we find that both the induced resistant state and the loss
of SOX10 induces the activation of | SGs indep
to infection by oncolytic viruses. These data suggest that therapeutic regahsagport 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 &3@C. All cell

lines were cultured in DMEM supplemented with 10% FBS, 19lutamine and 1%
penicillin/streptomycin. The YUMMZ1.1 cell linalso received aupplement of 1X noessential

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 dagells were treated with Vemurafenib at their respective IC50 for 6 weeks,

with fresh media and drug replacement occurring every three Tagsells werethentaken off
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the drug treatment and allowed to recoamdretestedor vemurafenilsensitivityfor three days

to confirm the resistant phenotype.
Oncolytic infection

Melanoma cells were plated in multiple wellsft to adhere overnightand countedhte next day

from duplicate wells. The cells were thernfected with various viruses at various MOIs

(MOI= z2'QQi " QWG ¢ 6iE '@ 0 QiVieasupernatant

was added to each well for 1 hour af@7removed and replaced with full media for 24 hours.

The cells were theoollected and quantified fofFP oreGFP by flow cytometry.

Viral titer

Viral supernatanfrom infected cells were collected 24 hours post infeciind overlaid onto
confluent Vero cells in multiple serial dilutions and incubated & 3@r 90 mins. To allow for
virus adherence a 1:1 mix of 1% agar and 2X DM&ith 20% FBSwasadded to each well and
allowed to solidify at room temperature for 10min. Plateseincubated at 3C for 24 hoursand
fixed (3:1 methanol: glacial acetic acid) for one hour. Agar ovenray® washed away using

waterand thewells werestained with Coomassie blue and plaque forming wvet®counted.

Resazurin viability assay

Melanoma cells were plated in a-@&ll platesand treated with various compounds for 48 (any
viral infection) or 72 hoursvémurafenib, dabrafenib, and/or trametinib; SelleckOh&uontrol
wells supplemented with PBS, and/or DMSO (viral infection or MAPKI, respectively) were used

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

DMEM). The absorbance of each well was read at 570 anmth6a#ter four hours
SiRNA transfection and lentivirus production

All siRNAs usedwerepurchased fronbharmacon. Lipofectamine 30@Qvitrogen)was used to
introduce 200nM of siRNA into the YUMML1.1 cell$ransfectedyUMM1.1 cells were seeded
into a 96well dish 24hrs post transfection and subsequently treated with vemurafenib at various

concentrations 24hrs post plating.

Viral particles were produced by seed2®BT cells § x 1) in a 10cm dish. 293Ts were
transfected using lipofectamine 3000 with 10ug of construct, 8ug of p@R%.2 dvpr and 2ug
of pPCMV-VSV-G. The next daymedum was changednd vral supernataniwvas collected 72

hourslater and passed througl®@4um filter.
Lentiviral -mediated CRISPR/Cas%nockouts

Melanoma cells were infected for 6 hours with 1mL of vigbernatantdiluted in 5mL of cell
culture media supplemented with 10pug/mL of polybreflee medum was replaced with full
medum andthe cells were selected with 5ug/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 sgSOX16renas previouslydescribed(Abou-Hamad et al.,
2022)Human guide RNAS have the following sequensg§0X104: GATGGAGCGCCCGT

CCCGCT and sgSOX1p4: GTGACAAGCGCCCCTTCATC.

Cell lysis and Western Blotting
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Melanoma cell lines were lysed using RIPA lysis buffentainingprotease 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 protelysates wereleared at6000 x g for

10 minutes at ®. Bradford reagen{BioRad) was used to quantify protein concentration
Equivalent amounts of protein wedenatured,electrophoresed on polyacrylamide gelsd
transferred onto PVDF (polyvinylidene difitide) membrare Membranes were probed with
primary antibodies in 5% bovine serum albumin (BSA) in 1X TBST overnigttCatollowed by
HRP-conjugated secondar antibodies. Reactive bands were detecwwith Enhanced
chemiluminescence reagemtdexposireto X-ray films. Membranes were probed with SOX10
(CellSignalingTechnology: Cat:89356), custom p&8V (a kind gift from Dr. Jean Simon Dial)lo

a n dactib (Sigma: Cat:A5316).

RNA-sequencing, EnrichR biological pathway analysis and TPM analysis

Data from A375 control and SOX400-2 was collected from NCBI BioProject PRINA748713.
Transcript quantification was executed using Kallisto (v0.4&87)with the GRCh38 build of
the human transcriptome and the50 bootstrap option. Raw counts were imported into DESeq
2 (1.40.2) and analyz€@38) Genes with less than 10 counts were removed. Differential gene
expression with adjustedyalue < 0.05 were identified and fold change was determined

comparing the A375 sgNTC samples with the SOX10X€&amples.

Genes upregulated in the SOX10 knockout cells were imported into EnrichR to determine the
biological processes activated within the SOX10 knockout (&89,240) 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 ISGsATahlso
occurred in targeted therapy resistant ceNe used deposited data from NCBI BioProject
PRJINA748714. TPM values for each gene were used and relative expression was calculated using

a Z-score.
3.6Results
MAPK:I treatment blocks VSV infection in BRAF V69°E melanoma

To determine whether VSV oncolytic therapy could be used in conjunction with current
t herapi es, we tested (243)with RIAPK mhibitast Weotreated the V S V gt
Sox10Gexpressingnurine YUMM1.1 cells (which harbor a BRAE mut at i on) with V
and with either vemurafenib (5 uM), dabrafenib (1 puM) or trametinib (0.1 pNg. (31A).
Interestingly, we observed a reduction in infection (measured using a viral YFP reporter) when
cells were cdreated with BRAF and MEK inhibitor${g. 31A). When tested in the A375 human
melanoma cell line, we observed a similar reduction in viral infection with BRAF/MEK inhibitors
(Fig. 31A). To confirm these findings, we measured viral replication using plaque assays. In
agreement with our viral YFP reporter infection data, we observed approximately-fald.00
decrease in viral titers when YUMM1.1 and A375 melanoma cells weneated vith MAPKi
rel ati ve t oFig/3EB)gs éxpeatedotinese wds a significant decrease in viability in
cells only infected with VSVmp51 andigc32d).l s tre
However, viability was not significantly altered by-teatment with BRAF/MEK inhibitors and
VSVp51 relative to the individual treat ment s
infection and lytic functionKig. 31C). Therefore, MAPK targeted therapies in melanoma block

theinvitroef f i cacy of the oncolytic VSV@p51.

73



ns

O

28]

$s

<

o O o O o o
m8642

(%) Anpgeln usdlad

$s

o —

—
(Aw/n4d °t6o))
18111 TGAASA

$s

o O o o o o
m8642

(9%) uonoaju| JUadIad

TTINANNA

%4
0@4
s,

5 <.
0 %
o
@4
s,

Treatment

Treatment

Treatment

ns
»
)
x
\S
&

o O O O o o =7
m8642

(%) AnjigelIn Juad1ad

A
=,
%
" T %
o 7,
0 “» m.v\v
w % ,MJQX (o
“ 2
5 (2
0 %
(e
S o 7,
=1 Q&J
(Qw/n4d °*6o)) 7
19111 TSAASA
A
7,
%
- T %
2] AX
£ “w m.v\Q
@ 7 2
o % G/Qx (o
@ 2
P
% Y

(o)
g °@ )

(9%) uonoayu| JUadIad 7

QLEV

Treatment

Treatment

Treatment

74



Figure 3.1. MAPKi treatment blocks VSV infection in BRAFY8%°E melanoma.YUMM1.1 and
A375 cell lines were ctreated with VS\¢b1 at an MOI of 0.1 and vemurafenib (5uM or 2uM
respectively), dabrafenib (0.1uM) or trametinib (0.01uM) {ér & B) 24 or (C) 48hrs.(A)
Quantification of YFP positive melanoma cells 24hrs post MAPKi and/orgd\reatment(B)
Quantification of viral titers by plaque assays 24hrs post infec{oh.Cell viability assay
(AlamarBlue) 48hrs post single andreatments(A-C) All data is represented as a mean + SEM
of biological triplicates(A & B) Significance was calculated using a ttaded ttest, where * =

p < 0.05, * =p < 0.01 and *** = p < 0.001C) Significance was calculated using a angy

anova.
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Vemurafenib induced targeted therapy resistance promotes a crosesistant state between

other MAPKis and VSV infection

Resistance to targeted therapy is common in clinical set{(id§g,218) Given that
concurrent treatment with MAPKIi blocks VSV infectiofig. 31), we determined whether
MAPK-resistant melanomas aaéso resistant to viral infection/lysis. To test this, we generated
three independent vemurafenisistant populations by chronically treating YUMM1.1 and A375
cell lines for six weeks at their ¢£concentrations (5 pM and 2 uM, respectiveliyig. 32A).

Three independent populations were generated with varying resistance to vemurafenib but also to
other MAPK:I inhibitors Fig. 32B-D andFig. S3.1A. Drug-resistant cellsvere then tested for

V S V opiniféction. Interestingly, we found that all drugsistantpopulationshadalso acquired
resistance to viral infection, with the most dramatic phenotype observed in the YUMM1.1 ResA
cells Fig. 32E). This was also observed in human A375 melanoma akhsughnot as robust

as A375 drugesistant cells have a tendency to revert back to-typd tolerance following brief

culture in the absence of vemurafenib treatmEit. (S3.1B. This suggests a tight link between
MAPKi-resistance and resistance to viral infection. Plaque assays showed reduced vifittiters (
3.2F) and resistance tarus-induced celkilling (Fig. 32G), supporting theotionthat MAPKi
resistance in melanoma further i ndhiscesigancei r al
was also assessed YWMML1.1 cells treatedacutely for 3 or 9 days with vemurafenib. After
rechallenge with vemurafenib ¥rS V qpwelobservedo majordifferences n VSV @51 i nf ec
or viability, suggesting thalong termtransition or reprogramming is required to promote this
crossresistant state Hg. S3.A-B). Therefore, resistance to MAP#drgeted therapies in

melanoma also promotes cragsistance to oncolytic virus therapy.
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Figure 3.2. Vemurafenib induced targeted therapy resistance promotes erossresistant

state between other MAPKis 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) YUMM1.1 and Resistant cell lines were seeded in at least technical triplicates and
treated at an increasing concentration of vemuraf@)ibdabrafeni{C) or trametinib(D). Cell
viability was assayed using AlamarBlue 72hrs post treatnfes@) Quantification of(E) YFP
positive(E), viral titers(F) and cell viability(G) of YUMML1.1 and Res cells 2E & F) or 48hrs

(G) post VS\Wb1 infection. All data is represented as a mean + SEM of biological triplicates.
Significance was calculated using a ttailed ttest, 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 crosssistant state

to VSVgb1

Given the prevalence of resistance to MAPK targeted therapies, several genes and
pathways potentially implicated in this process have been iden{@#&244) We reasoned that
these same resistance mechanisms may also play a role irregigtance 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 steropettips of melanoma cells
(228). Others have found that the loss of SOX10 expression induces MAPKI res(228@28).
Interestingly, SOX10 has been associated with the regulation of imralated pathways
including IRF1, a welcharacterized regulator of viral infecti(@45). Therefore, we hypothesized
that the loss of SOX10 in MAPKesistant cells could induce resistance to oncolytic virus
infection. Chronic vemurafenib treatment lead to the loss of SOX10 in melanomaradis
markedr educti on i n W& 93Ab Iimilarlg, S@X1Q@ knozkdowfh also promoted
resistance to vemurafenib treatmdfig( 3.3B-C). We further tested VSV infection and replication
in stable YUMM1.1 SOX1énull cells(228) and A375 SOX10 knockout cellgn both SOX16
deficientcells a substanti al r e dand titersovas observesigd®stgng 1 i n f
that SOX10plays a key rolen resistance to oncolytic virus theragyid. 33D&E). In contrast,
decreased virusduced cell deatlwas seenn SOX10 knockout cellsFig. 33FI). Therefore,
SOX10 expression is required for efficient VS)\

is downregulated following resistance to MAPK inhibitors.

The cellul ar response to RNA viruses such
response to DNA viruses. Whenasked if the crosgesistance to oncolytic virus therapy after

MAPKI 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 drugesistant melanoma cells and SOX10 knock out cells were resistant to MG1

but not to vaccinia virus infectiorFig. S3.3-D), suggesting that this phenotype is conserved
among RNA viruses and that these cells become

a drugresistant state.

Although many mechanisms of resistance to viral infection exist, the most prominent arises
from the type I interferon pathwg®46) SinceV SV P51 har bors a mutation t
antiviral effects of type | IFNs, we examined the role of that pathway in tessstance to
oncolytic virusesherapy. First, we made use of wildtype VSV, which antagonizes the production
of type | IFNs in infected cells. However, wildtype VSV infection was similarly reduced in drug
resistant mel anoma <cells and SOX10 K@g.cell s,
S3.4A,B. Next, we treated the cells with the JAK1/2 inhibitor ruxolitinib (RUXO), a blocker of
the type |I I FN response. T rmeedatedkiling andwepticatorRU X O r
to control levels in most drugesistant cells and the SOX10 KO celBig; S3.4-D,F).
Interestingly,the sensitivity of thehighly resistant YUMM1.1 ResAvopulation was restored to
wildtype levels followingco-treatmenwith VSV and RUXO Fig. S3.£). Thissuggests that the
drugresistant 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 chronictargeted therapy treatment and induces a cross
resistant state to VS\§b1. (A) Immunoblot of YUMML1.1 (Y11) and vemurafenib resistant cells
ResA (RA), ResB (RB), and ResC (RC) 24hrs post infection withdd=V(B) Immunoblot of
YUMML.1 transfected with siRNA targeting a random sequence (SiCTN) or Sox10 {(ki&10
siS102). (C) YUMML1.1 cells transfected with siRNs¥argeting Sox10 were treated with various
concentrations of vemurafenib amibility assaysvere performed 72hrs post treatme(D-F)
YUMML1.1 ard A375 cell lines were infected with Cas9 and sgRNA targeting SOX10 to create 2
independent SOX10 knockout populations per cell I{pg.Control and SOX10 knockout cells
were infected with VSYb1 for 24hrs and YFP positive cells were quantif{&d.Viral titers were
guantified by counting plagues 24hrs post infect{&).Control and SOX10 knockout cells were
infected with VS\¢b1 and cell viability was quantified 48hrs post infection with AlamarBAlg.
data is represented as a mean + SEM of biologigdicates. Significance was calculated using a

two-tailed ttest, 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 infectionsasak/zed RNA
sequencing dat&rom SOX10 knockout A375 cell$227) This dataset shows that there are
approximately 3600 upregulated genes in the SOX10 knockouts and 3300 downregulated genes
(Fig. 34A). By using EnrichR we identified various biological processes that are acquired within
the SOX10 knockout populatiof&39,240) Of the top 14 enriched biological processes in the
SOX10deficient A375, two were associated with the negative regulation of viral infe€iion (
34B). We further mined any significant biological processes that had any impact on viral

susceptibility and propagation and identified 14 of theig.(34C).

We next evaluated 4 of these viral gene g&ts 84C) (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 4iral gene sets, we found more viral genes to be upregulated in the knockouts
compared to controlg-{g. 34D-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 skig.(34H). Interestingly, IFITM1/2/3, and TRIM6, common
to all 4 gene sets, have been shown to repress viral infection @ap(@47,248) Many of the
genes identified within the viral biological processes were ISGs, which become activated post viral
infection (Table2.1 ) . Il nterestingly we do not observe
alternative pathways are activating the ISGs (Taldg We also corroborated the activation of

those genes in targeted therapy resistant PBRT cells whesgrahgienes are also induced (Table
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2.1). This was als@orrelatedwith a SOX10 downregulatiorF{g. S3.%\). Together, our data
suggest that the loss of SOX10 during targeted therapy treatment induces the activation of ISGs

genes, allowing for cros®sistance to RNA based oncolytic viruses, in addition to MAPK:is.

84



-Logso(P value)
8

H

“Logyo(P value)

A375 sgSOX10 RNA-Seq 17 on 8
o
a2 ¢ organization a
3 o
o o
o 2
= o
= led in immune response g ost cell
L = e response to virus by host
=3 o)
o o inse to virus by host
9) 2
3 a ome replication
all iral genome replication | ©
(=) =
= s julation of viral life cycle

°

tracellular signal transduction gulation of viral entry into host cell

Log,(fold change)

lation proliferation of viral life cycle

T

-Logso(P value)

0 4 8 12 0 1 2 3 4 5 6
-logso(p-value) -logso(p-value)
Defense response to virus I Negative regulation of viral process I I M Negative regulation of viral process
60m 28genes 20genes, 74 genes 150n T1genes | 10 genes, 27 genes gati lation of viral i
: : Regulation of viral entry into host cell
° ! : M Defense response to virus
- H 1
4 1004
0 % 100+ : :
4 H H
[ ' '
H H 1
01 3 s H 1
. ' 1
' ' L]
H 1
] L °
——— — r T —
6 5 4 3 5 6 5 -4 3 2 EY 0 1 2 3 4
Loga(fold change) Loga(fold change)
Negative regulation of viral genome G Regulation of viral entry into the host cell
0m Sgenes | 4genes | 20 genes 1501 Sgenes | 7genes | 13 genes
1 H
H . H
1 H
L]
] : T 100 ;
' % 100 '
H E H
0 1 [ H
! H H
' ° S 5o !
10 ° . ° |
H H
| H
oy °
I fe
T — T r T T ] r — r T T ]
5 4 -3 -2 1 [ 3 a 5 -5 -4 -3 -2 -1 [ 3 a 5
Loga(fold change) Loga(fold change)

85



Figure 3.4. RNA-sequencing analysis of A375 SOX10 knockout cekhowsenrichment of

viral responsesgene sets. (A)The volcano plot illustrating 6900 significantly differeiiia
regulatedyenes where the red represents upregulation in the A375 SOX10 knockout cells and the
green represesithe wildtype genes. The black represents the genes that lack an upregulation of
more than 1.50ld. (B) GO enrichment analysis of biological processes from the genes upregulated

in the SOX10 knockout populatiofiom (A). (C) Arrangement of all viral biological processes
observed within the A375 Sox10 knockout cells (only viral biological procéssgs(p-value) >

1 is shown)(D-G) Volcano plosillustrating the differentidy expressed genes witheach of the

the fidefense r es gO,nisnee gtaot i wier urseog ug eantei ogi,tof vi r
finregative regul ation(Fahdivegal ageonamed genal senit
gene sefG). (H) Venn diagram illustrating thexpression obverlapping genes within each viral

gene se(D-G) overexpressed in the SOX10 knockout populations.
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Table 3.1. Common differential ly expressedgenes from the A375 SOX10 knockout cells

found within each viral gene set.

Process

Number of Genes

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



3.7Discussion

We find that acquired resistance to vemurafenib further induces aresissnt state to
VSV oncolytic treatmentHig. 32). This isalso observed within our SOX10 knockout cefgy(
3.3). Interestingly, we find a large variation in VSV resistance within our YUMML1.1 Resistant
lines (ResAC) where we observe minimal infection at MOI 10 within our YUMML1.1 ResA cell
line (Fig. 32E). Surprisingly, this lack of infection could not be enhanced after using ruxolitinib
which restored ResB and ResC infection back to wildtype le¥ets §3.4). Although no
increase in infection was observed following a 24hr infection, cell viabilggsurements at 48hrs
postinfection restored cell sensitivity to wild type levels duringt@atments Kig. S3.£).
Al t hough this finding was unexpected it does
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 wijide to a targeted therapy resistant state
induces an IFNike response where the cell upregulates the expression of many ISGs that is
independent of Fid. FANTableR.1, Fign 83%)cSuriprisingly,(this environment
can be recapitulated through the loss of SOX10, suggesting that the loss of SOX10 results in the
activation of these ISG#$ig. 34). Although this explanation seems logical, recent findings from
our lab (data not shown) and othemsggest that SOX10 acts as a ¢gateper to the
undifferentiated stat€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 cressistance and has been identified as a TEAD+/AP

1+/SOX9+ stat€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.

89



Viability (%)

3.8 Supplementaryfigures

Vemurafenib treatment (72h)
§83 $83 $83 §88

1001 N §55 588 588 588

— - — — —

50- B

\} > Q QO QO \}
S S S S oS S

Dosage (UM)

Percent Infection (%)

100+

50

$s $s

SupplementaryFigure 3.1. Vemurafenib resistance also induces crosssistance to VS\§b1

in human BRAFV5%%Emelanoma cells A375 vemurafenib resistant cells were made by treating

with vemurafenib at 2uM for 6 weekBA) 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 treatn{BhtQuantification of YFP positive A375 parental

and Res cell lines 24hrs post V@V1 treatment. All data is represented as a mean + SEM of

biological triplicates. Significance was calculated using atailed ttest, where * = p < 0.05, **

=p<0.01and *** =p < 0.001.
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Supplementary Figure3.2. Acute vemurafenib treatment does nodlicit a resistant stateupon
re-challenge (A & B) YUMML.1 cells were treated with 5uM of vemurafenib for 3 or 9 days.
(A) The treated YUMML1.1 cells were thentreated with various concentrations of vemurafenib
and cell viability was assayed using AlamarBlue 72hrs post treat(B@the treated YUMML1.1

cells were infected with VS§b1 and YFP positive cells were quantified 24hrs post §=V

treatment. All data is represented as a mean + SEM of biological triplicates. Significance was

calculated using a twtailed ttest, where * = p < 0.05.
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Supplementary Figure 3.3Vemurafenib resistant YUMM1.1 and SOX10 knockout cells are
resistant to ssSRNA based oncolytg (A & B) YUMML1.1 and vemurafenib resistant cells were
infected with(A) MGL1 or (B) Vaccinia virus TianTan for 24hrs ar@@FP positive cells were
quantified.(C & D) YUMM1.1 SOX10 knockout cells were infected wif{€) MG1 or (D)
Vaccinia virus TianTan for 24hrs ai@&FP positive cells were quantified. All data is represented
as a mean + SEM of biological triplicates. Significance was calculated usingtail@ebttest,

where * = p < 0.05, * = p < 0.01 and ** = p < 0.001.
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Supplementary figure 3.4 Vemurafenib resistant YUMM1.1 and SOX10 knockout cells are
re-sensitized to VS\gb1 following JAK1/2 inhibition. (A) YUMML1.1 vemurafenib resistant
and(B) YUMML1.1 SOX10 knockout cells were infected with V8Nt for 24hrs and YFP positive

cells were quantifiedC) YUMM1.1 vemurafenib resistant ari®) YUMM1.1 SOX10 knockout

cells were cereated with ruxolitinib (10uM) and various MOls of V881 for 24hrs and YFP
positive cells were quantifiedE) YUMM1.1 vemurafenib resistant arf{) YUMM1.1 SOX10
knockout cells were ctreated with ruxolitinib (10uM) and various MOls of V81 and
viability was quantified 48hrs post treatment with AlamarBlue. All data is represented as a mean
+ SEM of biological triplicates. Significance was calculated using at&ned ttest, where * = p

<0.05,* =p<0.01 and ** = p <0.001.
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Supplementary Figure 3.5Correlation betweenviral geneexpressionand SOX10expression
in therapy resistant samples. (Alhe heatmap represents the relative expressiscgze) of the
genes from Tabl2.1 compaed tocontrok and targeted therapy treated 1205Lu tumors. TPM

values were extracted from the NCBI BioProject PRINA748714.
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Chapter 4

CEACAML1 is a direct SOX10 target and inhibits melanoma immune infiltration and

stemness
4.1 Preface

Abouw-Hamad, J., Hodgins, J. de Souza, C. T., Garland, B., Labreche, 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/}.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 letguT-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 CEACAM1 promoter region approdtaly 34kbps from the CEACAML1
transcriptional start site. Furthermore, we show that a SECEHACAM1 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 antitumorigenic roles for SOX10 in melanoma

Highlights

1 CEACAM1 is a direct genetic target of SOX10

=

Loss of SOX10 and CEACAML1 inhibits tumor growth in immgsmmpetent mice
1 CEACAM1 expression inhibits CD8+-@ell infiltration

1 Loss of CEACAM1 and SOX10 enhances cancer stem cell properties in melanoma
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4 .4 Introduction

The Sox family (SRYHMG box) of transcription factors plays critical roles in tissue
homeostasis, organogenesis, and cell fate decisions in many developmental processes
(148,250,251) The SoxEgroup, including Sox8, 9, and 10, has been extensively studied in the
context of reproductive system development, neural crestleglled tissues and cell types such
as melanocytes. Although the role of the SOX proteins in cancer progression remaresaglds
controversial250), SOX10 has been shown to play an important role in melanoma maintenance
and progression in the context of haploinsufficie(t30,187,252)Similarly, studies on SOX9
or SOX10floxed animals have been performed in the context of the NRASQ61 allele, inducing

senescence and nevi formatid®5)

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 (RDand CTLA4) has produced good response rates in melanoma
(65,253,256261). 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 PRD and CTLA4 have improved overall survival in
patients with melanoma but with only a subset showing-teng benefits(253,255261)
However, most responses are transient due tadtiation of resistance mechanisms. Strikingly,
drug resistance is often associated with resistance to immune checkpoint inhibitors, leading to a

crossresistance phenomen@sb,254,259)

A number of studies have identified distinct subpopulations of melanoma cells with
variable sensitivity to theray18,194,262264) Genomic studies have revealed the existence of

major subpopulations characterized by differential expression of AXL, EGFR, NGFR, SOX9, and
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SOX10 indrugr esi st ant cell s. Upon acquired resista
NGFRT , - SOQXN®) undergoes a switch to an AXL+, EGFR+, NGFR+, SOX9+, SOX10
phenotype(119,194,264266). This phenotype switch involves transcriptional reprogramming

rather than mutational evolution or expansion of resistant subpopuldfieds264,267,268)

However, the mechanisms of drug resistance are far more complex than initially thought as
intermediate populations may exist as well as a neural crest stelke¢NICSC) state that can

be induced through phenotype switching, regardless of theid ishitieer mutation§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 populatiof119,264,268) Supporting this, suppression of Sox10 induces
EGFR, PDGFRb and conf er s (184 SOX%0ttypicalty ectih aonc&tRAF i
with its downstream target MITF, a bHLH transcription fa¢id0,270) Interestingly, Sox9 was
found to be expressed exclusively in the SOXiasive samples together with TEAD and-AP
1(119) A reduction in Sox10 expression was also observed to be associated with increased Sox9
and reducedproliferation, 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 criticahto thaint
stemlike and invasive properties of tumdis20,183,263,271274). Recently the cellular inhibitor
of apoptosis prote#i/2 (clAP1/2) were found to be upregulated in SOX&ficient cells,
contributing to drug resistance in the SOX&6élls(197) Similarly, the expression of CEACAM1
in SOX10 + cells provides a growth advantage in CD&ell depleted animal75) 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 melanona75) we show here that CEACAML1 is a direct target of
SOX10. We found that SOX10 regulates CD4+ and CD&elTinfiltration in melanoma while
also depleting the CSC properties, primarily the-saiewal capabilities. When SOX10 and
CEACAML1 coexist this perptuates 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 awstudies 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¢ 210l s i n 100egL
121 15 days posinjection mice were palpated aotlecked for tumor growth using a caliper and

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

For the immune compromised studies, 1 » OUMM cel |l s in 100&glL wer
subcutaneously to the right flank of SCID, RAG1 and NCG mice ranging within the agg&2f 8

weeks. For SCID and NCG mice, tumors were checked every 3 days up to 12 days post injection

and tumor sizes were measuredgsa caliper. Mice were euthanized once one animal in the study
reached the endpoint set at 1700mRor 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 01 x 1¢, 1 x 1d, 1 x 16) (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). SKMEL28 and M14 cells were a kind gift from Dr. John Bell
(University of Ottawa). SKMEL2 was obtained from ATCC. A human melanoma cell lIFHRD

13 was isolated and provided by Dr. Carolina llkow (University of Ottawa). All mouse melanoma
cell lines (YUMMs) were maintained in DMEM supplemented with 10% fetal bovine serum, 1X
penicillin/streptomycin, 2mM tglutamine and 1X nonessential aminadaciSKMEL-2, SKMEL-

28 and M14 cells were maintained in DMEM supplemented with 10% fetal bovine serum, 1X
penicillin/streptomycin, 2mM iglutamine. The OHRL3 was maintained in RPMI supplemented
with 10% fetal bovine serum, 1X penicillin/streptomycin, 2raMlutamine. All cells were grown

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

Cultured cells were all collected withinT@5% 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

|l ysis buffer (RIPA buffer commai A0 PMEBFNaV¥dO:
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 homogenizerotein 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 eg/elL supplemented with 4X Laemml. buf f el
loaded in 810% trisglycine SDSPAGE gels, transferred to PVDF mbranes 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. 200elL of <chl or of or nroushafer 15ssdadddedt t o e
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. 500¢lL
and left to rest. After 10 min ¢hsamples 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 minbeforeresus pending i n 100elL of water.

RNA was quantified using a nanodrop and 250ng of RNA was moved into PCR tubes. cDNA
synthesis was achieved using Superscript Il Reverse Transcriptase (ThermoFisher) according to

t he manufacturerds protocol wherramer5 dandBNTPst St
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 g°PCR. qPCRs were

run on a 7500 Fast Redlme PCR system usingthe standdh @@pCT program wi t h |

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’ @e#isl@ere seeded per

wel | into a 24 wel |l ultralow attachment pl ate
B27 supplement and 1x MEGS (ThermoFisher). Each group was seeded in technical duplicates
and imaged afteriy days s (depending on the calbgp). Only spheres greater than or equal to
50em were counted for total sphere efficiency
collected, rinsed in 1XPBS, treated with trypsin, ran through a 25 gauge needle three times and
counted. 2 x 1Dcels were once again seeded in the same process as primary spheres and the

guantification 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 mim antibodies for ligands found

at the surface of cells (antibodies used are foundahle 4.). For intracellular flow, the
Foxp3/Transcription Factor Staining Buffer Set (ThermoFisher) was used following extracellular
staining. In short, cells were fixegith Foxp3 Fixation/Permeabilization for 60 min, rinsed with
1X Permeabilization Buffer and stained with amtibbit SOX10 (Cell Signaling 1:50) for 60 min.
Cells were rinsed once again with 1X Permeabilization Buffer and stained with Gelgahbit

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 2mm3)
homogenized using the GentleMACS Octo Dissociator and incubated with ammoniurdechlo

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 (RREZA12 and RP23
64F12). In short various oligonuclotides were synthesized to span 1lkbp 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 backbonre pGL3
P. For pBABECEACAM1 Isoform 1 and 4 constructs, cDNAs from origene were amplified and
cloned into pCloneJet. Using BamHI and EcoRI, the inserts were subcloneithenpi3ABE
retroviral backbone. Sox10 guides targeting thteisinal region of Sox10 were created using
ChopChop (ChopChop.com), and oligos sgSekxIeorward: CACCGGTTGGTACTTGTAGT
CCGGA, sgSox1d Reverse: AAACTCCGGACTACAAGTACCAACC and sgSox18
Forward:CACCGACAAGTACCAACCTCGGCGG, sgSox108 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 H#FR2A puro (a kind gift from

Dr. Daniel Schramek, klversity of Toronto) was digested with BsmBI and the annealed oligos

were subcloned into the digested vector.

For viral transduction 5 x @ 93T cel |l s were transfected with
pCMV-d R8. 2 dVPR (Addgene) or pUMCY (Addgene) p ¢
VSV-G (Addgene). Media was changed 12 h post transfection and collected 72 h later. The media
was filtered and sed to infect the various YUMM lines. 48 h post infection, cells were either
sorted for RFP (for guide transduction), trea

transductions) or bl asitCas9 setkction). Specifiéally fogkhackiout f o r
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cells, YUMM cells were first transduced with pLeftas9Blast and selected for. Following Cas9
selection, cells were then transduced with pLKO HERFR2A-Puro encoding the guide RNA
targeting Sox10. Cells were sorted for RFP 48 h post infection anddmwnkwvas confirmed by

western and gPCR analysis.

Dharmacordesigned 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

I n vitro cell cultures were tr anls2/e5 p&E8 wi t h
Ceacam12875£1435], pGL3P Ceacam#135£2785] or pGL3PCeacam1{305+4045] with

0. 2 ¢ g -@©MV ugedds the transfection efficiency control. 48hrs post transfection media was

aspirated, cells were washed and 200e¢eL 1X pas
in each well and left for 15 minwithvg or ous rotation. 20¢elL of | yse:t
ina9we | | plate with 100eL of Luciferase assay
Bi otek Cytation 5 imaging reader. Foll owing t

addedand 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 SimpleChIP protocol (New England BioLabs) was used. In short®Y¥u1.1
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 crebsked using formaldehyde, inactivated using glycine
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and collected and pooled according to the man
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 thiidgétr 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 10egg of ¢
and rabbit IgG as positive antegative controls, respectively. Samples were left on a rotor
overnight at 4AC and the next day 30&glL of mag!
rotor for an additional 2 h. Beads were rins
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 CEACAM1 promoter while also using RIARL®d 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 Timer2idp(//timer.cistrome.ord/(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 Gttps://www.cbioportal.org/ (277,278) and replotted 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.

108


http://timer.cistrome.org/
https://www.cbioportal.org/

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(xSHE¥s, Tone 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://timeranse.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 D5V9L
RRID:AB_2792980

BetaActin SigmaAldrich Cat# A5316; Clone A&/ 4;
RRID:AB_476743

Histone H3 New England BioLabs | Cat# 4620; Clon®2B12;
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 RM8
RRID:AB_ 312713

CD8 BV650 BioLegend Cat# 100742; Clone 58.7;
RRID:AB_2563056

CD8 BV786 BioLegend Cat# 100750; Clone 58.7;
RRID:AB_ 2562610

Zombie NIR APC Cy7 BioLegend Cat# 423106

Rat AnttMouse CD16/CD32 (Mouse
BD Fc Block)

BD Biosciences

Cat#t 553142; Clone 2.4G2
AB 394656

Normal Rabbit IgG

New EnglandBioLabs

Cat# 2729;
RRID:AB_1031062

BV650 Rat IgG2a Isotype control

BD Biosciences

Cat#t 563236; Clone R35
95; AB 2869472

BV510 Hamster IgG2 Isotype control

BD Biosciences

Cat#t 563202; Clone B83;
AB 2869469

PE Rat IgG2a Isotype control

BD Biosciences

Cat# 553930; Clone R35
95; AB 479724

BV786 Rat IgG2a Isotype control

BD Biosciences

Cat# 563335; Clone R35
95; AB 2869486

Alexa Fluor 647 Mouse 1gG2b Isotype
control

BD Biosciences

Cat# 557903; Clone 235;
AB 396928

BV421 Mouse IgGlsotype control

BD Biosciences

Cat# 562438; Clone X40:;
AB 11207319

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

Goat AntiRabbit IgG (H+L}HRP BIO-RAD Cat# 1706515;

Conjugate RRID:AB 2617112

Goat AnttMouse IgG (H+L)HRP BIO-RAD Cat# 1706516;

Conjugate RRID:AB 2921252

Chemicals, Peptides, and

Recombinant Proteins

iTag Universal SYBR Green Supermi] Bio-Rad Cat# 1725124;
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Lipofectamine 3000 transfection
Reagent

ThermoFisher

Cat# L3000008

Mammary Epithelial Growth ThermoFisher Cat#S0155
Supplemen{MEGS)

Critical commercial assays

eBiosciencE Foxp3/ Transcription | ThermoFisher Scientifi{ Cat# 00552300;
Factor Staining Buffer Set

DualLuciferase® Reporter Assay Promega Cat# E1980;
System

SimpleChIP® Enzymati€hromatin IP | New England BioLabs | Cat# 9003;

Kit

Experimental models: Cell Lines

Mouse: Yale University Mouse
melanoma cell line

Dr. William Damsky;
Yale University

YUMM1.1, YUMML1.7,
YUMM1.9, YUMM2.1

Human: OHR{13 melanoma cell line

Dr. Carolina llkow;
University of Ottawa

OHRI-13

Human: SKMEL?2

American Type Culture
Collection (ATCC)

Cat# HTB68

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# CRI-3216; 293T

Experimental models:
Organism/strains

Mouse: C57BL/6

Jackson Laboratory

Cat# 000664; RRID:
IMSR_JAX:000664

Mouse: CB17.CéPrkdcscidHrhr/lcrCrl

Charles River

SCID

Mouse: B6.129S' Rag1tmiMom/J JacksorLaboratory Ragl KO

(Bred in house; Dr.

Michele Ardolino)
Mouse: NOD Charles River (Bred in | NCG
Prkdcem26Cd52112rgem26Cd22/Nju( house; Dr. Michele
I Ardolino)
Oligonucleotides
SiRNA SOX101 Dharmacon Cat# 304995709
SiRNA SOX102 Dharmacon Cat#J-04995710
SsiRNA CTN Dharmacon Cat# D001810601

gPCR PrimerSox10forward:
AGGTTGCTGAACGAAAGTGAC

N/A

gPCR PrimerSox10reverse: N/A
CCGAGGTTGGTACTTGTAGTCC
gPCR PrimerCeacamlLongorward: N/A

GCGAGATCTCACAGAGCACA
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gPCR PrimerCeacamllLongeverse:

N/A

GCTGGGAATTGAAGTTCAGG

gPCR PrimerCeacamlShofforward: N/A

CTGGCATCGTGATTGGAGTT

gPCR PrimerCeacamlShoreverse: N/A

CAGAAGGAGCCAGATCCG

gPCR Primeri8sforward: N/A

AGTCCCTGCCCTTTGTACACA

gPCR Primer: 8sreverse: N/A

GATCCGAGGCCTCACTAAAC

ChIP Primer: Ceacaml1forwarétP00]: | This manuscript N/A

GTAGAACCAACCTAGATCTCCA

ChIP Primer: Ceacaml revers8§20]: | This manuscript N/A

CTGTAAACTTTGTGATTCATCT

ChIP Primer:Ceacam1 forward- | This manuscript N/A

3820]:

GGATGT GGATAGACTTAGAATA

ChIP Primer: Ceacaml revers8g85]: | This manuscript N/A

GTTATATATGTAATTACATGTG

ChIP Primer: Ceacaml forward [ This manuscript N/A

2916]:

CCTGTACTGGAGCATATAAAGT

ChIP Primer: Ceacaml revers2q85]: | This manuscript N/A

CAACATTATGAACTAACCAGTA

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

Primers

Recombinant DNA

pUMVC Addgene Cat# 8449
RRID:Addgene8449

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
pGL3PCeacam{1525/+5] This manuscript N/A
pGL3P Ceacami12875/1435] This manuscript N/A
pGL3P Ceacami4135/2785] This manuscript N/A
pGL3P Ceacam1$305,4045] This manuscript N/A
pRL-CMV Promega Cat# E2261
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pLenti Cas9Blast Dr. DanielSchramek; | N/A
University of Toronto
pLKO H2B-mRFR2A 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 al2013

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 immmune-competent mice but reduced self

renewal properties

The role of Sox10 in human melanoma is well establigh2@,187,252)Interrogation of
the Firehose human melanoma dataset shows that high SOX10 expression is correlated with a
decrease in survival (Figu&elA). To gain further insight into Soxidriven phenotypes, we set
out to identify cells lines with differential SOX10 expression. To achieve this, the YUMM panel
of murine congenic melanoma cell ling®) was assessed for Sox10 expression. Using Western
blotting we identified the YUMML1.1 as a SOX10 high cell line, YUMMZ2.1 showed intermediate
levels and YUMML1.7 & YUMML.9 cells showed little to no expression (Figui). This was
further validated at the mRNA level, suggesting that Sox10 expression in these cells is likely to be
modulated at the transcriptional level (Figdr&C). We next tested the in vivo growth potential
of the SOX10+ YUMML1.1 and the SOXA¥UMML1.7 cell lines in C57 mice. As expectetiet
SOX10+ cells reached endpoint significantly faster than the S©c¢€ll8 (Figuregt.1D and4.1F).
Although the SOX10cells did grow slower, they still formed palpable tumors (Figui®).
Western blot analysis showed that SOX10 was not reactivated in the YUMML1.7 tumors in an
immune competent background, confirming that cells lacking SOX10 did not activate it and
retained some in vivo growth potential (Figude¥D and4.1F). To test the potential effects of the
immune system in this assay, cells wenedted in NOBSCID mice which lack functional T/B
cells and have impaired NK cell and macrophage functions. In marked contrast to previously
reported result$120,187,252) the SOX10+ cells displayed reduced growth compared to the
SOX10 cells (Figure4.1E and4.1G) in immunecompromised 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, SOXIlls 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 potentie33,184,274)Using melanosphere assays we tested the
CSC potential of both cell lines. Interestingly, the SOX10+ YUMM1.1 melanoma cells displayed
low sphere forming potential (Figuee1H), suggesting reduced levels of CSCs. This further
translated into a decrease in secondary sphere formation, supporting a reducticreimeself
capabilities. Surprisingly, no secondary spheres could be recovered from the high SOX10
expressing YUMML1.Xells, whereas the YUMMZ2.1 cells, expressing intermediate SOX10 levels,
generatedh low level of secondary spheres (Figdr#gH and4.1l). Together, these data suggest
that high SOX10 populations have reduced stemlikellcontent and that SOX10 may play a

different role in epithelialike cancers.

115



Percent survival

Sox10 B <

3)
g

-

Tumor Volume (mm'

Sphere forming

Sox10
— Low {ie229) YUMM YUMM YUMM YUMM 525
— High (n=229) 1.1 1.7 1.9 21 3
e 20
o
SOX10 — 62 g 154
é 05
3 dp o wp
© 00 : - T
100 200 300 400 & A *\. &‘\
Months elapsed 3 %
_@\\ @\t‘ _@é S
E ¥ YUMM1.1  YUMMA1.7
C57Bl/6J SCID SOX10
o 15007 ACTIN
20001 & YUMM1.1 E - YUMM1.1
- YUMM1.7 = ool = YUMM1.7 G
500 g YUMM1.1 YUMMA1.7
0001 S g0l SOX10
(=]
5007 § ACTIN
0 —— et P o
0 10 20 30 0 10 20 30
Days after Injection Days after Injection
*kk * | YUMM1.1 YUMM1.7 YUMM1.9
*x *okk kK
159 — — = >
- YUMM1.1 g
o m YUMM1.7 =
> = YUMM1.9 o
E 0= YUMM2.1 _
g °© >  Sufficient
3 spheres could
c
0 S not be
& & &  recovered
Q{\ eoo"o
Passage

116



Figure 4.1 SOX10" cellsdisplay a growth advantage in an immune competent background
but reduced self renewal properties (A) Kaplan Meier curve amparing overall survival in
SOX16high and low melanomasatients from the Firehose Legacy datag@andC) gPCR and
Westernblots of various YUMM cell lineshowingdifferential Sox10expression.d andE) In
vivogrowth comparison of high and Id80X10expressing melanoma cells in immune competent
C57 (n=5 and n=4 respectivelf)) andimmune compromise8CID (n=6 and n=6 respectively)
(E) mice. Tumor size was measured at each indicated piahdG) Tumors from pansID and

E were collected and protein was harvest8dmples were analysed f80X10 levels inthe
YUMM1.1 and YUMM1.7 tumors from the immune competéR} and immune compromised
mice G). Three tumors from each cohort were used to allow for representative protein expression
found within the various tumor@d) Quantitation of pmary and secondary sphere formation
various YUMM lines expressindifferentlevels of SOX1Q (I) Representative images of both
primary and secondary spheresumerated inH) are shown (scale bar = 100uM)ata is
representative of three independent experimeditsl]. Graphs show the mean +SEM. *p<0.05,

**p<0.005, **p<0.001, ****p<0.0001 by oneway anovald).
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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 SOX19UMML1.7 cells were transduced with a retrovirus expressing Sox10.
Expression was confirmed by Western Blot analysis (Fighd) and the selrenewal
capabilities of the SOX10+ and SOXIMYUMML1.7 cells were tested using sphere forming assays
in vitro. Interestingly, expression of SOX10 in the YUMML1.7 cells had no effect on primary sphere
formation but slightly decreased the CSIf-senewal capabilies @° spheres; Figurd.2B and
4.2C). To further test the role of SOX10 in self renewal, we knocked out Sox10 in YUMML1.1 cells
using CRISPRCas9 and guide RNAs targeting the HMG domain in exon two. Western blotting
showed a significant SOX10 knock out using two independent guides (HdDe In vitro
sphere forming assays with both Sox10 knock out cell lines showed that Sox10 deletion enhanced
the number of primary and secondary spheres (Figue and4.2F), suggesting that Sox10
expression negativeimodulates CSC content. Similarly, Sox10 ablation in YUMMZ2.1 expressing
intermediate levels of SOX10 led to an increase in the sphere forming potential, further suggesting
that SOX10 decreases the CSC properties of melanoma (Bgd# andS41B). 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+ melanoma@A) Immunoblot of
YUMML.7 cells stably expressing SOX1®)(Quantitation of pmary and secondary sphere
formation of stably expressing SOX10 YUMMZ1.7 cell line and cont@) Representative images
of both primary and secondary spheeesimerated inR). Scale bar = 100uM.) Immunoblot

of SOX10 knockout YUMML1.Xells. E) Quantitation of pmary and secondary sphere formation
of our Sox10knockoutYUMML1.1 cellsand control. F) Representative images of both primary
and secondary spheres are shdarthe YUMML1.1 control andsox10knockout cellgscale bar

= 100uM).Data is repremntative of three independent experimeBts). Graphs show the mean

+SEM. *p<0.05, **p<0.005, ***p<0.001 by twailed t testB) or one way anoves).
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SOX10 affects CD8+ TFcell 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,
SOX10expressing YUMM1.7 cells showed an increase in tumor growth compared to controls
(Figure4.3A). One of the hallmarks of melanoma phenotype switching is the ability to evade the
immune systeni279) 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 cellioiltrat
in the tumor microenvironment (Figug2A). However, flow analysis showed that the SOX10+
tumors had increased CD4+cEll infiltration with a decrease in CD8+cell (Figure4.3B),
suggesting that SOX1@riven melanoma tumors can regulatedl infiltration or immune escape.

To test this, we repeated the injections using RAG1 mice which lack T/B cells. Interestingly, we
found that the SOXEexpressing YUMM1.7 cells grew at the same rate as controls, supporting
the notion that SOX10+ melanoma canategly regulate the immune response (FiguBE and
S42B). This finding was further corroborated by injecting the SOXéficient YUMML1.1 cells
(Figure4.2D) in NCG mice which lack T and B cells while also having an extreme impairment in
innate immune Unction (Figure 8.2C). 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 (Fig&42D). However, supporting

our data, patients with increased levels of CD8+ T cell infiltrates displayed better survival

outcomes (Figur&42E).
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Our previous work in breast cancer identified a number of potential SOX10 t¢lr§é}s
CEACAML1, a glycoprotein found on the surface of various cell types, was found to be highly
expressed in SOX10+ breast cancer cells. Strikingly, CEACAML1 is believed to play multiple roles
in inhibiting cytotoxic lymphocyte functiof280). 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 CEACAM1, PDL1, PDL2, CD80 and CD86. Conventional ligands such as
PDL1, PDL2, CD80, and CD86 had oorrelation with SOX10 expression in our various YUMM
lines as determined by flow cytometry (Figure3\). However, CEACAM1 expression was only
observed in SOX10 expressing YUMM lines with YUMMZ1.1 displaying the highest CEACAM1
and SOX10 levels (Figu43D). Supporting this, using TCGA data on CBioPortal we found that
CEACAML1 and SOX10 mRNA levels are positively correlated in melanoma (FE{LB8). This
significant correlation between SOX10 and CEACAM1 in melanoma prompted us to test whether
CEACAML1 expression was SOXddkependent. Using flow cytometry, we identified multiple
human melanoma  cell lines  with both  SOX10high/CEACAM1high  and
SOX10higiCEACAM1med levels (Figuret.3E and S43C). This was also observed in the
YUMM lines, suggesting that this agetation is conserved in murine cell lines. We found that the
YUMML1.7 cells expressed little to no SOX10 or CEACAML1 protein (Q2; Figu@E). In
contrast, in both the YUMM1.1 and YUMM2.1, a large proportion of CEACAM1 positive cells
are also SOX10 positive (Q2; Figude3F). Although a large proportion of cells are double
positive, a CEACAMYSOX10+ population is also present (Q3), suggesting that CEACAM1
expression may also be dependent on additional factors or it is expressed in distinct SOX10+
subpopuléons (Figure4.3E and 4.3F). Furthermore, it suggests that SOX10 expression is

independent of CEACAML1.
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Figure 4.3 SOX10 expression is correlated withCD8+ T-cell infiltration and CEACAM1

levels (A) In vivogrowth comparison between the pBABE con{ret5) and thepBABE-SOX10
overexpressingn=5) YUMML.7 cell lines inC57immune competent miceB] Flow cytometry
analysis of the CD#4and CD8&- T-cell populations within the pBABE and pBABEOX10 tumors
atendpoint. C) Comparison of tumor size 24 days post injection betvpBRBE control(n=4)

and thepBABE-SOX10 overexpressinn=5) YUMM1.7 cell linesin RAG1 mice. D) Flow
analysis showing the proportion of CEACAM1 positive cells in various YUMM leds
compared to isotype controE) Flow cytometric staining of SOX10 and CEACAM1 in OHRI

13 and SKMEL28 human melanoma cell lines. Percentage of each group is indicated within their
guadrant. ) Flow cytometric staining of SOX10 and CEACAML in the YUMM1.1, 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 #imded t test B).
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SOX10 directly activates Ceacaml on a distal promoter region

To determine whether SOX10 can modulate the expression of CEACAML1, we transfected
two siRNAs targeting SOX10 into the YUMM1.1 and YUMM2.1 melanoma cell lines and
confirmed knockdown by western blotting (FigurdA andS44A). Transfection of the siRNAs
resulted in a marked downregulation of CEACAM1 (Fig4tdB and S44B). Interestingly,
CEACAML1 levels were higher in YUMM1.1 and YUMM2.1 cells with residual SOX10
expression (Figuret.4A-B and S44A-B). Flow cytometry also revealed that CEACAM1
expression was not4a&ctivated following the long term CRISPR/Cas@diated SOX10 knock

out protocol (Figur&44C).

CEACAML1 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, CEACAM1lisoforms seem to ber@gdominantly
expressed and have been found to alter Ci28lTactivation and regulate metastatic potential of
various cancer$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 Ceacaml isoform groups equally, suggesting that
Sox10 expressiotioes not affect the splicing mechanisms but overall Ceacam1 expression (Figure
4.4C). To ultimately test whether SOX10 can activate CEACAML1 expression in melanoma, we
assessed CEACAML1 levels in SOXd6ficient YUMM1.7 cells following transduction with
pBABE-Sox10. Following gPCR, exogenous SOX10 expression induced both Ceacaml isoform
groups in YUMML.7 cells (Figurd.4D). Total CEACAM1 upregulation was further confirmed

via flow cytometry (Figuret.4E). To determine whether SOX10 directly activates Ceacaml, we
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cloned multiple 1kb fragments of the Ceacam1 promoter region in{Gh3uciferase backbone.

The overlapping fragments allowed for coverage of ubkb from the Ceacam1 transcriptional

start site. Interestingly, we identified two negative regulatagiores €1525/+5 and5305£4045)

that showed decreased luciferase activity only in the YUMM1.7 cell lines lacking both CEACAM1
and SOX10 (Figur&44D). As expected, we identified one major fragment at approximately
3kbps from the transcriptional startes{4135+£2785) that displayed aféld increase in luciferase

activity in SOX10+ YUMML.1 cells (Figuré.4F). Scanning of thet135/2785 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 vama 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 otide mismatch of the
conventional SoxE consensus region. To determine whether SOX10 is bound to these consensus
regions we used YUMML1.1 cells for ChIP analysis. Chromatin pull downs withS&@i10
antibodies showed significant enrichment above IgG ihtBe8 regions within thed135/2785

fragment bound by SOX10, suggesting that it is a direct regulator of CEACAM1 (Big@g
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Figure 4.4 SOX10 directly activates Ceacaml on a distanhancerregion. (A) YUMM1.1

cells were treated with siRNA at 200nM targetBgx10or a nontargeting control for 72 hours
andSox10knockdown was assessed Inymunoblot. B) 72 hourspost siRNA transfection cells
were isolated and stained for CEACAMRepresentative flow plots were generated with indicated
percent CEACAM1+ cells(C) gPCR was used to compaex10knockdown efficiency with
Ceacamlisoform levels of the cells inX). (D) YUMM1.7 pBABE and YUMML1.7 pBABE
SOX10 cells were collected and analysed by gPCRSmx10and Ceacamlisoforms. E)
YUMM1.7 pBABE and YUMML1.7 pBABESOX10 cells were isolated and stained for
CEACAML. Representative flow plots were generated with indicpgdent CEACAM1+ cells.

(F) Luciferase activity measurements from various Ceacaml promoter fragments in YUMML1.1
and 2.1 cells.®) RT-PCR of SOX10 ChIP in YUMML1.1 cells from various regions within the
CEACAML1 -4135£2785fragment showing the fold enrichment over IgG. The red line represents
the 1gG control set to one. Data is representative of three independent exper@nénts, (G).
Graphs show the mean +SEM. *p<0.05, **p<0.005, ***p<0.001, ****p<0.0001 by-wag

anova C, D) or by twotailed t test ).
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CEACAML1 decreases CD8+ TCell 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 CEACAM1 wherdagrisé has a
truncated extracellular and intracellular domain while still allowing for ligand bir(@84) These
two isoforms were cloned into a retroviral backbone and transduced into YUMML1.7 cells.
Expression was confirmed using flow cytometry (Figui). We then tested the CSC properties
of these cells using tumor sphere assays as above. Similar to SOX10, CEACAM1 expression
decreased the secondary sphere formation of these cells (BigBje Although both isoforms
showed a downward trend, only isoform 4 showed a significant reduction (Big§Brand4.5C).
To test whether this decrease in CSC progsertiorrelated with overall growth, we injected
YUMML1.7 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 vivas previously reporte(285) (Figure 4.5D). Interestingly, isoform 1
expression had no effect on tumor growth in vivo (FiguB®). To test the effect of CEACAM1
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 CEACAM1 isoforms
increased CD4+ -Eell and decreased CD8+cell infiltration compared to controls (FigudesE
and 4.5F). Together these data show a direct functional correlation between CEACAM1 and
SOX10 at reprssing CD8+ Tcell 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: CEACAML1 decreases CD8+ TCell infiltration and promotes tumor growth. (A)
Overlaid flow profiles representing thedJMM1.7 cells stably expressinQEACAML1 Isoform 1

or 4. (B) Quantitation of pmary and secondary sphere formatiotsOX10deficient YUMML1.7
cells stably expressin@GEACAML1 and contra. (C) Representative images of both primary and
secondary spheré®m the assays iB (Scale bar = 100u¥ (D andE) In vivogrowth comparison
between the pBABE contmlI(n=5), the CEACAM1 isol (n=5) and iso4 (n=4) expressing
YUMML.7 cell lines inNCG immunecompromisednice (D) and G7 immune competent mice
(E). (F) Flow cytometry analysis of the CB4nd CD8& T-cell populations within the pBABE
and pBABECEACAM1 tumors at endpoint. Data is representative of three independent
experiments B). Graphs show the mean +SER)<0.05, **p<0.005, ***p<0.001 by onavay

anova B, F).
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Co-expression of SOX16CEACAM1 markedly decreases the CSC pool and CD8+ -Eell

infiltration in melanoma

CEACAML1 has been shown to play contradictory roles within different cancer types
(134,286,287.)To gain insight into the SOX10EACAM1-driven phenotypes in melanoma, we
sorted our YUMML1.7 pBABES0x10 cells into their CEACAMland CEACAM1+ populations
(Figuréb. 6A). These populations remained stable using flow cytometry for up to 17 days post
sorting (FigureS45A). The YUMM1.7 CEACAM1+ cells were found to be enriched for both the
short and long isoforms (Figu#e6B) and displayed a significant increase in both Sox10 mRNA
and protein levels, supporting the observation that Ceacaml is a SOX1(RFayget4.6B and
S45B). In agreement with this, the CEACAMgdopulation had lower levels of SOX10 compared
to the pBABES0x10 and CEACAML1+ cells (Figu@45B). To test whether SOX1OEACAM1
expression could enhance tumor growth, we injected our YUMM1.7 CEACAM+, CEACAM1
and parental pBABE0x10 cells subcutaneously into immune competent mice. Unexpectedly, we
found that the CEACAM1+ cells grew the slowegtile the pPBABES0x10 parental line grew
significantly faster (Figurd&.6C). Following flow cytomety, 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 SOXidriven CEACAM1 expression suppresses CD8+ T cell

recruitment (Figurd.6D).

One possibility for the observed reduced tumor growth in vivo is the potential depletion of the
CSC pool within both the YUMM1.7 SOX10EACAM1+ and SOX18CEACAM1- populations.
To test this, we performed primary and secondary sphere assays in vitro. fBgppart
hypothesis, we found that the CEACAM1+ cells had significantly reduced primary and secondary

sphere forming potential, suggesting a reduction in CSC content amdrsaifal capacity (Figure
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4.6E and4.6F). Interestingly, both SOX10+ populations showed a reduction iAressdfval
capacity compared to the parental YUMML1.7 cells (FigdrgB), 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
tenfold dilutions of each group into the flanks of NCG mice and allowed tumors to develop for 4
weeks. Supporting the melanosphere data, CEACAM1+ populaimveed a markedly reduced
tumor size and take rate upon dilution (g 4.6G and4.6H). The CSC frequency in CEACAM1

cells was estimated to be approximatelyfdll higher than the CEACAM1+ population (Figure
4.6). These data suggest that SOXdriven 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+ Tecell
infiltration in tumors. (A) Representative flow sorts showing the proportion of CEACAM1+ and
CEACAML1- cellsobtained following SOX10 expression in YUMM1.7 cell8) GPCR analysis
for Sox10and theCeacamlsoforms in sorted YUMM1.7 pBABESOX10 cells shown i&. (C)

In vivo growth comparison between the pBAEEOX10 (n=5), CEACAMI (n=5) and
CEACAML1" (n=5) YUMML1.7 cell lines inC57 immune competent micéD) Flow cytometry
analysis of the CD4and CD8& T-cell populations within theBABE-SOX10, CEACAM1 and
CEACAM1" tumorsat endpoint.(E) Quantitation of pmary and secaary sphere formation in
the YUMML1.7 pPBABESOX10, CEACAM1 and CEACAMT cells (F) Representative images
of both primary and secondary sphassays fronkE (scale bar = 100uM)G) 1x1® YUMM1.7
pBABE-SOX10, CEACAM1and CEACAMTI cells were injected into NCG mice. The mice were
euthanized & days post injection and themberof palpable tumors per group was recorded). (
Representative images of tumors removed following the 28 day endpbinEstimated
frequencies of CSC within the solid tumors isolated from the three groups using(28B¥Data

is representative of three independent experim&nis)( Graphs show the mean +SEM. *p<0.05,

***n<0.001, ****p<0.0001 by oneway anoval, D, E).
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4.7 Discussion

The role of SOX10 in melanoma is well documented. To gain futiseght into the role
of SOX10 in melanoma progression, we screened a panel of YUMM (G@sor SOX10
expression. Western blot analysis showed high SOX10 expression in YUMM1.1 cells with
moderate and very low levels in YUMM2.1 and 1.7, respectively (Figu). Our data show
that high SOX10 expression in melanoma confers a tumor growth advantage in immune competent
mice (Figure4.3A). Surprisingly this growth advantage was lost in immune compromised mice,
suggesting a role for SOX10 in immunomodulation (FiguB€ andS42C). Due to the high intra
tumor heterogeneity in melanomas, we testedGISC potential of SOX10+ YUMM1.1 cells.
Unexpectedly, we found that SOX10 decreased the self renewal capacity in those cells (Figure
4.2E andS41A). To further investigate the mechanisms underlying these phenotypes, we tested a
panel of immune ligands expressed by tumor cells. Those studies revealed that CEACAM1 is a
direct gene target of SOX10 (Figu#edG). When ceexpressed, we also find that the SOX10

CEACAML1 axis is detrimental to tumor growth by depleting the CSC pool (Fig6zH).

Our data finds that SOX1Aull cells have increased CSC properties (Figu2&E and
S41A). This observation is in stark contrast to a large number of reports identifying the SoxE
family as CS@nducing. For example, SOX10 has been shown to induce stem/progenitor activity
in mammary epithelial cell§l83) 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 transcrip(ib®5). 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 cand@70'172,289291) Similarly, SOX9 can directly
activate SOX10 gene expression in breast cancer to induce a more stiéhe pénotypg292).

As SOX9 is usually not expressed in SOX10+ melanoma populéli6by 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 SoxEpecifictherapeutic strategies.

Here, we have shown that CEACAM1 expression in melanoma is dependent on SOX10
(Figure4.3E and4.3F). Furthermore, we find that SOX10 can directly bind to a CEACAML1 distal
enhancer region and induce its expression in melanoma (Fgi¢ Surprisingly, SOX9 has
been shown to repress CEACAM1 in melanoma, further supporting an antagonistic function
between SOX9 and SOX1@93). Although SOX9 and SOX10 share very similar binding sites,
SOX9 seems to function more on a CEACAM1 proximal promoter element with no evidence of
SOX10 binding within the same regi@@03,294)Figure4.4F). Interestingly, we find that not all
SOX10+ cells express CEACAM1, suggesting that SOX10 may require additiefzaitog(s) to
fully activate CEACAM1 (Figurel.3E and4.3F). This has been previously observed for SOX10.
Indeed, SOX1@ependent activation of MITF requires Pax3 expression and TYPRL1 induction has
been shown to be mediated through direct interaction between SOX10 and (B&5:296)
Interestingly, we do observe that SOX10 activates both subsets of CEACAML1 isoforms (long and
short), suggesting that it does not affect isoform selectivity (Fi@deeand4.4D). The regulation
of the SOX16CEACAML1 axis is still not fully understood and-depth studies should identify

potential SOX10 cdactors 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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understood119,120,187,252)We show that SOX10 has the ability to regulateT infiltration,
primarily CD8+ T cells (Figuret.3B). This is in agreement with previous work showing that
SOX10 can confer tumor growth partially through blocking CD8¢ells infiltration (275).
Although various immune subtypes can infiltrate the tumor microenvironment, we find that
patients with high CD8+ -Eell infiltration have a better outcome (Figi8é42E). 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+célls, thereby etivating the immune response. Current
ligands/receptors targets include PDL1/PD1, CTLatatd 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 d@ié&3$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 isoform@&80,297) Interestingly, blocking CEACAM1 homophillic
interactions in melanoma sensitized the cells to CD&elT 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 (Figurd.5B and4.5E). Albeit missing the ITIM domains, the
shorter isoform 4 can still activate downstream signd289) It has been shown that, although
truncated at the fkrminus, the shorter isoforms such as 3S and 2S (human and mouse
respectively) still retain their homophilic and heterophilic interact{@84). It is then likely that
the differential expression between the various CEACAML 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¢ells usually during
exhaustion(300). Current TIM3 blocking antibodies have shown great potential at reactivating
immune function and inhibiting tumor immunit@01). It will be of great interest to determine
whether CEACAM1 on tumors can induce CD8+cdll exhaustion by promoting TIM3
dependent responses. In addition, a greater understanding of the role of the various CEACAM1

isoforms on melanoma progression is reggli

Melanomas typically present as heterogeneous populations with gene expression that is
nontuniform throughout the tumo302) Our data show that eexpression of SOX10 and
CEACAML1 imparts a marked growth advantage to melanoma tumors (HdgiG® As it was
shown that CEACAM1 expression in melanoma was strongest at invading (8o it is
possible that the eexpression of SOX10/CEACAM1 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 dmegtilator of CEACAML. This
SOX10CEACAML1 axis functions in both a prand antitumorigenic fashion by decreasing GD8
T-cell infiltration but by also modulating the CSC properties in melanoma (FHgéideand4.6E-
| respectively). We believe future studiwill 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 Supplementaryfigures
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mice. (A) Flow cytometry analysis of th€D3+ T-cell populations within the pBABEed)and
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8 (C) Flow cytometric staining of SOX10 and CEACAM1 in SKEL2 and M14 human

melanoma cell lines. Percentage of each group is indicated within their quadrant.
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Chapter 5

General Discussion
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5.1 Summary

The importance of SOX9 and SOX@Ocancer maintenance and progresssonell documented.
However, the relationship between these pwoteins has not been thorouglhyestigatedTo
dissectthe varioudunctionsof SOX9 and SOX10we utilized a panel of murine melanoma cell
lines (YUMM) that express SOX9 or SOX10. Interestinglie find that SOX%xpression is
associated with dargeted therapy resistant state melanoma,while SOX10 expressiois
observed in drug sensitive celldoreover,the loss of SOX10 promotes entry intotleerapy
resistant statand loss of sensitivity to botargeed therapyand oncolyticvirustreatmentOn the

other handwe have shown th&8OX9 can act as a gatekeeper between states. SIekdent
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
errichment of CSC within the tumour population. We have shown that SOX10 directly regulates
CEACAML1 and that tlF SOX10CEACAML1 axis regulates the CS{&e properties in melanoma.

This signaling pathway proved to be both jaranti-tumourigenic. For example, tumours
enriched for both SOX10 and CEACAML1 had reduced CD8+ T cell infiltration within the tumour
microenwronment 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 yhezapitive

and resistant states.

5.2The relationship between SOX9 and SOX10

The characterizatioof SOX9 and SOX1@nction hasnainly focused orhealthycells. In
general the primary functions of SOX9 and SOX10 are relatedeteelopment andeural crest

lineage specificatioqd61,162) Surprisingly, few studies have simultaneously investigated both
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proteins. Therefore, the extent of theirexpression in various tissue types is still unknown. In
the mammary epithelium, SOX9 marks the luminal progenitor population and the I8ssx®f
inhibits mammary gland developmdB804). Similarly, Mertelmeyeret al., have shown th&obx10
haploinsufficiencydelays early mammary gland developmé3@5) In agreement with these
findings Dravis et al., have shown that SOX10 is a marker of fetal mammary stem cells, driving
mammary gland developmefi83,274) Although these studies all examined SOX9 and SOX10
independently, it is not clear if they are-expressed or whether they have redundant functions.
We have shown the eexpression 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 (Appef2@R)A)

In contrast, SOX9 and SOX10 have been shown to have opposing roles in melanoma. The
overexpression of SOX9 in human melanoma cells represses S@83)0We 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 q@ll9) The SOX18'9" population represents the proliferative,
therapy sensitive state while the SO®9population 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 le{@19) Therefore, if a certain threshold of SOX9 expression is not
achieved, this could explain its different roles between cancer (¥86% One study found that
certainSox9regulatory elements are buffered to changes in SOX9 expression while others are
highly sensitiv€306). If the sensitive regulatory elements $9x9are 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 phenotypé06) There is also the possibility that SOX9 function is
regulated by cdactors and postranslational modifications only present in certain cancer types.
We found that SOX9 is bound to various regulatory elements in breast cancer cells without
promoting trascriptional activity (Appendix A292). 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 heeenshown to be both absent and present
in various metastatic human patient tunfdrg) Our findings show tha®OX9is only presenin
cell lines that have intrinsic resistance to targeted therapies or have been chronically treated with
vemurafenib to induce a resistant s{@hlapter 2) Others have found SOX9 expression primarily
in slowcycling, invasive melanon{a19,121) Although resistance and invasion represent two
distinct phenotypes, they are commonly observed together. This begs the question of whether
SOX?9 is potentially driving both of these states. If SOX9 is the sole driver of this invasive/resistant
state, onevould predict that manipulation of SOX9 would alter these phenotypes. In our hands,
the constitutive expression of SOX9 had no impact on inducing vemurafenib resistaitoe
(Figure 2.3). Interestingly, expression of SOX9 has been shown to promoiteratiok,
migratory and invasive capabilities in many other cancer (¢663 One group showetthat low
to medium SOX9 expression acts in an antiproliferative fashion whereas high levels promote
tumor cell growth in melanon(a79). Others have identified the presence of SOX9 in a slow
cycling melanoma state, while SOX10 promotes a proliferative($i8g121) In our panel of

parental YUMM cell lines, the SOX8xpressing cells have an increased proliferative capacity in

148



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 backdfagace 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 ai8s@X@d phenotype could

address this issue.

While SOX10function has been less scrutinizedthe 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 inhibitigh93). This is stark contrast to other studies, including our
own. One potential reason for thiiscrepancycould be due to the use of knockdoamd not
knockout melanoma celis Han et alstudy(193) In Han et al, they also did not test cell viability
using Resazurin but rather AnnexinV stair{it@3). When looking at untreated controls$sx10
knockdown cells, th8ox1knockdown melanoma cells have inherently higher AnnexinV staining
and theref or e sTheeseforeatrodtdst ofiihceasad sensitidity $heufdl be looking
at total fold change rather than overall AnnexinV positive ¢EI3) 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 melana(197). A loss in SOX10 also increases the migratory
and invasive capabilities of melanoma in botD 2nd 3D culture$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 dormauiiéscentike state, where the cells

further gain increased migratory and invasive capabliliti&g). 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 sasffphnd 2) how can SOXt@ficient

melanomas be effectively treated?

5.4 SOX9and 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 tH&ox10locus (Figure 2.5) We also observed that, following the
transition to the resistant staggx9activation is in part due to the opening of chromatin along the
Sox9promoter 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 &ox10not only reduces the
expression of SOX10, but also reduces the open chromatin surroundidgxtt@ocus (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 shiftéiks into the previously observed
MAPK inhibitor resistant, quiescent stét&9,197) 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 chromtin remodeling and that the activation of SOXd@ependent 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 moeties, 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 modificatiorSoxk1® s genomi ¢ | andscape.

Another possibility is that the loss of genomic accessibility aStnelOlocus 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 ddox10 The use of CrisprA could revert overall resistance by reopening
the chromatin landscape around 8wx1docus. This would drive endogenous SOX10 expression,
potentially reverting cells to their toleranate.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 documgit®d 97) As theSox9locus opens
following resistance to vemurafenib, we speculated that SOX9 was driving this resistant
phenotype. Like SOX10, owaxpression ofSOX9 did not alter resistance to vemurafenib.
Surprisingly, unlike the knockdown &ox10 knockdown ofSox9did 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 thislow-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, endogenousox9may 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 n&tI®8Omay 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. Witer 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.

5.5The role of SOX9 and SOXD asimmunomodulators

Some reports have identified SOX9 as a major regulator of CEACAM1 gene expression.
In the colon epithelium, SOX9 has been shown to promote CEACAM1 expression directly
together with p30@294) On the contrary, another group has found that SOX9 represses
CEACAML1 indirectly in human melanoma cell lirf@93) This repression oBox9elicited a
resistance to cytotoxic lymphocyte killing in melanoma cells, connecting both CEACAM1 and
SOX9 as modulators of immumeediated cytotoxicity in melanor(293). Our group and others
have found that SOX10 can regulate both CEACAM1 and HVEM in melaGhegpter 4()275)
In addition, we have identified SOX10 as a direct regulator of CEACAML1. Furthermore, we find
that not all SOX10 positive melanoma cells express CEACAM1 but all CEACpdsitive
melanoma cells express SOX10, in agreement with our findings. Interestwegind that the
expression of SOX10 affects the ratio of CD3 positiveells in the tumour microenvironment.

More specifically, it can promote CD4-Gell 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 CEXZZW
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 @B T
infiltration following overexpression of SOX10 with a decrease in CExells.CD4 T-cells can
be grouped into two major classes, the helpeells and regulatory -Cells (Tregs)307) Tregs
function in an immunosuppressive fashion where they can inhibit GB&8l Tequirement and
activity(307). Since we observe differing levels of CD4/CD&dll infiltration dependent on
SOX10 levels, Tregs could be playing a major role at inducing tbedlBwitch within the tumour

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

CEACAML1 knockout in SOX14positive melanoma reduced overall tumour burden and
prolonged survival in vivi275) CEACAML 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 Fcell infiltration in melanoma tumors, the short isoform has a more
pronounced ééct. Overexpression of the short isoform reduces CB&T 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 dimeriziitibmeing
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 werable to enrich for populations
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expressing the CEACAML1 long isoform. It would be of interest to perform depletion experiments
of various immune cells and assess CEACAdifiizen melanoma tumour growth, or whether a

blocking antibody targeting CEACAM1 could potentially be used as a chetkgockade.

5.6 Crossresistance phenomenon

Currently, the best treatment regimen for {sti@ge metastatic melanoma is dual therapy
using MAPK inhibitors with ICIs. Various groups have shown that prior treatment with MAPK
inhibitors reduces the overall response rate to immunotheré@0&310). This was further
validated using transcriptomics where tumours that were previously treated with MAPK inhibitors
had a gene signature related to-Piherapy resistan¢811). An in vivo study utilizing melanoma
mouse tumours found that relapsed tumours -p&PK inhibitor treatment had intrinsic
resistance to both RD and CTLA4 ICI treatmen(312) This resistance was due to an
immunosuppressive tumour microenvironment, inhibiting cytotoxic T cell func(Ri®)
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 esi st ant response t doriguEV32). In agoeensentfwithc a |l | y
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 aipregulation in ISGs, typically induced through the activation of
the type | IFN response (Figure 3.4). The activation of the type | IFN response and the induction
of ISGs has previously been shown to modulate the CSC pool in various cancer typesu@ur gro
and others have shown that the loss of SOX10 induces a more quiescent/diGeT@reénotype

with enhanced progenitdike propertie§l97) However, the ability of SOX10 to regulate these
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ISGs has not been thoroughly characteri2&d) One study focused on SOX10's ability to
activate IRF4314). IRF4 represses IRF1, which becomes activated through the JAK1/2 pathway,
allowing for the activation of various immunogenic receptors such as MHC classLIl Rbd
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 SOX16esgression in either the SOX10 knookaells, or the
targeted therapy resistant cells couleseasitize the cells to OVs. Could thesensitization 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 SOXBositive melanoma cells tend to present with a
resistant, more cancer stdike state. Few studies have attempted to interfere wehMAPK
resistant stateCapparelli et alhave found that clAP is induced in SOXdéficient melanoma
cells(197) These SOX14leficient cells havancreased 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
along315) When Birinapant was used following a treatment with MAPK inhibitors, the overall
survival was not as favourable compared to when it was used in conj@&tspiWe 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 thismour 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 €atrently 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 SOX9, a key transcription factor found in most egdikeelial
cancers, can blocke 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 Afailedo trans®A@XbBon t o
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. Qur Sox9
deficient model provides a system for the identificat@fnregulators 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 tythesapies. We have demonstrated that
the transition following chronic vemurafenib treatment results in resistance to OVs, in particular,
VSVpS51. I nterestingly, the | oss of SOX10 al o

decreasing sensitivity tAPK 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 progi&sitmtivity during
the initiation and propagation of melanoma. Here we show that SOXiifislhes the CSC pool

in already established melanoma cell lines, suggesting an early progjéeitote 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 CEACAML1. SOX10 can drive CEACAM1 expression, where enrichment of CEACAM1 can
diminish the CSdike properties in vitro and in vivo. Finally, we haveosm that modest
SOX10/CEACAML expression represses CD8 T cell tumour infiltration increasing overall tumour
burden. Enrichment for SOX10/CEACAM1, 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, SOX&xpression is associated with cross sensitivity and
melanoma self renewal. The ultimate therapeutic approach could involve igldkbkimduction
of the Sox9dependent 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 theisupam 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 %10% of HER2positive breast cancers can be defined by low expression of the
Ste20like kinase, SLK, and high expression of SOX10. Our lab has observed that genetic deletion
of SLK results in the induction of Sox10 and significantly accedsraumor 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 tumorderived cell lines from MMTWNeu 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 indgfikient mammary

tumor cells show that Sox10 expression is dep
SoxE binding sites. ChIP analyses demonstrate that Sox9 is bounddctbments 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 $)Kgmor cells. AKFmediated Sox9

phosphorylation increases its transcopti a | activity on the Sox10 17}

188



its DNA-binding activity. Interestingly, analysis of murine and human mammary tumors reveals a

direct correlation between the levels of active phospbxd 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 tripleegative breast cancers (TNBC), these findings might have

major implications in the targeting and treatment of those cancer

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 generalfiedasased on the
expression of the estrogen receptor (ESR1), progesterone receptor (PGR), or the human epidermal
growth factor receptor 2 (HERZ2|1,2). The HERZ2positive subtype, characterized by
overexpression and amplification of HER2, accounts far3@@ of all breast cancers and is
associated with poor prognosis and aggressive cd8eBrshe activation of thélER2 receptor

through tyrosine phosphorylatid®,6) results in the upregulation of proliferative and survival
pathwayg7,8). 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 Ste2dike kinase (SLK) has been shown to regulate multiple biological resdOhs&s

addition to cell migration(10,11) SLK has been observed to play an important role in the
breakdown of Ecadherinand Z&-posi ti ve junctions @{@2pThelwssi ng T
of SLK delayed EMT, suggesting that it regulates the cytoskeletal changes associated with this

procesg12,13) We have previously shown that SLK is activated downstream of Neu (rat homolog
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of HER2) and requires Pl 3K o l4) Buppostingacoteifov i t y
SLK in HER2driven 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 -@tkv in 1987 (extensively
reviewed in (15)). It is now well established that Akt activation occurs downstream of
phosphoinositid&-kinase (PI3K), a lipid kinase implicated in tumorigenesis and the insulin
response. The PI3dependent generation of PtdHBg-P3 (PIP3) recruits and activates Aktlze
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 targeddlae Forkhead Box O proteins (FoxO1,

3, 4, and 6), regulating multiple transcription programs. Their phosphorylation induces their
cytosolic retention through interactions with-348 proteins, blocking their access to target genes.
The importance of tuing off the PI3KAkt pathway is underscored by the sheer number of
negative feedback and cretsdk pathways. The most critical signal terminator is the phosphatase
tumor suppressor PTEN, capable of converting the activator PIP3 to PIP2. Obviously,
perturtations in AKT signaling lead to numerous pathological conditions such as overgrowth

syndromes, autoimmune diseases, and cancer.

The SryHMG-box (Sox) family of transcription (reviewed (b6 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 crdsticetl

tissues, and cell types such as melarexyflthough 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(tB)). 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 afuiescent sterlike cancer cells through immune evagit®). We and others have
recently identified Sox10 as a marker of tripkegative breast cancers (TNB@P) and secretory
carcinomas, often triple negative and bdéa. Recently, Sox10 was found to be specifically
expressed in mammary progenitor cells, including fetal and adult mammary cells (@ 3)and

be critical to maintain the stem cell state and reprogramming in breast ¢aRcestrikingly,

Sox10 deletion impairs mammary gland reconstitution whereas its overexpression increases it

(21).

We have recently demonstrated that conditional SLK deletion in a MIN&¥ background
activates the PDKAkt system and accelerates breast tumor o8&t Although they are
HER2/Neu+, those tumors display a bd#a phenotype. Strikingly, early lesions and tumor
derived cell lines express high levels of Sox10, a marker of TRBCThis 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 regulatirax8) expression, we have further assessed the role of
the PISKPDK1-AKT pathway on Sox10 regulation. Our data show that AKiven Sox10
expression is dependent on Sox9 activation. Furthermore, this activation requires direct Sox9
phosphorylation by AKT. @r 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. Tétam Ihe bacterial
artificial chromosome (BAC) RP2824P8 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 ingidaprimers 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 pChMW@-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 p@E2Xvhich was

linearized with BamHI and Xhol.

PGEX-So0x91223 was generated by linearizing and purifying pG&Eo%9 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 linearez#dr was then

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

Sox9 S181A mutants were generated using either p6&201223 or pCMV6myc-DDK-Sox9
as template. The point mutation was generated using the QuickChange Xdir&ited
Mut agenesis Kit according to the manhefpa@ntt ur er

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%

[-glutamine. Mammary tumor cell lines were isolated as described from individuarguat
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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%
penidllin/streptomycin, and 1%¢jlutamine. Cells were cultured at 37°C in a humidified incubator

set at 5% CO2. Cells were routinely passaged at a one in ten dilution e8eatsy3.

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 &c¢agr i @ tod tpheasm

200 nM of each siRNAs. Transfections were performed fo7a® 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, parafiedded, and
sectioned at a-bm t hi ckness. Ti ssue s esubjactednts antigenr e d e
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 w@sfollowed by incubation with the
appropriate HRRonjugated secondary antibody. For mouse monoclonal antibodies on mouse
tissues, mouserrmouse blocking solution (Vector Laboratories) was added to the blocking step.
All IHC staining were carefully conttled 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 Scanepe (Leica Biosystems), and images were processed and/or analyzed using

Imagescope or Imaged. For quantification, stained and scanned sections were opened in
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ImageScope and the percentage of Dgditive (brown) pixels for each core was quantified using
thebuiti n Aperi o positive pixel count algorithm.
default setting were counted. For the murine hyperplastions, 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 X400, 1% NP40, 50 mM TrisHCI, pH 7.5, 150 mM NaCl, 2 mM EDTA,
pH8.0,12mMNeéDeoxychol ate, 10 mM MNéderophdsphat®6mV T, 10
NavoOo3, 1 mM PMSF, 10 e€g/mL | eupeptin, 10 eg/ ml
benzamide). Lysate was cleared by centrifugation and protein concentrations were determined
using Bradford reagent (BiRad). Equal amounts of protein lysaterev denatured and subject to
SDSPAGE. 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 HBRugated secondary antibody. Reactive proteins

were detected by chemiluminescence (Perkin EImer) and exposuseatofidn.
GST-fusion protein production and kinase assay

RP bacteria were transformed with the indicated GST or-faSidn plasmids and glycerol stocks

were stored at 1T 80AC. Gl ycerol stocks were us
appropriate antibiotic, and cultures were left to grow overnigB7 &€ with shaking at 225 rpm.

The 3mL 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 wererthpelleted at 3000 rpm for 15 min at 4°C. Bacterial pellets
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were |lysed in 500 €L of RIPA lysis buffer con
15 min with occasional vortexing. Lysates were then sonicated with thhe@ulSes and cleared
by centrifugation at 14000 rpm for 30 min at 4°C. &83ionproteins were then purified with 20

e L o f-segh&dse beads (GE Healthcare) using the immunoprecipitation protocol.

In vitro kinase assays were performed as previously desqiédBriefly, GST samples were

pulled down and washed beads were resuspended in 1x kinase buife¥(Zés-HCI, pH 7.4,

0.25mM NaVvO3, tmM NaF, 10m M -dlycerophosphate;tM DTT, and 15mM MgCI2). The
kinase assay was initiated by the addition of
incubated for 30 min at 30°C. Recombinant human BET fusion protein (200ng; i§ma

Aldrich, SRR5001) was added to the kinase assay master mix. The reactions were terminated with

the addition of 4x SDS sample buffer (260 Tris-HCIl, 400mM DTT, 8% SDS, 0.4%
bromophenol blue, and 40% glycerol) and subject to -BBSE. The incorporan 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 I 11 Reverse Transcriptase (Life
protocol. gRFPCR was performed using an Applied Biosystems 7500-Re& Fast PCR
thermocycler. Relative mMRNA expression was cal
to total levels of ribosomal 18S. For microarray analysis, total RNA was hybridized to the Mouse
Gene 2.0 ST Array (Affymetrix). Microarray data analysias carried out in the r statistical
programming environment with Bioconductor (GSE128514). Primers used feP@RTare listed

in Supplementary Table 1.
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Bisulfite sequencing

Genomic DNA for bisulfite conversion was isolated using the DNeasy Blood and Tissue Kit
foll owing the manuf ac Bisulfite codversiop of gegnongcoDINA Wa® 1 A GE N
performed using the EpiTect Pl us DNA Bisul fit
protocol. Promoter regions of control and bisulfite converted DNA were amplified using the
primers indicated in Supplementargldie 1 using Tag polymerase (Invitrogen). Amplicons were
subclonedintopGEM ( Pr omega) according to the manuf ac:
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\aflpate. The following

day, the cells were transfected using |ipofec
reporter constr u-€MV (encoding Renlad fuciferage) forf48 Ip Ruciferase

assays were performed using the Dual Luciferase Assay Reporter System (Promega). Cells were
collected in 1.5 mL Eppendorf tubes and | ysed
at room temperature for 30 mibysates were cleared by centrifugation at 13000 rpm for 10 min

at room temperature. 20 eL of eachsidedPémell e was
plate with a clear bott om. 100 €L of resuspen
well and read using a luminometer with aread time of 10 sansla2l el ay per wel |
Stop and Glo solution was then added to each well and read using a luminometer with a read time

of 10 s and a-8 delay per well. Luciferase counts were norpalito the pRCMV 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-tmo 15

plates and cultured for 48 h. Cells were then elioggd in 1% formaldehyde for 10 min at room
temperature. The formaldehyde was then quenched with the additiglyome 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 manuf @rdfapreelegarng step with beads aldne wi t h
prior to the i mmunoprecipitation. 10 e€g of <chi
of the indicated antibody. Foll owing chromat.i
mi xed with B8bBieder 9dl | FEYBR Green Supermix (Bio
primers (5&gM), a-fneeé wakell. The PCRadaction wasl 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 san@lg IP sample).

The antibodies used for chromatin immunoprecipitation can balfouSupplementary Table 2.

The primers used for CHHEPCR can be found in Supplementary Table 1.

RESULTS

Sox10expression is regulated by several upstream promoter elements in Skdeficient New

induced mammary tumor cells

We have previously shown that deletion of the Std&0kinase SLK induces Sox10 expression,
enhancing tumorigenesis in viy@3). This is also accompanied by AKT upregulation and

increased tumor stem/progenitor cell actiid). 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 melan@4i&6), 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 usinpe MethPrimer CpG island prediction software (SuppufedA)

(26). To assess whether the Sox10 gene was methylated, we treated SLKIl/fl axd DK

cells with 5aza?2 @eoxycytidine for 5 days to effectively eliminate any methylation marks within
the genome. Following treatment, only a modest increase in Sox10 mRNAlgerved in the
SLK-/- NDL cells with no significant differences observed in SLK expressing controls (Supp.
Figure 1B). The lack of a robust Sox10 induction followinga®a2 -@eoxycytidine treatment
suggests that these putative CpG islands are noiyhaathylated 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 SEKIDL cells. Using this approach, we
found that only apmximately 20% of cytosines within these CpG islands are methylated in either
cell line with no significant differences observed following SLK deletion (SupplurgigC).
Together, these results indicate that demethylation of the Sox10 promoter is noaithe

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 maintesgof Sox10 expression in SLK
knockout mammary tumor cell83), we first assessed the levels and nuclear localization of known

transcription factors that are AKresponsive. Direct AKT targets implicated in transcription

198



control include CREB and Forkhead box factors (FoxAl and FoxO fafh8y). Cellular
fractionation and Western blot analydisg1a) showed no difference in the levels and localization

of those factors, suggesting that Sox10 is likely activated through otherd&gdndent
mechanisms. To bootstrap our way back to transcriptional regulators controlling Sox10 expression

in SLK-null cels, we analyzed potential regulatory regions around the Sox10 gene. Comparative
sequence analyses have previously identified mulpéeies conserved sequences (MCS) that
control Sox10 expressid@7). As two of these MCS (4 and 7) have been shown to regulate Sox10
expression in mammary epithelial celig 1b for schematic), we tested whether these enhancer
elements were differentially regulatedShKfl/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 (Hig), suggesting that these enhancer sequences do not mediate

the differential Sox10 expression observed in the $LKDL cells but perhaps mediate basal
expression of Sox1@®ince little is known about the mechanisms regulating Sox10 transcription

other than the MCS sequences, we generated luciferase construets lrifive independent
Sox10 promoter el ement s within T 7 k b of t he
13484/ 12495 fragment of the promoter contains
activity by approximately 75% in both SLKIfl/fl d@nSLK-/- NDL cell lines and may account for

the lower basal expression of Sox10 in cultured mammary epithelial tumor cell Figekd].

Differential regulation of luciferase activity was observed in the two most distal promoter
fragments between SLKfl/Aind SLK/-NDL cellsFigl d) . The 16904/ 15995 f 1
a threefold increase in luciferase activity in the SLK knockout cells, whereas that same element

was inactive in the control cell lin€ig 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 levélbotiois

of the AKT targets surveyetl.Schematic representation of putative SoxE binding sites within the
Sox10 promoter. Luciferase assays from two mukgglecies conserved enhancer sequences
(MCS4 and 7) that have been shown to control Sox10 expre&siand approximately 1 kb
fragments of the Sox10 promotet) (assessed for their ability to drive luciferase activity in
SLKIl/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 +/1 SEM. ns
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The Sox10 promoter contains putative SoxE binding sites which are bound by Sox9

|l nterestingly, sequence analysis of the 1769014
SoxE (Sox8, 9, and 10) binding sitéx7)within this 909 base pair (bp) region (see Hg).

However, QPCR analysis revealed no detectable expression of Sox8 and no differences in Sox9
expression in either cell lines grown in culture (Rig). As Sox10 is highly expressed in the SLK

deficiert cells, we investigated the possibility that Sox10 could control its own expression by
assessing the levels of endogenous Sox10 in stable pEBSRIEO overexpressing SLKIfl/fl NDL

cell s. Using primers | ocated i n tulblet@iMNuceER, we

endogenous gene expression (Rig).

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 I8oeig site416,289 32), As Sox8 is

not expressed in NDL cells, we performed chromatin immunoprecipitation (ChlP) for Sox9 at the
consensus SoxE binding sites wi {dédficient NDlhcells act i v
(Fig. 2c). Although we observed a significant enrichment for Sox9 above IgG pull down in both
control and SLK knockout cells, no significant differences between the two cell lines were
observedKig 2c). Similar results were observed when using arkii acetylated histone H3

antibody, suggesting an operr@matin conformation around those enhancers (Suppir&zf).

As a negative control, we also performed &uk9 ChIP on a putative SoxE binding site within

exon 1 that was unresponsive in our luciferase assay{&gThis element was not bound by

Sox9in eithercelllineRig2 ¢ ) , suggesting that the enrichmen

element is not due to nespecific chromatin pull down by the Sox9 antibody. Importantly, these
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data show that the SoxE sites

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 promotea The

expression level of the SoxE family of transcription factors was assessed in SLKfl/fl anl SLK

NDL cells by gRFPCR analysish The levels of endogenous Sox10 were assessed in the indicated

cell inesusinggRPCR pri mers |l ocated within the 3NUTR
PBABE-Sox 10 plasmid only contains tbé€hromaini ng ¢
immunoprecipitation (ChIP) was performed on SLKfl/fl and SIKNDL cells to assess Sox9

binding to the Sox10 promoter. Following Sox9 CidPCR analysis was performed across two
putative SoxE binding sites within thBCRI 6904/
data was normalized to an IgG ChIP (dashed red line) or a negative control element within exon

one (T 150/ + 10 3erctable Bixprdssionynd: no statcstical 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 mbhg 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 DNAbinding/transcriptional activiB3i 36). Using phosphaerine 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 tht was correlated with elevated Sox10 levels in these cells3@igsuggesting
increased Sox9 activity in SL-Kull tumor cells compared to the control. This was also correlated
with higher levels of active AKT (pAKT S473; Figa). We have previousheported a twdold
increase in the number of Sox10+ nuclei from Sukl 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 S1§bsitive nuclei following SLK deletion imivo (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 descrigg3). Our previous analyses
showed that SLK deletion results in a bd#a phenotype in MMTVNeu micg23). Furthermore,

as high as 13% of HER2+ patients fall within the Slb/SOX10Ghigh subtypg23) and that

Sox10 is a biomarker of the TNBC subtyj@®). Corroborating recent finding87), analysis of

those TCGA datasets reveals a strong correlation between high levels of Sox9 and Sox10 in TNBC
samples (Fig3c, blue dots). To establish a potential link with active Sox9 in Sox10+ human

samples, we assessed the levels of pSox9 S181 arid ®yximmunohistochemistry across
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HERZ2-positive, luminal, and TNBC tumor cores. Consistent with our TCGA andlgisis see
(23,37pnd murine data, we observed that 43% of TNBC cores were Sox10hi and that all Sox10hi
nuclei in those cores also showed a pSox9 S181hi signal3ghigsuggesting that the activation

of Sox9 and Sox10 induction is also observed in human breast cangdesanogether, 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.
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Figure 3. Slkdeletion increases phosphorylated Sox9 which is correlated with higher Sox10
expression in human breast cancer samplea.Activity of Sox9 was assessed by Western blot
analysis using a pS1&becific antibody in SLKfl/fl and SLK- NDL cells. Active AKT was
assessed using a pS473 antibdopSox9 S181 histochemistry was performed on hyperplastic
lesions from mammary glands of SLK+/+ and SLKIfl/fl NIC mice (n=10 glands/genotype) and
representative images are shown for each genotype. Quantitation showe8LKxaull
hyperplasia have a twimld increase in pSox9 S1§ibsitive nuclei (18 £ 4% vs 35 £ 7%; p<0.05).
Scal e b arcThe TC@AWatasehwas interrogated for expression of SOX9 and SOX10
across all breast cancer subtypes:-e@pression of both genes was observed in these patient
samples with a Pearson correlation coefficient of 0.351 for all subtypes contb8wrihl sections

of a human breast cancer TMA, BR20810, containing 104 breast cancer cases were stained with
pSox9 S181 and Sox10 antibodi®epresentative cores from each major molecular subtype, as

defined by staining intensity of HER2, ESR1,
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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 AKT23). 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 GSTSox9 fusion protein is unstable and readily brokenrdm bacteria (not shown), we

tested whether Sox9 was directly phosphorylated at serine 181 by AKT using-8d3$¥223
truncation. Recombinant AKT was able to efficiently phosphorylate the- &&®1223 fusion

protein, which contained the serine 18lides (Fig.4b, c). Mutation of serine 181 to alanine
(S181A) in the GSIS0x91223 truncation completely abolished AKIEpendent phosphorylation

of Sox9 (Fig.4c), suggesting that Sox9 is a novel substrate for AKT at the serine 181 consensus
site.Supportig 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, MK2206 treatment was sufficient to abolish luafe activity driven
from the 176904/ 15995 enhancer el ement 4e)f t he
Knockdown of AKT1, 2 or 3 showed that a ~50% knockdown of AKT1 reduced Sox10 levels by
about 50%. However, knockdown of AKT2 byi5®% reducedox10 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 directeéfated

activation of Sox9 regulates Sox10transcpt i on from the 16904/ 15995
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Figure 4. AKT directly phosphorylates Sox9 at serine 181a The consensus AKT target
sequence is provided aligned to bona fide AKT substrates {8SKOX03A, GABRB2, and

SOX2) and the putative consensus sequence within SOX9 at serine 181. Within the consensus
sequence X represents any amino acid, the phospleatdatine (S) or threonine (T) is in red and

« is any hydrophobic residue. A recombinant kinase assay was performed using 200 ng of
recombinant active GSAKT and GSTFSox9 as substraté) or a GSFSox9 S181A mutantj.

d Phosphorylation of Sox9 at serine 181 was assessed by Western blot analysis in SLKfl/fl and
SLK-/- NDL cells treated with DMSO or MKR206 for 72 hourse Luciferase assays were
performed in the presence or absence of IR0 6 using the responsive 1
the Sox10 promoter. Raw light units from the luciferase constructs were normalized to Renilla for
each technical sample. Data is represeatethe mean luciferase activity from three independent

bi ol ogi cal repl i c adcakdéferende*p<IOBM. ns: no stati st
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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 promotef- SLK
NDL cells were transfected with an empty vector, f8px9 or myeSox9 S181A and subjected

to antrmyc ChlIP on the Sox10 promoter (Fsg). No differences were observed in DNA binding
activity for the Sox9 S181A mutant (Figg), suggesting that S181 phosphorylation is not required
for enhancer binding. Next, we irsteggated whether Sox9 S181A expression could impair
luciferase expression driven from the Sox10 promoter. Transfection cSox& into SLK/-

NDL <cells with the Sox10 16904/ HAditkkeaseimhance
luciferase activity abay a Myc control vector and mMy®ox91223, lacking the @erminal
transactivation domain (Figb). Albeit significantly lower than wildtype Sox9, overexpression of

the Sox9 S181A mutant also resulted in an increase in luciferase adfigityh). As Sox9can
homodimerize when bound to DN[88), 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 DNAbound Sox9 phosphorylation and increased transcriptional activity. To test

this, we transiently overexpressed myc, 3ax9, or myeSax9 S181A in SLK/- NDL cells and
performed |l uciferase assays using the 1T6904/1
with our previous data, we observed a twthreefold increase in luciferase activity from the

Sox10 promoter fragment with tiMyc vector control (Figsc) lanes 1 and 2). Additionally, we
observed an AKJdependent increase in luciferase activity following hereggtiimulation in

these cells (Fighc, lanes 3 and 4). These controls further support the notion that Sox10dnducti
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from the 176904/ 15995 promoter el ement i s depel
that these signals are dependent on Sox9 transcriptional a¢B84itywe assessed luciferase

activity in the presence of mMy@ox9 or a my€Sox9 S181A mutant with reduced transcriptional

activity. As observed in Fighb, in unstimulated cells, both wildtype and mutant Sox9 were
sufficient to increase luciferase activityutefold above background (Fighc, lanes 5 and 6
compared to lanes 9 and 10). However, following stimulation with heregulin -totdvoncrease

in luciferase activity was observed in m$ox9 expressing cells, whereas no significant change

was observedhicells expressing the my#ox9 S181A mutant (Fidc, lanes 6 and 7 compared to

lanes 10 and 11). As for myc conttohnsfected cells, the increased luciferase activity following
heregulinstimulation in myeSox9 transfected cells was completely depahdae AKT activity

(Fig.5 ¢, |l anes 7 and 8). Toget her , these data s

promoter is an AKD
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