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1. Introduction 

1.1 Melanoma epidemiology  

Melanoma of the skin, listed as C43 in the International Classification of Disease (ICD) - 

10, is an aggressive malignant neoplasm that arises from uncontrolled proliferation of mel-

anocytes (Matthews et al., 2017; Tang and Cao, 2021). 

 

In Germany, the most recent report of the German Center for Cancer Registry Data 

(Zentrum für Krebsregisterdaten, ZfKD) from 2023 gives an overview of the tumor´s epi-

demiologic dynamics up to the most recent time period from 2019 to 2020. In 2020, 23,560 

people were diagnosed with melanoma of the skin, 11,320 of those being women. The 

average age at melanoma onset was 63 years for women, and 69 years for men. Accord-

ing to the report, the age-standardized incidence rate of both genders rose dramatically in 

2008 after the establishment of the nationwide skin cancer screening. Since 2012, the 

incidence in women has been slightly decreasing, whereas that reported in men has been 

stabilizing. Mortality rates, however, have barely changed since 1999 (RKI, 2023). This 

can be attributed to an earlier detection of tumors with a good prognosis (Leitlinienpro-

gramm Onkologie, 2020). 

 

The clinical outcome of melanoma depends on the stage at diagnosis and can be esti-

mated based on 7th and 8th edition TNM-staging and grouping according to the Union In-

ternationale Contre le Cancer (UICC) from 2016. To show cancer-dependent mortality, 

relative 5-year survival rates are calculated. The relative 5-year survival rate equals the 

ratio of absolute survival (i.e. the number of alive patients five years after diagnosis divided 

by the total number of diagnosed patients) divided by the expected survival of the general 

population of the respective age and sex. For example, a relative 5-year survival rate of 

100% implies that within five years of being diagnosed with cancer, the number of diag-

nosed patients who died equals the number of those people who were expected to die 

based on survival rates in the respective population. 
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While the prognosis remains excellent for patients presenting with localized, node-nega-

tive disease (UICC I, II) with relative 5-year survival rates amounting to 102 % in women, 

105 % in men (UICC stage I), and 83 % in women and 79 % in men (UICC stage II), the 

corresponding chances of survival drop drastically in advanced stages. Once tumor 

growth involves regional lymph nodes (UICC stage III), 5-year survival rates amount to 75 

% in women and 69 % in men; after spreading to distant lymph nodes or organs (UICC 

stage IV), relative 5-year survival rates reach 41 % in women and 40 % in men (RKI, 

2023).  

 

Although melanoma accounts for only about 1% of all skin cancers, it is responsible for 

the vast majority of skin-cancer related deaths and shows the highest rate of metastasis 

across all skin cancers (Cheng et al., 2018). Distant metastases typically localize to the 

liver, lung, and brain. It follows that advanced melanoma is a serious, potentially lethal 

disease with a considerable metastatic potential that requires unprecedented efforts to 

improve patient outcomes, in particular overall survival and progression-free survival. 

 

Melanoma can be subdivided into 1) lentiginous melanoma, 2) superficial spreading mel-

anoma, 3) nodular melanoma and 4) acral lentiginous melanoma types. Superficial 

spreading melanoma is the most common subtype (60-70 %), marked by slow, horizontal 

tumor growth, which makes it detectable early on and, hence, is linked to a favorable 

prognosis. However, other subtypes such as nodular (20-30 %) melanoma are character-

ized by a more accelerated vertical growth, thus leading to a poor prognosis. Less fre-

quently diagnosed subtypes of melanoma include lentigo maligna melanoma (~10 %), 

which usually progresses slowly from lentigo maligna disease to the malignant tumor and 

acral lentiginous (~5 %) melanoma which can be characterized by slow horizontal growth 

with predilection sites not easily visible, e.g. the sole of the foot (Göhl et al., 2009). 

 

The primary acquired risk factor for melanomagenesis is exposure to ultraviolet radiation, 

including both natural and artificial sunlight, the exposition to which has increased within 

the past decades. Innate risk factors include 1) phenotypic predisposition, e.g., fair com-

plexion, atypical or dysplastic mole pattern, 2) personal medical history or comorbidities, 

i.e. multiple sunburns, and rarely, inherited skin conditions (i.e. rare genodermatoses like 
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xeroderma pigmentosum) 3) genetic predisposition, e.g., positive family history of (cuta-

neous) melanoma (National Comprehensive Cancer Network, 2024). 

1.2 Melanoma stage IV state-of-the-art treatment and its limitations 

Importantly, 42-45 % of melanomas harbor mutations of the gene for v-Raf murine sar-

coma viral oncogene homolog B (BRAF), which is an activating serine / threonine protein 

kinase in the mitogen-activated protein kinase (MAPK / MEK) signaling pathway. Most 

commonly, V600 is either substituted for glutamate (V600E, accounting for ~80 % of all 

BRAF mutations) or lysine (V600L, accounting for ~16 % of all BRAF mutations) which 

renders the protein and downstream RAF-MEK-ERK signaling constitutively active and 

detached from physiological regulation. BRAF V600 mutations are associated with sensi-

tivity to BRAF and MEK inhibitors and both recent NCCN and European Society for Med-

ical Oncology (ESMO) guidelines recommend molecular testing for stage-IV tumors in 

order to determine the therapeutic strategy (Michielin et al., 2019; National Comprehen-

sive Cancer Network, 2024). Small molecule inhibitors targeting BRAF (i.e. the ATP-bind-

ing pocket of active confirmation of BRAF) - namely vemurafenib, dabrafenib, encorafenib 

- and its downstream effector MEK - such as cominitib, trametinib, binimetinib - have 

achieved great success in the medical treatment of BRAF-mutant melanoma (Subbiah et 

al., 2020). 

 

According to the National Comprehensive Cancer Network (NCCN) of the United States, 

preferred first-line therapy regimens for the treatment of unresectable or distant metastatic 

disease include both targeted therapy and immunotherapy (National Comprehensive Can-

cer Network, 2024). Cytotoxic therapies are not preferred but can be useful in patients that 

are not eligible for standard first-line treatment options, for example because of comorbid-

ities. German guidelines recommend using either a BRAF-inhibitor paired with a MEK-

inhibitor or an immune checkpoint inhibitor, the latter of which can be either PD-1 mono-

therapy or anti-PD-1 plus anti-CTLA-4 antibodies (Leitlinienprogramm Onkologie, 2020). 

 

A combination of BRAF- and MEK- inhibitors in the treatment of metastatic melanoma was 

shown to be superior to monotherapy with a BRAF inhibitor in phase III clinical trials: 
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dabrafenib + trametinib (Robert et al., 2019a), vemurafenib + cobimetinib (Ascierto et al., 

2016), encorafenib + binimetinib (Dummer et al., 2018). Consequently, these three com-

bination target therapies are now recommended for BRAF V600-mutation-positive can-

cers (National Comprehensive Cancer Network, 2024). Despite survival advantages when 

compared to chemotherapy, melanoma patients´ benefit is limited by short-lived re-

sponses and acquisition of resistance (via heterogeneous mechanisms, typically in MAPK 

signaling), resulting in disease progression within six to seven months of initiation of treat-

ment with dabrafenib or vemurafenib (Subbiah et al., 2020). 

 
Melanoma is a highly immunogenic tumor for which both the existence of lymphocytic 

infiltrates in primary tumors and metastases and the recognition of melanoma antigens by 

tumor-infiltrating T lymphocytes have been reported. Recent advances in immunotherapy 

have yielded several promising treatment options for melanoma patients: First, biological 

immunotherapy including cytokines, interferons and granulocyte-monocyte colony stimu-

lating factors; second, cancer vaccines either targeting melanoma cells directly or via a 

dendritic cell-based, peptide-based or vector-based approach; third, adoptive cell transfer 

and last, immune checkpoint inhibitors (Rodríguez-Cerdeira et al., 2017). 

 

Immune checkpoints are often exploited by melanoma cells to decrease anticancer im-

mune activity and escape tumor recognition mechanisms. The identification of specific 

targets within that dysfunctional immune system such as programmed cell death protein 

1 (PD-1) and cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) led to the develop-

ment of respective checkpoint inhibitors including anti-CTLA-4 monoclonal antibodies 

(ipilimumab and tremelimumab), anti-PD-1 (pembrolizumab, pidilizumab, nivolumab), and 

anti-PD-L1-antibodies (atezolizumab, avelumab, durvalumab), fostering cancer cell killing 

mediated by cluster of differentiation (CD) 8-positive T cells. 

 

The five-year follow-up of advanced melanoma patients previously enrolled in a phase III 

study comparing pembrolizumab with ipilimumab found both the median overall survival 

and progression-free survival to be superior in the pembrolizumab groups over the ipili-

mumab one (Robert et al., 2019b): Combined data of the pembrolizumab treatment 

groups (every two or three weeks for 24 months) showed a median overall survival of 32.7 
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months (95 % CI 24.5-41.6) and a median progression-free survival of 8.4 months (95 % 

CI 6.6-11.3), compared to only 15.9 months (95 % CI 13.3-22.0) and 3.4 months (95 % CI 

2.9-4.2), respectively, in the ipilimumab arm. 

 

A similar phase III trial - CheckMate 067 - was able to compare five-year outcomes of 

nivolumab versus ipilimumab monotherapy versus nivolumab-plus-ipilimumab combina-

tion therapy. The median overall survival was 36.9 months (95 % CI, 28.2 to 58.7) in the 

nivolumab groups, as compared with 19.9 months (95 % CI, 16.8 to 24.6) in the ipilimumab 

group. More importantly, in the nivolumab-plus-ipilimumab group, the median overall sur-

vival was more than 60 months (median not reached; 95 % CI, 38.2 to not reached) (Larkin 

et al., 2019). 

 

Currently, there are two drawbacks concerning immunotherapy in melanoma. First, dura-

ble responses are seen in merely 30 to 40 % with monotherapy, or up to 60 % with com-

bination therapy (Jessurun et al., 2017). Second, across all studies, checkpoint blockade 

therapy resulted in immune-related adverse events. Because they typically affect multiple 

organs or systems, primarily the skin, gastrointestinal tract, lungs, thyroid and endocrine 

system, and have the potential to become life-threatening, efficacy of checkpoint blockade 

is limited by immune-related adverse events, e.g., when medication must be discontinued. 

In 2024, combination checkpoint blockades, i.e. nivolumab / ipilimumab and nivolumab / 

relatlimab-rmbw, are preferred over anti-PD1-monotherapies. However, in patient coun-

seling, a higher risk of immune-related adverse events mentioned in combination therapy 

must be taken into account (National Comprehensive Cancer Network, 2024). 

 

Three important clinical trials have explored the combination of targeted therapy and im-

munotherapy, i.e. BRAF- or MEK-inhibitor with either anti-PD1- or anti-PD-L1-antibody, in 

advanced BRAF-mutant melanoma (Trojaniello et al., 2023). In KEYNOTE-022, a phase-

I/II clinical trial, patients received dabrafenib and trametinib daily with pembrolizumab 3-

weekly, or with placebo. Median progression-free survival, the primary endpoint in all three 

studies, was 16.9 in the triple therapy arm versus 10.7 months in the placebo arm, alt-

hough not statistically significant (Ferrucci et al., 2020). IMspire150 / TRILOGY compared 

vemurafenib with cometinib plus atezolizumab, or plus placebo. A statistically significant 
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increase in median progression-free survival, 15.1 versus 10.6 months, was observed 

(Gutzmer et al., 2020). Lastly, in COMBI-I, another phase III clinical trial, the experimental 

arm consisted of dabrafenib and trametinib  plus spartalizumab daily, the standard arm of 

dabrafenib and trametinib plus placebo, resulting in median progression-free survival of 

16.2 versus 12.0 months (Nathan et al., 2020). Across all three clinical trials, the rate of 

high-grade (grade 3 to 5) adverse events increased in the combination arms, for example 

in KEYNOTE-022, 58.3 % in the triplet arm vs. 25 % in the standard treatment arm, re-

spectively. Adverse events included fever, rash, and liver transaminase elevation. 

 

According to the German S3 guidelines, no conclusive data is available regarding the 

sequential therapy of immunotherapy and targeted therapy (Leitlinienprogramm Onkolo-

gie, 2020). However, several trials are currently investigating the most efficient sequence 

when combining targeted therapy and immunotherapy (Trojaniello et al., 2023). Prelimi-

nary results suggest  placing the immune checkpoint inhibitors first leads to a clinical ad-

vantage, whereas administering immunotherapy after a course of targeted therapy de-

creases their efficacy. For example, in the phase-III trial DREAMSeq (Doublet, Random-

ized Evaluation in Advanced Melanoma Sequencing), treatment-naïve patients received 

either nivolumab / ipilimumab (arm A) or dabrafenib / trametinib (arm B) , followed at pro-

gression by either dabrafenib / trametinib (arm C) or nivolumab / ipilimumab (arm D). Me-

dian PFS after progression was 9.9 months (95 % CI, 8.3 to 20.8) in arm C and 2.9 months 

(95 % CI, 2.6 to 8.9) in arm D (Atkins et al., 2023). 

 

To conclude, there have been advances in melanoma treatment by combining targeted 

therapy and immunotherapy. However, developing novel treatment approaches remains 

an area of critical need to lower melanoma-associated mortality rates. To identify ad-

vanced treatment targets, genetic studies have explored genes responsible for tumorigen-

esis in melanoma, but inhibition of target proteins with small-molecule drugs continues to 

be challenging. 
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1.3 Covalent inhibitors targeting cysteine residues - a promising treatment approach 

Across all cancer types, presently only about 20 % of all oncogenic drivers have been 

targeted pharmacologically which are mainly enzymes like kinases and G-protein coupled 

receptors (GPCRs). However, most cancer drivers are considered “undruggable”, ac-

counting for the less tractable transcription factors, protein-protein interactions, scaffolds 

as well as small GTPases. 

 
To expand the number of druggable gene products, covalent inhibitors are used. By es-

tablishing a covalent bond to specifically target proteins through a reactive functional 

group, covalent inhibitors offer increased affinity over traditional, non-covalent drug bind-

ing  (Boike et al., 2022). Covalent inhibitors offer certain advantages over the traditional 

non-covalent ligand design (Maurais und Weerapana, 2019). First, covalent inhibitors can 

target shallow binding pockets that are uncooperative towards non-covalent inhibitors. 

Second, covalent inhibitors are characterized by high potency and long binding duration. 

It follows that necessary dose and intake frequency are lower compared to normal drugs 

(Copeland, 2016). Lastly, with the lower dosing frequency achieved, patient compliance 

increases (Sutanto et al., 2020). 

 

Disadvantages of covalent inhibitors are off-target effects, induced by reactive compounds 

binding to amino acids other than the intended one, and immune responses, triggered by 

foreign-appearing compound-protein complexes (Sutanto et al., 2020). 

 

Covalent inhibitor research has given rise to multiple, as of today FDA-approved anti-

cancer drugs, such as chemotherapeutics bortezomib (2003), ibrutinib (2013) and 

dacomitinib (2018). Ibrutinib - a drug used to treat B-cell malignancies - covalently binds 

cysteine residue C481 provoking an irreversible inhibition of Bruton’s tyrosine kinase 

(BTK). Similarly, osimertinib - approved for the treatment of non-small cell lung cancer - 

binds irreversibly, via the C797 amino acid covalent bond, to certain sensitizing mutant 

forms of epidermal growth factor (EGFR) (Zhang, 2016). 
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Within the human proteome, cysteine residues have proven to be particularly promising 

to target. For one, they are concentrated at key functional sites within proteins and there-

fore play critical roles, i.e., by acting as nucleophiles in enzyme active sites, modifying 

proteins post-translationally, coordinating metal and lipid binding and mediating protein / 

protein interactions. In addition, because of their nucleophilicity under physiological con-

ditions, caused by an aliphatic thiol (SH), cysteine residues constitute ideal anchoring sites 

for electrophilic small molecules. Cysteine residues are therefore preferred over the 19 

remaining canonical amino acids when finding potential sites for covalent drug develop-

ment. 

1.4 Defining druggable cysteine content by cysteine druggability mapping 

There are two approaches to discover novel covalent inhibitors. Traditionally, reactive, 

electrophilic groups have been incorporated into a ligand to achieve covalent, i.e. non-

reversible, binding. More recently, an “electrophile-first approach” has been established 

in which electrophilic ligands are identified by screening libraries of electrophilic com-

pounds (Boike et al., 2022). Herein, covalent ligand screening was employed. 

 

To define those nucleophilic cysteine residues that are amenable to electrophilic covalent 

small molecule inhibition, the laboratory of Liron Bar-Peled, PhD, previously developed a 

method called Cysteine Druggability Mapping (CDM). CDM profiles small-molecule cys-

teine interactions on a whole-proteome scale. Cysteine reactive drug-like fragments 

(“scout fragments” or “drug probes”) are employed. Three scout fragments, KB02, KB03 

and KB05 (Figure 1) were chosen from a library and recapitulate their ligandability at 

about 70%. Scout fragments interact with reactive cysteines by forming covalent adducts 

(Bar-Peled et al., 2017; Vinogradova and Cravatt, 2021). Next, only those cysteines that 

interacted with scout fragments can escape a treatment with a pan-cysteine-reactive 

probe (iodoacetamide-desthiobiotin, DBIA). Candidate targets identified by CDM were de-

fined as those cysteines that were engaged by drug probes but not by the control mole-

cule. Cysteines were called “ligandable” when they engaged > 60 % by cysteine-reactive 

compounds. Preliminary experiments performed in the Bar-Peled Lab demonstrated that 
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cysteines bound at high occupancy with drug probes are significantly more amenable to 

inhibition with advanced covalent inhibitors. 

 

Figure 1: Electrophilic scout fragments for targetable cysteines KB02, KB03 and KB05 
were employed to evaluate cysteine reactivity and ligandability. KB02/KB03/KB05 = C 2-
Chloro-1-(6-methoxy-3,4-dihydroquinolin-1(2H)-yl)ethan-1-one/// N-Chloroacetyl-3,5-
bis(trifluoromethyl)aniline///N-(4-Bromophenyl)-N-phenylacrylamide 

1.5 A melanoma drug map identifies SOX10 and MITF-M 

When melanoma cell line SK-MEL2 was processed by Cysteine Druggability Mapping, a 

cysteine inhibition at ~80 % in Sry-related HMG-box (SOX10) and ~50 % in M-MITF, iso-

form M of Microphthalmia-Associated Transcription factor (MITF) was observed, both of 

which are lineage-specific transcription factors (Figure 2a). One cysteine in SOX10, C71, 

and two cysteines in MITF, C160 and C413, were identified as highly ligandable (Figure 
2b, c).  
 

The Cancer Dependency Map initiative at the Broad Institute of Massachusetts Institute 

of Technology and Harvard University (DEPMAP) had shown SOX10 to be essential for 

growth in almost all melanoma cell lines. In addition, MITF was among SOX10´s top three 

codependencies both according to clustered regularly interspaced short palindromic re-

peats (CRISPR) (Pearson´s correlation coefficient ρ = 0.50; DepMap Public 22Q4+Score, 
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Chronos)) and RNA interference (RNAi) data (ρ = 0.49; Achilles+DRIVE+Marcotte, DE-

METER2). When comparing proteins identified as druggable in melanoma by CDM (total 

2346 proteins) with genes classified as essential for melanoma growth by the Cancer De-

pendency Map (total 38 genes), the resulting overlap of 17 included, among BRAF, tran-

scription factor SOX10 (Broad Institute, 5/17/2024). 

a

b c

 
Figure 2: Cysteine druggability mapping identifies druggable cysteine residue in transcrip-
tion factor SOX10 
Data from Liron Bar-Peled, PhD, and Mariko Hara, PhD (with permission).  
 
a, Cysteine druggability mapping in SK-MEL2 cells revealed cysteine inhibition at around 
80% in SOX10 whereas cysteines of MITF were inhibited at more than 50%. b, one cys-
teine in SOX10 and c, two cysteines in MITF were identified as highly ligandable. 
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1.6 Transcription factor SOX10 and how it is linked to melanoma 

SOX10 belongs to the SOX family of transcription factors all of which share the same 79-

amino acid DNA-binding domain with homology to the high mobility group (HMG) box of 

SRY (sex-determining region Y; hence SOX10, Sry bOX) (Pingault et al., 2022). Based  

upon the homology of this high-mobility group (HMG) domain, twenty mammalian SOX 

factors are divided into nine subfamilies (A, B1, B2-H) (Bowles et al., 2000), SOX10 be-

longs to SOXE.  All SOX family members are able to recognize a consensus 7 bp con-

sensus element: (A/T) (A/T) CAA (A/T) G (Peirano and Wegner, 2000).  Additionally, an 

inverted repeat motif, two SOX family motifs separated by four nucleotides, was identified 

by chromatin immunoprecipitation sequencing (ChiP-Seq), suggesting that SOX family 

proteins often regulate gene expression by dimerization (Fufa et al., 2015). 

 

SOX10 has been studied extensively as a key player in both the development of the neural 

crest and differentiation of the melanocyte lineage. SOX10 is expressed during the spec-

ification of migrating neural crest cells and persists in neurons and melanocytes. During 

late-stage neural crest formation, SOX10 cooperates with other transcription factors of the 

SOXE family, forkhead box D3 (FOXD3), paired box gene 3 (PAX3), and activator protein 

2 alpha (AP-2α) (Wahlbuhl et al., 2012). SOX10 plays a crucial part during differentiation 

of the melanocyte lineage because it directly regulates the expression of lineage-specific 

transcription factor MITF. By interacting with MITF it controls the expression of melano-

genic enzymes, such as dopachrome tautomerase (DCT), tyrosinase (TYR), tyrosinase-

related protein 1 (TYRP1). Consequently, diseases caused by SOX10 mutation (Waar-

denburg syndrome type 4C and 2E, central or peripheral demyelination, Hirschsprung 

disease) present with hypopigmentation and hearing loss (Pingault et al., 2022). 
 

In addition to being a key player during embryonic development, SOX10 has been linked 

to initiation and maintenance of melanoma. SOX10 is expressed in most primary and met-

astatic melanoma cell lines (Flammiger et al., 2009).  
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1.7 Research questions 

In summary, the CDM data suggests that there is a highly druggable cysteine residue, 

C71, located in the dimerization domain of SOX10. SOX10 is a lineage-specific transcrip-

tion factor in melanoma. The following questions will be asked: 

 

1) Do melanoma cell lines depend on SOX10 expression regarding their proliferation, 

i.e., do SOX10-expressing melanoma cell lines stop proliferating once depleted of 

the transcription factor?  

2) How do SOX10 and MITF expression relate to one another? How do melanoma 

cell lines respond to MITF knockout? 

 

Adduction by a covalent electrophilic inhibitor could provide an opportunity to target 

SOX10 offering a potential treatment strategy for melanoma patients. It will be inquired:  

 

3) How can an electrophilic, cysteine-reactive covalent inhibitor that will engage with 

SOX10 be identified? 

 

Underlying mechanisms will be investigated. 

 

4) How can compounds be validated, and their mechanism of action be revealed? 

5) How does the transcription factor function? What role does C71 play in SOX10 

function? 
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2. Materials and methods 

2.1 Experimental model details 

All cell lines were either obtained from ATCC or a gift from Dr. Chris Ott (Massachusetts 

General Hospital). All cells were maintained at 37 degrees Celsius with 5 % CO2.  

U257, U62, LOX-IMWI, G361, COLO792, COLO679, MEL-JUSO, IPC298, RVH-421, 

WM793B were cultured in Corning® RPMI 1640 1X medium (Fisher Scientific, 15-040-

CV) supplemented with 10 % fetal bovine serum (Corning LifeSciences, 35-010-CV), 100 

U/ml penicillin and 100 µg/ml streptomycin (Sigma, 15140122) and 1x Glutamax-I (Fisher 

Scientific). 

HEK293T, A375, SK-MEL2, RPMI795, Mewo, IGR39, WM266-4, SK-MEL5, SK-MEL30, 

HMCB, SK-MEL3, Hs944T were grown in Dulbecco’s Modified Eagle’s Medium (DMEM) 

(Fisher Scientific) supplemented with 10 % fetal bovine serum (Corning LifeSciences, 35-

010-CV), 100 U/ml penicillin and 100 µg/ml streptomycin (Sigma, 15140122) and 2 mM 

L-glutamine (Corning, 25-005-CI). 

IGR-37, A2058, C32 and IGR-1 required DMEM/F12 medium (Fisher Scientific), supple-

mented with fetal bovine serum (Corning), 100 U/ml penicillin and 100 µg/ml streptomycin 

(Sigma). 

2.2 Methods details 

Cell Titer Glo Assay: 50 µl of Cell Titer Glo solution (Promega, G846) was added into each 

well, plate was covered in tin foil and incubated on shaker at room temperature (RT) for 

10 min, luminescence was measured with a SpectraMax M5 plate reader (Molecular De-

vices) using an integration time of 500 ms. Wells were normalized to measurement on 

Day 0 (ratio of Day 6 / Day 0 raw value), then normalized to sgControl (or dimethyl sulfox-

ide (DMSO), depending on the experimental setup). 

 
Cell (transient) transfection: Human SOX10 cDNA clone and the empty control vector 

pRK5 were purchased from Addgene. HEK293T cells were transiently transfected with 
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either the clone or pRK5 vector in the presence of 3 µl Polyethylenimine (Polysciences) / 

1 µg plasmid DNA (ratio 3:1). 

 

Co-immunoprecipitation experiments:  

- Co-transfection: 2.5*10^6 cells were plated in 10 cm dishes. The next day, cells were 

transiently transfected with a total of 4 µg of pRK5-Flag-METAP2, pRK5-SOX10-Flag and 

pRK5-SOX10-HA in the following amounts in the presence of 12 µl Polyethylenimine (Pol-

ysciences): 2 µg of Flag-METAP/ SOX10-Flag + different amounts of SOX10-HA (100, 

250, 500, 1000, 2000 ng) + respective amounts of pRK5 only (1900, 1750, 1500, 1000, 0 

ng) were prepared in 500 µl of serum-free DMEM and added to the 10 cm dishes. 

- (optional) Compound treatment in cells: 24 hours after transfection, media was aspirated 

and replaced by compound- or DMSO-containing media resulting in a final concentration 

of 20 μM. Treatment duration was either 3 or 6 hours. 

- Protein lysis: If untreated, 24 hours after transfection, if treated, 3 or 6 hours after treat-

ment, cells were scraped and lysed in 500 µl IP-base (40 mM HEPES (sigma, H3375) pH 

7.4, 5mM MgCl2, 10 mM KCl) / 1 % Triton X-100 (sigma, T8787) + 1x EDTA-free protease 

inhibitor (sigma, 11873580001). Following lysis, samples were clarified by centrifugation 

for 10 min at 15,000 rpm. Protein concentration was determined by PierceTM BCA Protein 

Assay Kit (ThermoScientific, 23225) and 300 µg per each lysate in 500 µl IP-base / 1 % 

Triton prepared.  

- FLAG-immunoprecipitations: Pulldown: Per sample, 30 µl Anti-FLAG M2 Affinity Gel 

(sigma, A2220, 50:50 slurry) were washed 4x with IP-base / 1 % Triton by centrifuging for 

2 min at 6000 rpm each and added to the clarified supernatant and incubated for 3 h while 

rotating at 4 °C. Beads were centrifuged 1x at 6000 rpm for 2 min, washed 5x with IP-

base/ 1 % Triton/ 150 mM NaCl by centrifuging for 1 min at 15,000 rpm each. 100 µl of 

beads were resuspended with equal amount of buffer and 30 µl of bead suspension (15 

µl compact) were transferred into SOX10-HA lysates. 0/ 62.5/ 125/ 250/ 500 µg of SOX10-

HA lysates were brought to 500 µl with IP-base / 1 % Triton. SOX10-HA was allowed to 

bind to immunoprecipitated Flag-tagged proteins for 3 h while rotating at 4 °C. 

- 1x loading/sample buffer (50 µl) was added to the immunoprecipitated proteins which 

were subsequently denatured by boiling. Proteins were resolved by SDS-PAGE, then an-

alyzed by immunoblotting. 
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Crystal Violet Assay: Culture media was aspirated off cells in 96-well plate, 50 µl Crystal 

Violet Solution (2.5 g crystal violet powder (ACROS) in 900 ml milli Q H2O + 100 ml Meth-

anol, filtered) was added per well, incubated for 30 min, then washed 4 times with distilled 

water. Plates were allowed to dry overnight (at RT or at 37 °C), then quantified by image 

analysis. Plates were scanned using a table-top scanner as an 8-bit image at 600 dpi. 

Background was reduced and an unsharp mask applied. Data analysis was performed in 

FIJI / ImageJ. Threshold was set 0-100 using grayscale, each well was selected manually 

to measure that area. Integrated density was calculated = area * 1/mean (in a grayscale 

image, black receives a value of 0 and white = 255). Integrated density was then com-

pared across conditions and expressed as % of control. 

 

Hoechst 33342 staining for cell number quantification: Culture media was aspirated off 

96-well plate, next, 1 µg/ml Hoechst 33342 (ThermoFisher) was added into each well. 

Wrapped in tin foil, plates were incubated for 30 min at RT on the shaker. Each well was 

then resuspended ten times, 80 µl were transferred into an opaque plate. Fluorescence 

was measured by the plate reader (excitation wavelength: 361 nm, emission wavelength: 

486). “Buffer only” wells were subtracted from each well to calculate relative cell number. 

For each cell line, a standard curve was generated following measurement of fluorescence 

signal with 1000 / 2500 / 5000 / 7500 / 10,000 / 15,000 / 30,000 cells replated per well (n 

= 5). 

 

In-vitro binding assay 

⋅ Confluent 10 cm dishes of transiently expressing FLAG-METAP2, SOX10-FLAG or 

SOX10-HA, respectively, were lysed with 1 ml IP-base (40 mM HEPES pH 7.4, 5 

mM MgCl2, 10 mM KCl) / 1 % Triton X-100 (sigma) + 1x EDTA-free protease in-

hibitor (sigma). Following lysis, samples were clarified by centrifugation for 10 min 

at 15,000 rpm. 

⋅ For FLAG-immunoprecipitations, M2 Flag-agarose (200 µl, 50:50 slurry), washed 

with lysis buffer 1 % Triton / IP-base, were added to pre-cleared lysates of two 10 

cm dishes of Flag-METAP2 / SOX10-Flag and incubated for 3 h by rotating at 4 °C.  
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⋅ Following immunoprecipitation, the beads were washed with 1 % Triton / IP-base / 

150 mM NaCl and were then added to respective SOX10-HA lysates for which the 

following protein amounts were determined by PierceTM BCA Protein Assay Kit 

(ThermoScientific, 23225): 0 / 62.5 / 125 / 250 / 500 / 1000 µg. 15 µl beads (com-

pact) were transferred to each respective SOX10-HA lysate and incubated for 3 h 

while rotating at 4 °C. Following immunoprecipitation, the beads were washed with 

1 % Triton / IP-base / 150 mM NaCl, 1x loading/sample buffer (50 µl) was added to 

the immunoprecipitated proteins which were subsequently denatured by boiling. 

Proteins were resolved by SDS-PAGE, analyzed by immunoblotting. 

 

Library Screen  

⋅ SOX10 transcriptional reporter cells: I used U257 cells transduced with polyclonal 

pEZX-LvGA01-MITF-promoter-luciferase or TRPM1-promoter-luciferase. The cells 

were provided by Mariko Hara, PhD, Bar-Peled lab. The transgene was selected 

for using puromycin (sigma, at 0.67 µg/ml). The following MITF promoter (617 bp) 

was cloned into a pEZX vector (Genecopoeia): 

CATCTATGTAGCTAAGAATAAGGTGCATATTAAGACCAGGATGCAAGAAGAGGCTGTT-
GAACTTGAACATTCAGCACAGAGTCTCTTCTCTTCTATACTAAAAGATAGTCATCCTGCAGTCGGAAGTG
GCAGTTATTCGGCCATTGGAAAAGTCTCATGTAATAGTAGCTTTTA-
GATGATGTCTCCTCCAAAGGGGCATTCTGCTATTAACCTATTGCTGAAAGAGAAATACCATTGTCTATTAA
TACTACTGGAACTAAAGATGAATAGTGAATTGGCCTTGATCTGACAGTGAGTTTGACTTTGA-
TAGCTCGTCACTTAAAAAGGTTCTTTTATATTTATGAAAAAAAGCATCACGTCAAGCCAGGGGGAAAAAT
TGATATCAACATTTAAGACCAAACTCGTAGGGCTTCCAAAAAAAAGGCCCTTATGTGAAC-
GTTTTTTTTTACATGCATAACTAATTAGCTTAGGTTATTATAAGCAGGGCTTCTGTGATAAAGTTTCCGGT
GGTGTCTCGGGATACCTTGTTTATAGTACCTTCTCTTTGCCAGTCCATCTTCAAATT-
GGAATTATAGAAAGTAGAGGGAGGGATAGTCTACCGTCTCTCACTGGATTGGTGCCACCTAAAACATTG 
 

⋅ Compound Treatment: Compounds were obtained from Enamine. 

U257 reporter cells were replated at 5000 cells / 100 µl / well in a 96-well plate. At 

24 h after replating, cells were treated with library compounds at 5 / 2.5 µM (or 

DMSO). At 48 h after the compound treatment, the cells´ supernatant, containing 

secreted luciferase and alkaline phosphatase, was collected. 
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⋅ Luciferase Assay: 10 µl supernatant was mixed with 50 µl of luciferase substrate 

(1x GL-H buffer, 1x GL-H reagent in autoclaved H2O) and luminescence was meas-

ured using the plate reader (1500 ms). 20 µl of the supernatant was incubated with 

80 µl of alkaline phosphatase substrate (1X Quanti-Blue Buffer, 1x QB reagent in 

autoclaved H2O) at 37 °C until visible change of color. OD640 (absorbance) was 

then measured. All reagents belong to the Secrete-Pair Gaussia Luciferase assay 

Kit (Genecopoeia). 

⋅ Analysis: All results were normalized to DMSO (6 wells per plate). First, the aver-

age of all empty SEAP (secreted alkaline phosphatase) values was subtracted from 

all SEAP values, then normalized to DMSO. Raw luciferase values were divided by 

normalized SEAP values of corresponding wells, then normalized to DMSO. 

⋅ Selection of hits was based on the following criteria: Reduction of Gluc/SEAP by at 

least 30% (values <70, normalized to DMSO = 100) + 80 < SEAP < 120 + should 

not score in other screens (no reduction in other reporter cell lines by more than 

30%), for example in an ovarian cancer cell line OVTOKO unrelated by biology. 

  

Lentivirus production: HEK293T, cultured in DMEM / 10 % FBS / Pen / Strep / L-Gluta-

mine, were plated on day 1 at 1.4*10^6 cells /  6 cm dish / 5 ml DMEM media and incu-

bated at 37 °C for 18 to 24 h. On day 2, a packaging plasmid mixture (100 ng / µl) was 

prepared using 900 ng psPAX2 (envelope) and 100 ng VSV.G. 1 µg of sgRNA-encoding 

plasmids and 10 µl of packaging plasmid mixture (1 µg) were cotransfected using 6 µl of 

the X-TremeGENE HP transfection reagent. 3 µl / µg DNA  (sigma) were added. 6 to 16 

h after transfection, the media was changed to regular FBS-containing DMEM. Cells were 

kept in culture (> 48 h after transfection) and virus-containing supernatants were collected, 

then filtered using a syringe (0.45 µM filter), either used to infect target cells or stored at -

20 °C. 

 

Lentivirus infection (CRISPR-knockout) for melanoma cell lines: On day 1, cells were 

plated at 0.25 *10^6 cells / 1 ml / well in a 6-well plate for adherent cells. 1 ml of virus-

containing supernatant, collected 48 h after transfection of HEK293T, was used to infect 

target cells in the presence of 1 µg / ml Polybrene Transfection Reagent (Sigma). Cells 

were incubated at 37 °C, media was changed at 24 h post-infection. Cells were allowed 
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to recover for an additional 24 h, then were trypsinized and replated on a 10 cm dish, 

including puromycin for selection, for subsequent experiments. 

 

This method was provided by Mariko Hara, PhD, but is mentioned because the constructs 

generated by her were leveraged in succeeding experiments (growth assays). Lentiviral 

sgRNAs targeting the messenger RNA for human SOX10 and MITF were designed, am-

plified, and cloned into transient pLentiCRISPRv2 (addgene) vector at the restriction sites. 

The sequences for these sgRNAs are listed below (sequences are 5´ to 3´).  

sgControl caccGCCTGCCCTAAACCCCGGAA  
 

sgSOX10_1 caccGGAGGAGCAGGACCTATCGG  
 

sgSOX10_4 caccGGAGCAGGACCTATCGGAGG  
 

sgMITF-6-fwd caccgGATAGTCTACCGTCTCTCAC   

sgMITF-6-rev aaacGTGAGAGACGGTAGACTATCc   

sgMITF-7-fwd caccgCACCTAAAACATTGTTATGC   

sgMITF-7-rev aaacGCATAACAATGTTTTAGGTGc   

sgMITF-8-fwd caccgTCTACCGTCTCTCACTGGAT   

sgMITF-8-rev aaacATCCAGTGAGAGACGGTAGAc   

sgMITF-9-fwd caccgTTGCCAGTCCATCTTCAAAT   

sgMITF-9-rev aaacATTTGAAGATGGACTGGCAAc   

sgMITF-10-fwd caccgGGCACCAATCCAGTGAGAGA   

sgMITF-10-rev aaacTCTCTCACTGGATTGGTGCCc   

  

 

Microscopy: Qualitative analysis by microscopic imaging. Representative pictures were 

taken with a Nikon Eclipse Ti 2 microscope, 10x magnification, gray scale. 

 

Oligonucleotide pulldown assays 

⋅ Preparation of lysates:  

1. U257: On day 1, 3*10^6 cells / 10 cm dish were replated. On day 2, dishes were 

lysed as described below. 
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2. HEK293T: On day 1, 2.5*10^6 cells / 10 cm dish were replated. On day 2, cells 

were transfected with 4 µg of plasmid DNA (pRK5-Flag-METAP2 / pRK5-

SOX10(WT)-Flag / pRK5-SOX10(C71A)-Flag). 24 h after transfection, the cells 

were scraped. Cell pellets were lysed with 150 µl of 1 % NP-40 lysis buffer (50 mM 

Tris-HCl (pH 7.4), 150 mM NaCl, 1 % NP-40, 2 mM EDTA, 10 % Glycerol), then 

sonicated (amplitude 100 for 5 min). 

⋅ Annealing of oligonucleotides: IDT tubes were constituted with a TE buffer pH 8.0 

(Invitrogen) at a final concentration of 100 µM. Next, 20 µl of forward and reverse 

oligonucleotides, respectively, were mixed and annealed using a thermocycler. The 

final concentration was adjusted to 1 µg / µl. 

⋅ DNA-agarose beads preincubation: Per sample, 30 µl of streptavidin agarose resin 

(Thermo Scientific) was washed with a DNA-binding buffer (DBB: 10 mM HEPES 

pH 7.4, 1 M NaCl, 10 mM EDTA, 0.05 % NP-40) three times by centrifugation by 2 

min at 6000 rpm. After washing, the beads were resuspended in DBB, and 1 µg of 

oligo DNA / sample was added. Incubating the beads that were resuspended with 

DBB + DNA for 30 min to 2 h on a shaker at room temperature allowed for binding 

of DNA to those beads. 

⋅ Pull-down assay: Per sample, 400 µg of protein was used (protein concentration 

determined by BCA assay), diluted 1:10 with 50 mM Tris-HCl / 150 mM NaCl to get 

0.1 % NP-40. Per sample, 10 µg poly (dI:dC) was added to capture non-specific 

DNA-binding proteins. 

⋅ Incubation of protein lysates with DNA-conjugated agarose: Following preincuba-

tion, the beads were washed twice with DBB, twice with a protein-binding buffer 

(PBB: 50 mM HEPES pH 7.4, 150 mM NaCl, 0.1 % NP-40) by centrifugation for 2 

min at 6000 rpm, then resuspended with an appropriate amount of PBB to add 50 

µl of bead suspension into each protein lysate. DNA-conjugated agarose beads 

were then incubated with protein lysates by a 3-hour or overnight rotation at 4 °C. 

After that, beads were washed with 500 µl PBB four times and any remaining buffer 

was removed using an insulin syringe. Next, 50 µl of 1x sample buffer (diluted 5x 

SB with 1 % NP-40 lysis buffer) were added into each sample and boiled at 95 °C 

for 5 min. The protein eluted from the beads were subjected to SDS-PAGE.  
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The following oligonucleotides were employed as described but initially designed by 

Mariko Hara, PhD. 

MITF-promoter-WT-SOX10 binding site-fwd:                                                                             

5´-bio-TAACCTATTGCTGAAAGAGAAATACCATTGTCTATTAA 

MITF-promoter-WT-SOX10 binding site-rev:                                                                                     

5´-bio-TTAATAGACAATGGTATTTCTCTTTCAGCAATAGGTTAA 

MITF-promoter-mut-SOX10 binding site-fwd:                                                                          

5´-bio-TTAACCTAccGCTGAAAGAGAAATACCAccGTCTATTAA 

MITF-promoter-mut-SOX10 binding site-rev:                                                                              

5´-bio-TTAATAGACggTGGTATTTCTCTTTCAGCggTAGGTTAA 

SoCM-probe-fwd: 5'-bio-AGACTGAGAACAAAGCGCTCTCACAC 

SoCM-probe-rev: 5'-bio-GTGTGAGAGCGCTTTGTTCTCAGTCT 

MIA-promoter-WT-fwd: 5'-bio-TGGTAATCAAAGGGCTGCCTTGTTCTCCTGC 

MIA-promoter-WT-rev: 5'-bio-GCAGGAGAACAAGGCAGCCCTTTGATTACCA 

MIA-promoter-mut-fwd: 5'-bio-TGGTAATCccAGGGCTGCCggtgTCTCCTGC 

MIA-promoter-mut-rev: 5'-bio-GCAGGAGAcaccGGCAGCCCTggGATTACCA 

 

Protein extraction: Cells were scraped into 1 ml of ice-cold PBS, spun down at 3500 rpm 

for 3 min at 4 °C. PBS was aspirated and cell pellet was lysed in 50 µl of 1 % NP-40 lysis 

buffer (50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1 % NP-40, 2 mM EDTA, 10 % Glycerol) 

+ 1x EDTA-free protease inhibitor (sigma) + 1x benzonase (Santa Cruz Biotechnology. 

Samples were sonicated in a water bath sonicator at 4 °C, amplitude 100 for 5 min, then 

rotated end-over-end for 30 min at 4 °C. Lysates were clarified by centrifugation at 15,000 

rpm for 10 min at 4 °C, supernatant was collected. Protein concentration was determined 

using BCA protein assay kit (Pierce), using BSA 0, 0.5, 1.0, 2.0 µg / µl as standards. 

Samples were normalized to 1 µg / µl, 5X loading dye was added. Samples were vortexed, 

spun down, boiled at 95 °C for 5 min, then loaded onto a gel. 
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Quantitative reverse-transcriptase (qRT)-PCR:  

RNA extraction / cDNA synthesis / quantitative PCR analysis 

⋅ U257 was plated at 50,000 cells / well in a 12-well plate, U62 and SK-MEL28 were 

plated at 150,000 cells / well in 12-well plates. After 24h, cells were treated with 10 

µM or DMSO for 48 hours. 

⋅ Total RNA was isolated using the Quick-RNA ™ MiniPrep Kit (Zymo Research) 

according to the manufacturer's protocol, except for one alteration: After the last 

wash using 400 µl RNA Wash Buffer, the empty columns were spun for 3 min 

(14,000 rpm) to completely dry out the membranes. RNA was eluted with 20 µl 

DNase / RNase-free water, incubated at RT for 1-2 min, then spun down again for 

3 min (14,000 rpm).  

⋅ cDNA amplification was performed using iScript cDNA Synthesis Kit (Bio-Rad). 

qPCR primer sequences were obtained from Primer Bank (https://pga.mgh.har-

vard.edu/primerbank/) and are listed under “Key Resources”. qPCR analysis was 

performed using LightCycler 480 System (Roche) (95C, 15 sec + 60C, 60 sec) x 

40 cycles, using “Abs Quant/2d Derivative Max for All Samples” with the SYBR 

green Mastermix (ThermoScientific). 

⋅ Normalization was executed on the housekeeping gene (β-actin) and calculated 

according to the ΔΔCt algorithm. Results are presented as fold expression of the 

control, one-fold reperesenting the same level of expression as the control. For-

ward (F) and reverse (R) primer names and their respective sequences for both 

housekeeping and SOX10 target genes are listed below. 

 

housekeeping genes  

 

 
b-actin-F TGAAGTGTGACGTGGACATC 
b-actin-R GGAGGAGCAATGATCTTGAT 
  
SOX 10 target genes  
F1-hMITF CCGTCTCTCACTGGATTGGT 
R1-hMITF TACTTGGTGGGGTTTTCGAG 
F1-hSOX10 CCTCACAGATCGCCTACACC 

https://pga.mgh.harvard.edu/primerbank/
https://pga.mgh.harvard.edu/primerbank/
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R1-hSOX10 CATATAGGAGAAGGCCGAGTAGA 
F1-ACSS1 GTGCAGAGTCCTTGGCTGGG 
R1-ACSS1 TTCTTCAGCTCCACCACGCG 
F1-IL16 GCCGAAGACCCTTGGGTTAG 
R1-IL16 GCTGGCATTGGGCTGTAGA 
F1-SGCD GCGGAAACGATGCCTGTATTT 
R1-SGCD TGGCGTAGAGAGGTTGTAAGAA 
F1-GAS7 CATCGCCAAGCAAAAAGCAGA 
R1-GAS7 AGCCCAGAAGTAGTCGCAGT 
F1-RNF144A GAGCAGATGACAACCATAGCC 
R1-RNF144A TGCACTCAATCTCGTTCTCCT 
F1-MIA GGGCCAAGTGGTGTATGTCT 
R1-MIA CAGATCTCCATAGTAATCTCCCTGA 
F1-RAB7A GTGTTGCTGAAGGTTATCATCCT 
R1-RAB7A GCTCCTATTGTGGCTTTGTACTG 
F1-HSPE1 ATGGCAGGACAAGCGTTTAGA 
R1-HSPE1 CCGATCCAACAGCGACTACT 
F1-RXRG CCGGATCTCTGGTTAAACACATC 
R1-RXRG GTCCTTCCTTATCGTCCTCTTGA 
F1-HSPD1 ATGCTTCGGTTACCCACAGTC 
R1-HSPD1 AGCCCGAGTGAGATGAGGAG 

 

siRNA transfection of melanoma reporter cell line: Cells were trypsinized, then 300,000 

cells / 1.5 ml / well plated in 6-well plate. Two wells were plated per sample, one for im-

munoblotting, the other one was later trypsinized and replated on a 96-well plate to per-

form luciferase assay of the reporter cell line. Per well, 2 µl of 20 µM siRNA (siSOX10, 

siMITF – both obtained from Dharmacon, sequences listed below), 7.5 µl Lipofectamine 

RNAimax were added to 500 µl Opti-MEM (Life Technologies). Mix was resuspended and 

incubated for 15 min at RT for complex formation. This mixture was added to melanoma 

cells in 6-well plates with culture media to a final volume of 2.5 ml. At 24 h after transfec-

tion, the medium was changed. At 48 h after transfection, only one out of the duplicate 

wells was trypsinized and replated at 10,000 cells / well / 100 µl - 10 wells per each sam-

ple. At 72 h following transfection, the remaining cells in the 6-well plate were lysed for 
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Western Blot. Media was aspirated and changed into heat-inactivated FBS-containing 

RPMI for the 96-well plate wells. At 96 h after transfection, the supernatant of 96-well 

plates was collected to then perform luciferase assay. 

The following siRNAs were employed in this assay, but initially designed by Mariko Hara, 

PhD. 

siSOX10 Dharmacon L-017192-00-0005, ON-TARGETplus Human SOX10 
(SMARTpool 5nmol) 

siMITF Dharmacon M-008674-00-0005, siGENOME Human MITF 
(SMARTpool 5 nmol) 

 

Western Blot analysis:  Protein samples (15-30 µg protein per lane) were loaded and sep-

arated on 10 % SDS-PAGE gels using a 1x running buffer (10x stock solution: 60 g Tris-

base, 288 g glycine, 20 g SDS powder in 2 l miliQ water) at 200 V constant for 70 min, 

then transferred to an Immobilon-P Transfer Membrane (PVDF, Milipore, IPVH00010) 

which had been activated in 100 % methanol, then equilibrated on a shaker in 1x transfer 

buffer (1.8 l distilled H2O, 200 ml ethanol, 4.44 g CAPS (sigma, C2632-1KG), 10 NaOH 

pellets (ThermoFisher, S318-500)). Gel and PVDF membrane were  sandwiched by two 

pieces of Fisherbrand™ Pure Cellulose Chromatography Papers, transferred at 250 mM 

constant for 2.5 h. Membrane was rinsed once in TBS / T, then blocked in 5 % skim milk 

/ TBS-T for 30 min and incubated with primary antibody solution in 5 % BSA / TBS-T / 

sodium azide (sigma, 71289-5G) overnight.  After washing the membranes three times for 

5 min each in TBS-T, they were further incubated with secondary antibodies coupled to 

HRP for 1 h (1 % skim milk / TBS-T, anti-rabbit / anti-mouse 1:5000). After washing, the 

blot signals were visualized using Pierce™ ECL Western Blotting Substrate (ThermoSci-

entific, 32106). 

 

3 + 6 - day compound treatment in melanoma reporter cell line for proliferation assays: 

On day 0, 250,000 cells / 2 ml / well were replated in a 6-well plate. Cells were treated 

with 2 ml of compound-containing media at 5 / 2.5 µM / DMSO, then left in culture for 3 

days. On day 3, cells were trypsinized and replated on two 96-well plates (10 wells each), 

using the cell number / 50 µl / well previously optimized and used in sgSOX10 growth 

assays. Cells were then treated with 50 µl of compound-containing media at 5 / 2.5 µM / 

DMSO and left in culture for 6 days. On day 9, one plate was used for crystal violet staining 
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and subsequent image analysis (as described above), the other one was stained with 

Hoechst dye. 

 

Statistical analysis: Statistical analyses were performed using GraphPad Prism 9 

(GraphPad Software, Inc.). Different sample sizes (n) were chosen for different cell lines 

as mentioned in the respective description. All results are presented as means ± standard 

deviation. Significance levels between groups were determined using two-way analysis of 

variance (ANOVA) with Tukey´s post hoc test. When calculating statistical significance to 

a p-value < 0.05, the statistical significance is illustrated by *, whereas ** represents p < 

0.01, *** represents p < 0.001, and **** represents p < 0.0001.  

 

Graphical representation: Figures were prepared using GraphPad Prism 9 (GraphPad 

Software, Inc.)  

2.3 Key resources table 

Table 1: Antibodies  

Reagent Source Identifier 

beta(ß)-actin (13E5) rabbit mAb CST 4970S 

DYKDDDDK Tag (D6W5B), rab-

bit mAb 

CST 14793L 

GAPDH antibody, Mouse mAb Sigma G8795 

HA-Tag (C29F4) Rabbit mAb CST 3724S 

Lamin A/C (4C11) Mouse mAb CST 4777S 

MITF (D5G7V) Rabbit mAb CST 12590S 

Raptor (24C12) Rabbit mAb CST 2280s 

SOX10 (D5V9L) rabbit mAb CST 89356T 

HRP-labelled anti-rabbit IgG CST 7074s 

HRP-labelled anti-mouse IgG CST 7076s 
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Table 2: Chemicals, peptides, and recombinant proteins 

Reagent Source Identifier 

Anti-FLAG M2 Affinity Gel Sigma LOT# SLCH0130 

Benzonase® nuclease lyophilized 

powder, 50 KU 

Santa Cruz Bio-

technology 

Sc-391121B-50KU 

BMOE (bismaleimidoethane) ThermoFisher 22323 

BMH (bismaleimidohexane) ThermoFisher 22330 

CellTiter-GloR One Solution Assay Promega  G8462, LOT 0000380035 

Crystal Violet, certified ACROS 40583-0250, CAS:548-62-

9 

cOmplete™, EDTA-free Protease In-

hibitor Cocktail 

Sigma-Aldrich 11873580001 

DTT, molecular biology grade (dithio-

threitol, Cleland`s reagent) 

ThermoScientific 01091645 

DMSO Corning™ (Dimethyl Sulfoxide) Fisher MT25950CQC 

Hoechst 33342 ThermoFisher H1399 

LightShift TM Poly (dI:dC) ThermoFisher Lot# WK334837 

Lipofectamine RNAiMAX Transfection 

Reagent 

ThermoFisher 13778150 

Opti-MEM™ I  ThermoFisher 11058021 

Polybrene Infection / Transfection Re-

agent 

Sigma Aldrich TR-1003-G 

Polyethylenimine, linear, MW 25000, 

Transfection Grade (PEI 25K TM) 

Polysciences 23966-100 

Poly-L-lysine solution Sigma Aldrich P8920-100ML 

Puromycin Sigma P8833-100MG 

Streptavidin agarose resin ThermoFisher 5 ml 

SYBR™ Green PCR Master Mix ThermoFisher 4312704 

TE Buffer, pH 8.0, RNase Free Invitrogen AM9849 

X-tremeGENE™ HP DNA Transfec-

tion Reagent 

Millipore 6366236001 
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Table 3: Critical commercial assays 

Reagent Source Identifier 

PierceTM BCA Protein Assay Kit ThermoScientific 23225 

Zymo Research Kit Quick-RNA™ 

MiniPrep (50) 

Genesee scienti-

fic 

11-327 

SYBR Green Master Mix Applied Biosys-

tems 

4309155 

iScript cDNA Synthesis Kit 100 rxns. Bio-Rad 1708891 

Secrete-Pair Gaussia Luciferase as-

say Kit (1000 rxns, LF062) 

Genecopoeia LF062 
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3. Results 

3.1 Deciphering the biological role of transcription factor SOX10 in melanoma cell lines  

SOX10 is expressed in most primary and metastatic melanoma cell lines. Herein, I de-

pleted 26 melanoma cell lines of the transcription factor by sgRNA-guided knockout. Suc-

cessful SOX10 knockout was first confirmed by immunoblot, for example in SK-MEL5. In 

addition, protein levels of MITF which is a main target gene of SOX10 were visibly de-

creased following knockout of SOX10, too (Figure 3a).  
 

Transduced cells were then assessed for changes in cell proliferation. Growth assays 

such as cell titer glo assay – generating a readout of ATP levels via luminescence – or 

crystal violet assay – staining for DNA content – followed by image analysis in ImageJ, 

allowed for quantitative measurements of potential proliferation defects. Regarding SK-

MEL5, cell titer glo assay results revealed a significant decrease in cell growth by 72.6 % 

or 69.6 % for cells transduced with sgSOX10_1 or sgSOX10_4, respectively (Figure 3b) 
(p < 0.0001). Microscopy pictures taken with 10x magnification reflected the loss of cell 

viability quantified: Cell density was visibly reduced, and cell bodies were elongated, flat 

and translucent (Figure 3c). Taken together, SK-MEL5 showed a significant reduction in 

cell viability using both cell titer glo and crystal violet assay, suggesting a critical role for 

SOX10 in melanoma cell survival.  

 

These inhibition studies were then performed in 26 melanoma cell lines and revealed a 

significant impairment of cell proliferation, as measured by cell titer glo assay, for most 

melanoma cell lines, whereas only a minority remained unaffected or even increased their 

proliferation following SOX10 depletion (Figure 4a). Next, immunoblotting protein sam-

ples of the 26 melanoma cell lines investigated allow to compare SOX10 protein levels 

with a decrease in cell proliferation in the respective cell line (Figure 4b). 
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Figure 3: SOX10 regulates melanoma proliferation 
a, Western Blot analysis of SOX10 and MITF levels in SK-MEL5 cells targeted by two 
independent sgRNA vectors. SgSOX10_1 and sgSOX10_4 were individually introduced 
into SK-MEL5 cells by lentiviral transduction. Lamin A/C served as loading control.  
b, Growth assay of SOX10-depleted SK-MEL5. Cells were transduced with lentiviral 
sgSOX10_1, sgSOX10_4, or sgControl, followed by puromycin selection. Cells were cul-
tured with puromycin for 6 days and cell viability was determined by cell titer glo assay 
according to the manufacturer's instruction. The results are presented as mean ± standard 
deviation of measurement replicates, n = 10. Significance levels were determined using 
two-way ANOVA with Tukey´s post hoc test (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001) 
c, Crystal violet imaging of SK-MEL5 transduced with lentiviral sgSOX10_1, sgSOX10_4, 
or sgControl. Cells were cultured with puromycin for 6 days and stained with Crystal Violet. 
Pictures were taken with a Nikon Eclipse Ti 2 microscope, 10x magnification.  
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Figure 4: Correlation between SOX10 protein level and growth impairment following 
SOX10 depletion 
a, Western Blot analysis of SOX10 protein levels across melanoma cell lines (molecular 
weight of SOX10 ~60 kDa). Lamin A/C served as loading control. b, Growth assay of 
SOX10-depleted melanoma cell lines, order based on % growth reduction in sgSOX10_1. 
Cells were transduced with lentiviral sgSOX10_1, sgSOX10_4, or sgControl, followed by 
puromycin selection. Cells were cultured with puromycin for 6 days and cell viability was 
determined by Cell Titer Glo assay according to the manufacturer's instruction. Except for 
LOX-IMWI, all the reduction in % growth is significant for both sgSOX10 _1 and 
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sgSOX10_4.  The results are presented as mean ± standard deviation of measurement 
replicates, n = 10.  

 

Next, MITF levels were examined. U257 and A375 were chosen as experimental models 

because they had been described as SOX10-positive / MITF-high level and SOX10-posi-

tive / MITF-low level, respectively. In a similar manner to the SOX10 depletion experiments 

described above, proliferation in both cell lines was evaluated following sgRNA-guided 

knockout of MITF. As expected, depletion of MITF in high-MITF expressing U257 via three 

different single guide RNAs led to a significant decrease in cell viability (sgMITF_6 p < 

0.001, sgMITF_10 p < 0.01), whereas the A375 cells, expressing MITF to a lesser extent, 

did not respond to the knockout (Figure 5a, b). 

3.2 Identifying a cysteine-reactive small-molecule compound that decreases SOX10 tran-

scriptional activity 

Cysteine druggability mapping data had previously identified cysteine residue C71 as 

highly druggable and localized it to the dimerization domain of SOX10. Therefore, I aimed 

to identify an electrophilic small-molecule inhibitor able to target that cysteine residue and 

potentially disrupt SOX10 function. 

 

There are several biochemical tools to study a transcription factor´s function, some of 

which were employed later in the project. However, to perform a large-scale compound 

screen – encompassing 1000+ electrophilic, cysteine-reactive, acrylamide small mole-

cules – a high-throughput system had to be established. This is why a secreted luciferase-

based reporter system was chosen. The reporter system measured SOX10 transcriptional 

activity by reading out activation of the MITF promoter as MITF is SOX10´s main target 

gene. The 613-bp promoter cloned into the luciferase vector comprised 7-8 putative 

SOX10 binding sites.  
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Figure 5: Correlation between MITF protein level and growth impairment following MITF 
depletion 
a, Western Blot analysis of MITF levels in U257 (MITF-high) versus A375 (MITF-low) cells 
targeted by five independent sgRNA vectors. sgMITF_5 - 10 were individually introduced 
into U257 / A375 cells by lentiviral transduction. SgRNA-transduced cells were selected 
with puromycin (0.67 µg / ml) for 3 days, then replated at 75,000 cells / well in 6-well 
plates, selected for another 6 days, then lysed. Raptor served as loading control. b, 
Growth assay of MITF-depleted U257 and A375 shows significantly reduced cell prolifer-
ation in U257 cells only. Cell viability was determined by Crystal Violet assay (50 µl crystal 
violet solution per well). sgRNA-transduced A375 (1000 cells / well) vs. U257 (2500 cells 
/ well) were replated in 96-well plates. The results are presented as mean ± standard 
deviation of measurement replicates, n = 5. Significance levels were determined using 
two-way ANOVA with Tukey´s post hoc test (*p<0.05, *p<0.01, ***p<0.001, ****p< 0.0001), 
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To set up the reporter assay, first, SOX10+ MITF-high melanoma cell line U257 was se-

lected as most preliminary experiments had been performed in that cell line. 

 

Second, U257 was transduced with either one of two following plasmids. To generate a 

“SOX10 reporter”, U257 was transduced with a plasmid that put luciferase expression 

under the control of MITF promoter and, as internal control, secreted embryonic alkaline 

phosphatase expression (SEAP) under the control of SV40 promoter.  

 

In “MITF reporter” U257, luciferase expression was under the control of Transient receptor 

potential cation channel subfamily M member 1 (TRPM1) promoter with the same internal 

control. The TRPM1 promoter contains multiple MITF consensus binding elements as 

shown by chromatin immunoprecipitation of endogenous MITF within melanoma cells. 

What is more, according to clinical studies TRPM1 expression strongly predicts non-met-

astatic propensity and therefore correlates with a positive outcome (Miller et al., 2004).  

 

Using SEAP driven by an SV40 constitutive promoter allowed to normalize cell viability 

and technical variations a high-throughput format might be susceptible to. Both reporter 

cell lines contained puromycin-resistant genes so that the transgene could be selected for 

using puromycin. 

 

Lastly, the reporter systems were validated by knockdown using siRNA transfection. In 

siSOX10 and siMITF-treated cells, a decrease in SOX10 or MITF transcriptional activity 

was confirmed, as well as a decrease in the respective protein level by immunoblot (Fig-
ure 6a). 
 

All 1000+ library compounds contained an acrylamide moiety, a known warhead in drug 

discovery. Preliminary experiments performed in the reporter system had revealed a 

promising compound called “EAWU1”. EAWU1 was used to optimize screening condi-

tions, i.e. treatment interval and cell number per well. A 48-hour treatment interval and 

plating 5000 cells / well in a 96-well format were determined the most effectful combina-

tion, achieving a decrease of SOX10 transcriptional activity by 50 % (Gluc / SEAP nor-

malized to DMSO). Throughout the screen, EAWU1 served as positive control.  
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Figure 6: A small-molecule screen in luciferase-based SOX10/MITF-reporter system 
identifies promising covalent inhibitors 
a, left – SOX10 transcriptional activity and immunoblot analysis in U257 SOX10 reporter 
cells transfected with indicated siRNA, right – MITF transcriptional activity and immunob-
lot analysis in U257 MITF reporter cells transfected with each indicated siRNA. The results 
are presented as mean ± standard deviation of measurement replicates, n = 10. b, Cova-
lent inhibitor screen identifies compounds that, at a concentration of 5 µM, block SOX10 
activity in U257 SOX10 reporter and c, MITF activity in U257 MITF reporter. % SOX10 or 
r. % SOX10 or MITF transcriptional activity was determined by secreted luciferase assay 
and is expressed as Gluc / SEAP: Raw Gaussia luciferase values (Gluc) divided by se-
creted embryonic alkaline phosphatase (SEAP) levels, then normalized to DMSO. 
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After establishing a valid SOX10 and MITF reporter system, cells were treated with 1000+ 

electrophilic, covalent, cysteine-reactive small-molecule compounds at 5 and 2.5 µM (Fig-
ure 6b, c). Selection criteria defining “hit compounds” for follow-up experiments were, first, 

a reduction by 30 % in Gluc / SEAP (normalized to DMSO treatment) and, second, 80 % 

< SEAP < 120 % (normalized to DMSO). 

 

MITF transcriptional activity was determined by secreted luciferase assay and is ex-

pressed as Gluc / SEAP: Raw Gaussia luciferase values (Gluc) divided by secreted em-

bryonic alkaline phosphatase (SEAP) levels, then normalized to DMSO. 

 

All hit compounds meeting named selection criteria were first validated in follow-up exper-

iments, identifying compound 2-A01 as top hit compound. 2-A01, a benzanilide acrylamide 

(Figure 7b, top), yielded a significant decrease in SOX10 transcriptional activity of about 

78.4 % at 5 µM.  

 

Next, studying structural analogs of 2-A01 allowed to identify additional compounds with 

increased potency such as compound SH-0029. SH-0029, a benzamide-THQ acrylamide 

(Figure 7b, middle), showed a significant decrease in both SOX10 and MITF transcrip-

tional activity (each p < 0.0001) at low micromolar concentrations and dose-dependent 

activity (Figure 7a, left).  
 

Furthermore, the search for overlap in chemical structure also revealed compound SH-

0105 (Figure 7b, bottom) which showed no significant effect on transcriptional activity 

across a broad range of compound concentrations (20 / 10 / 5 / 2.5 µM) (Figure 7a, right). 
This is why SH-0105 served as control compound in following experiments, replacing 

DMSO.  

 

Finally, additional SOX10-dependent melanoma reporter cell lines, such as SK-MEL28 

SOX10-reporter, U62 SOX10-reporter, A375 SOX10-reporter as well as G361 MITF re-

porter, were treated with SH-0029 (20 µM / 10 µM / 5 µM / 2.5 µM / vehicle) which yielded 

results comparable to the treatment in U257 reporters (Figure 7c). 
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Figure 7: Hit compound SH-0029 impairs SOX10 transcriptional activity at low micromolar 
concentration.  
a, Compound SH-0029 significantly decreases SOX10 transcriptional activity, whereas 
SH-0105 shows no effect. SOX10 transcriptional activity was determined by secreted lu-
ciferase assay and is expressed as Gluc / SEAP: Raw Gaussia luciferase values (Gluc) 
divided by secreted embryonic alkaline phosphatase (SEAP) levels, then normalized to 
DMSO. 5000 cells/well in a 96-well plate,  treated with 20/10/5/2.5 µM of compound or 
DMSO for 48 h.  b, Chemical structures of acrylamide small-molecules SH-0029, a ben-
zamide-THQ acrylamide; 2-A01, a benzamide-THQ acrylamide; and acrylamide SH-0105. 
SH-0105 does not show any effect but has a similar chemical structure which makes it a 
suitable control compound. c, Hit compound SH-0029 shows similar effect in other 
SOX10-dependent, melanoma cell line reporters: SK-MEL28 SOX10-reporter, G361 
MITF-reporter, U62 SOX10-reporter, A375 SOX10-reporter. 5000 cells / wells. All results 
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are presented as mean ± standard deviation of measurement replicates, n = 2. Signifi-
cance levels were determined using two-way ANOVA with Tukey´s post hoc test (*p<0.05, 
**p<0.01, ***p<0.001, ****p<0.0001), 

To verify that SH-0029 specifically targets SOX10, next, qPCR was performed. Primers 

for the following SOX10 target genes were chosen based on recent literature: First, MITF 

and melanoma inhibitory activity (MIA), both of which are regulated by SOX10 dimer. Sec-

ond, Ras-associated protein 7A (RAB7A), heat shock proteins family D member 1 and 

family E member 1 (HSPD1 and HSPE1),  all of which are shared target genes of SOX10 

and Myc. Lastly, gene expression of retinoid x receptor gamma (RXRG), growth-arrest 

specific protein 7 (GAS7), ring finger protein 144A (RNF144A) was analyzed.  

 

Depletion of SOX10 by siRNA-transfection in U257 confirmed that the expression of most 

of the genes selected was under the control of SOX10, as measured by the log2-fold 

change in siSOX10 versus siControl. SH-0029 treatment at 10 µM in U257, SK-MEL28 

and U62 showed downregulation of SOX10 regulated genes to a comparable level of that 

induced by genetic ablation. These qPCR results indicated that SH-0029 treatment in-

duces a gene signature specific to SOX10 (Figure 8).  
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Figure 8: Quantitative PCR analysis of SOX10 regulated genes following compound treat-
ment.  
qPCR analysis of SOX10 regulated genes. Heatmap depicts log2 fold changes in relative 
gene expression. Left – U257 cells were transfected with siSOX10 or siControl and RNA 
was extracted at 72 h after transfection. Right – for compound treatment, U257 was re-
plated at 50,000, U62 and SK-MEL28 at 150,000 cells / well per well in 12 well-plates and 
treated with the hit compound SH-0029 at 10 µM for 48 h. The results are presented as 
mean ± standard deviation of measurement replicates, n = 2 biological replicates and n = 
3 technical replicates each. Significance levels are not depicted here.  
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3.3 Elucidating the compound´s mechanism of action 

Preliminary experiments had localized ligandable C71 to SOX10´s dimerization domain. 

Therefore, it was hypothesized that C71 might be involved in SOX10 multimerization, and 

liganding by hit compound SH-0029 of C71 would affect this mechanism. To investigate 

underlying mechanisms, further functional assays were employed. 

3.3.1 Protein-protein interaction assays 

To assess protein-protein interaction of SOX10, co-immunoprecipitation assays using 

FLAG-tagged agarose were performed. FLAG- and HA-tagged SOX10 were co-trans-

fected into HEK293T. By precipitating all FLAG-tagged protein using agarose beads, any 

protein bound to it could be revealed. Through its HA-tag, SOX10 could easily be identified 

among all proteins bound to FLAG-tagged and immunoprecipitated protein. Initially, 2000 

ng of either SOX10-FLAG or, as control, FLAG-METAP2 were transfected into HEK293T, 

along with varying amounts of SOX10-HA and respective amounts of empty pRK5 vector. 

Titrating the transfected amount of SOX10-HA, i.e. 100, 200, 500, 1000 or 2000 ng al-

lowed to identify the cut-off between specific and non-specific binding: 2000 ng of SOX-

HA exhibited binding to both SOX10-FLAG and control protein FLAG-METAP2, suggest-

ing nonspecific interaction. 1000 and 500 ng of SOX10-HA, however, showed a strong 

binding to SOX10-FLAG only and were therefore used in succeeding experiments (Figure 
9a). Next, co-transfected HEK293T cells were treated with SH-0029 or DMSO, respec-

tively, for three hours, then subjected to immunoprecipitation as described. With both 500 

and 1000 ng SOX10-HA transfected, 20 µM SH-0029 increased protein-protein binding 

compared to DMSO treatment (Figure 9b). To summarize, co-immunoprecipitation as-

says in HEK293T cells showed increased multimerization upon SH-0029 treatment.  
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Figure 9: Protein-protein interaction assays 
a, HEK293T was transiently co-transfected with FLAG-METAP2 or SOX10-FLAG, each 
plus titrated amounts of SOX10-HA. FLAG-immunoprecipitation of respective lysates was 
performed for 3 hours using 30 µl Anti-FLAG M2 affinity gel (50:50 slurry), bound protein 
was then eluted with 1x loading buffer. 500 / 1000 ng SOX10-HA co-immunoprecipitated 
with SOX10-Flag but not with control protein FLAG-METAP2 and were therefore chosen 
for subsequent experiments. b, Co-transfection of pRK5 SOX10-FLAG (2000 ng) with 
pRK5-SOX10-HA (500 or 1000 ng) into HEK293T. Transfected cells were treated with 20 
µM SH-0029 for three hours, then subjected to cell lysis, followed by co-immunoprecipita-
tion. α-FLAG and α-HA, 1:1000, CST. 
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3.3.2 Protein-DNA interaction assays 

Considering qPCR and co-immunoprecipitation results of SH-0029 treatment, it was hy-

pothesized that increased interaction of SOX10 with SOX10, or potential additional inter-

action partners, impairs SOX10 signaling. It was therefore asked how the increased mul-

timerization of SOX10 elicited by SH-0029 led to downregulation of SOX10 transcriptional 

signaling.  

 

To that end, interaction of SOX10 and target DNA was investigated by oligonucleotide 

pulldown assays. This approach uses small DNA fragments, i.e., 8 to 50 nucleotides in 

length. For SOX10, MITF was favored as target gene in this experiment because their 

relation has been studied extensively. In this assay, out of the MITF promoter used in the 

luciferase reporter assay which is 613 bp in length and contains 7 putative SOX10 binding 

sites, a 40-base-pair (bp) section was selected comprising SOX10 binding site 4 and 5, 

then biotinylated.  

 

First, in U257 lysate the binding of SOX10 to the wild type oligonucleotide MITF promoter 

(40 bp) was confirmed. No SOX10 protein was found bound to the mutated oligonucleotide 

MITF promotor (40 bp). In accordance with common practice, a synthetic, non-biotinylated 

competitor polymer (poly dI-dC) was added to the reaction mixture to capture non-specific 

DNA binding proteins (Figure 10a, left) (Larouche et al., 1996). Additionally, an oligonu-

cleotide containing the SOX family consensus motif = SoCM (total 26 bp) was generated. 

Similarly, SOX10 demonstrated binding to the SOX family consensus motif oligonucleo-

tide and wildtype MIA oligonucleotide but failed to interact with a mutated MIA oligonucle-

otide (Figure 10a, right). Next, SOX10(WT)-FLAG and SOX10(C71A) were transfected 

into HEK293T and whole-cell lysate FLAG and SOX10 levels confirmed by immunoblot. 

The respective lysates were then incubated with streptavidin beads containing the bioti-

nylated wildtype MITF promotor. It was shown that wildtype SOX10 was able to bind 

wildtype MITF promotor similarly to binding of endogenous SOX10 in U257. C71-mutated 

SOX10 expressed in HEK293T cells, however, showed markedly reduced binding tow-

ildtype promotor (Figure 10b, left). When analyzing interaction of SOX10, both wild type 

and mutated, with SoCM promotor, no difference was detected (Figure 10b, right).  
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Figure 10: Oligonucleotide binding assays illustrate the disruption of SOX10 protein - tar-
get DNA binding following C71-mutation 
a, Successful validation of oligonucleotides in U257. Endogenous SOX10 in U257 binds 
to MITF Wildtype (WT) promoter (40 bp sequence), SOX family consensus motif (SoCM) 
and MIA WT but does not bind to MITF-mutated (mut) promoter (40 bp) or MIA-mutated 
promotor. 400 µg of protein lysate was incubated with 30 µl of agarose beads that had 
been pre-incubated with 1 µg DNA. The western blot was stained with α-SOX10 (1:1000) 
from Cell Signaling Technology. Poly dI:dC is a synthetic, non-biotinylated competitor pol-
ymer used to capture non-specific DNA binding proteins. Adding poly dI:dC into the reac-
tion decreased the SOX10 signal and was used in all succeeding oligonucleotide pulldown 
assays. b, left – FLAG: Confirming FLAG expression of transgene SOX10(WT)-FLAG, 
control FLAG-METAP2, and SOX10(C71A)-FLAG. The FLAG-tag consists of the amino 
acid sequence DYKDDDDK (1.012 kDa). Size of METAP: 67 kDa. Right - SOX10 expres-
sion in whole-cell lysate. Pulldown with MITF (WT) oligo shows that SOX10 (WT)-FLAG 
binds to MITF (WT), but SOX10 (C71A)-FLAG does not. After pulldown with SoCM, how-
ever, both WT and mut SOX10 show up. 4 µg plasmid / 10 cm dish was transfected. 400 
µg protein and 30 µl oligo beads were used, α-FLAG, 1:1000, CST. 
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In summary, disturbed binding of SOX10 to mutated MITF validated the experimental 

setup and impaired binding of C71-mutated SOX10 to wildtype MITF, regulated by dimer-

ized SOX10, suggested that their protein-DNA interaction depends on an intact C71. In 

contrast, mutating C71 did not show any effect on binding to the SOX10 consensus motif. 

3.4 Cell proliferation experiments 

Finally, cell proliferation experiments with the hit compound SH-0029 were performed to 

investigate its anticancer potential in several melanoma cell lines. By treating both SOX10-

expressing and -dependent cell lines and those that neither express nor depend on 

SOX10 for their proliferation with SH-0029, the compound´s ability to act on-target was 

assessed. At 2.5 µM, cell proliferation was impaired in SOX10-positive more than in 

SOX10-negative melanoma cell lines (Figure 11). 
 
To rule out general toxicity induced by the compound instead of cysteine-dependent deg-

radation of SOX10 activity, ovarian cancer cell line (OVTOKO) was treated with the com-

pound (40 / 20 / 10 / 5 / 2.5 µM) and showed no reduction in transcription activity (not 

shown). A luciferase reporter system based upon transcription factor PAX8 had been es-

tablished.  
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Figure 11: Cell proliferation experiments 
a, At 2.5 µM, hit compound SH-0029 kills SOX10-dependent melanoma cells whereas 
SOX10-independent melanoma cells remain unaffected. b, At 5 µM, SH-0029 significantly 
decreases % growth in all cell lines, even the SOX10-negative cell lines IGR-39 and 
RPMI795.  
Cells were plated in 96-well plates according to numbers plated in sgSOX10 experiments. 
Cells underwent a 3-day pretreatment, followed by a 6-day treatment, mimicking the 
schedule employed in growth assays. Cells were stained with 1 µg/ml Hoechst 33342 per 
each well. Results are displayed as means ± standard deviation, n = 10. Significance 
levels were determined using two-way ANOVA with Tukey´s post hoc test (*p<0.05, 
*p<0.01, ***p<0.001, ****p<0.0001.  
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4. Discussion 

By knocking out SOX10 in several melanoma cell lines, its importance for cell proliferation 

was confirmed. A cysteine-reactive compound which decreased SOX10 transcriptional 

activity, and consequent expression of target genes, was identified. The hit compound´s 

mechanism of action was shown to be increased protein-protein interaction. In general, 

C71 proved crucial in protein-protein and protein-DNA interaction of the transcription fac-

tor.  

4.1 SOX10´s role in proliferation of melanoma cells 

SOX10-expressing melanoma cell lines showed significantly impaired proliferation when 

depleted of the transcription factor, demonstrating SOX10´s ability to sustain proliferative 

signaling. Cells that expressed SOX10 to a lower extent remained unaffected. SOX10 is 

a known dependency in melanoma cells and its essentiality was demonstrated by CRISPR 

and RNA interference (RNAi) data obtained by the Cancer Dependency Map at the Broad 

Institute (Broad Institute, 5/17/2024). Another study confirmed that silencing of SOX10 via 

small hairpin (sh) RNA repressed melanoma viability and clone formation in two cell lines 

(HT144 and A375) (Tang and Cao, 2021). 

 

Herein, I implemented an sgRNA-guided knockout to study proliferation defects both qual-

itatively (microscopy) and quantitatively (growth assay). For the first time, 26 melanoma 

cell lines were profiled according to their dependency on SOX10 regarding their prolifera-

tion. In contrast to RNAi via shRNA, loss-of-function induced by CRISPR as used in this 

study is permanent.  

4.2 SOX10 and MITF 

An sgRNA-guided knockout of MITF caused significantly decreased cell viability in U257, 

whereas A375 continued to grow without visible changes. Previous studies have estab-

lished that MITF is one of SOX10´s main target genes and high levels of MITF correlate 

with a proliferative, low levels with an invasive phenotype (Tudrej et al., 2017). 
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To study how SOX10 and MITF relate, I compared U257, a SOX10-high and MITF-high 

cell line, to A375, a SOX10-high but MITF-low cell line. It was shown that both cell lines 

depend on SOX10 regarding proliferation but loss of MITF did not bother A375. Taking 

together sgSOX10 and sgMITF-data, it follows that melanoma cell growth is primarily de-

pendent on MITF in MITF-high cells, but in MITF-low cells SOX10 is required for growth.  

4.3. Targeting SOX10, hit compound validation and its mechanism of action 

By performing a large-scale screen of electrophilic compounds using MITF and TRPM 

promotor activity as a readout, two compounds were identified. It was shown that covalent 

adduction of the druggable cysteine in SOX10 resulted in functional impairment, i.e. dis-

ruption of protein-protein interaction, of the transcription factor. 

 

In general, targeting transcription factors is challenging because protein-DNA and protein- 

protein interaction surfaces lack tractable active sites like the ones found in enzymes such 

as kinases. In transcription factors, DNA-protein interaction surfaces are usually convex 

and highly positively charged, protein-protein interaction sites are flat without any deep 

pockets (Bushweller, 2019). Whether a protein can be adducted by a ligand depends on 

the availability of a structural pocket for a small molecule to bind. In this study, a cysteine-

reactive strategy was applied which allowed to specifically target cysteine residues by 

covalent, and therefore irreversible, binding.  

 

There have been several efforts to inhibit SOX10 activity to date, mainly to analyze down-

stream effects. For example, knockdown of SOX10 revealed MIA downregulation and 

identified MIA as target gene of SOX10 (Graf et al., 2014). Another study employed an 

inhibitor to block lysine acetyltransferase (KAT) EP300, which is often co-amplified with 

SOX10 in melanoma. The inhibitor downregulated SOX10 protein levels, decreased pro-

liferation and inhibited SOX10 signaling in SOX10-positive melanoma cells (Waddell et 

al., 2024). However, these genetic perturbations lack applicability, long-lasting effect and 

specificity to the transcription factor. Herein, a cysteine-reactive strategy was applied 

which allowed to specifically target the transcription factor and ensure irreversible binding 

between inhibiting compound and target region. Specificity of the inhibitor to SOX10 was 
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further confirmed by downregulation of SOX10 target genes, such as MITF and MIA, fol-

lowing compound treatment. Eight target genes were employed all of which were validated 

prior by siRNA-guided knockdown of SOX10. 

 

It was then asked how the disturbance in transcriptional regulation was achieved by the 

compound. Herein, to study the specific interaction among SOX10 proteins, two types of 

SOX10 differing only by their amino acid tag (FLAG, HA) were expressed in a non-mela-

noma cell line. Co-immunoprecipitation allowed to pull down all FLAG-tagged SOX10 pro-

tein and show the protein fraction bound by it only. As expected, HA-tagged SOX10 was 

found to be specifically bound to FLAG-SOX10. Interestingly, hit compound treatment 

seemed to enforce protein-protein binding across different concentrations. It was therefore 

hypothesized that multimerization prevents active binding of the transcription factor to tar-

get DNA. 

 

Succeeding experiments performed by Takahashi et al. (in the laboratory group of Liron 

Bar-Peled, PhD) later showed both in cells and in vitro that the protein-protein interaction 

induced by SH-0029 was dependent on an intact C71. Since SOX10 was initially picked 

up because of high cysteine-reactivity of C71 and the compound screen aimed at identi-

fying an electrophilic molecule that covalently bound to that C71, it seems logical that 

without C71, hit compound treatment does not show the same effect. Additionally, it was 

hypothesized that in a C71A-mutant, SH-0029 should not be able to downregulate 

SOX10´s target genes and cellular proliferation. Further experiments by Takahashi et al. 

demonstrated that the proliferation block induced by SH-0029 could be rescued by ex-

pressing a C71A-mutant in U257 melanoma cells, compared to WT SOX10 (Takahashi et 

al., 2024).  

… 

…. 

… 

…. 

… 

…. 
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4.4 SOX10´s mechanism of action 

SOX10´s function was explored by analyzing oligonucleotide binding and protein-protein 

interaction. Comparison of compound-treated vs. DMSO-treated as well as C71A-mutated 

and -WT samples allowed to determine treatment- or mutation-related changes. 

 

It is well known that SOXE family members including SOX8, SOX9 and SOX10 regulate 

gene expression mainly by dimerizing and that corresponding promotor regions to which 

these dimers bind encompass tandemly inverted consensus sequence (Peirano and 

Wegner, 2000). There a few studies dedicated to deciphering how the dimerization pro-

cess works. Ramsook et al. hypothesized that the HMG domain itself might be involved in 

dimerization and were able to show interaction between a dimerization domain-like pep-

tide and HMG-DNA. While they demonstrated that transcription factor SOX9 contains two 

amino acid residues essential to dimer formation, there has been no further analysis of 

SOX10´s dimerization domain (Ramsook et al., 2016). In addition, SOX10´s transcriptome 

and underlying gene regulatory network has been investigated thoroughly and allowed to 

cluster melanoma cell lines into melanocytic vs. mesenchymal subtypes (Wouters et al., 

2020). Yet, differences in gene regulation by dimer or monomer formation of the transcrip-

tion factor have not been fully understood.   

 

In this study, it was found that a single mutation C71A disturbed binding of SOX10 to key 

target genes like MITF and MIA, both of which are known to be regulated by dimerized 

SOX10. Conversely, binding to a SOX10 monomer motif remained unchanged. It can 

therefore be hypothesized that C71 is crucial for dimerization-dependent gene regulation 

only.  

 

Compound treatment decreased SOX10 transcriptional signaling as shown by qPCR ex-

periments. It can therefore be hypothesized that disturbed SOX10 function, either by point 

mutation at C71 or increased multimerization of SOX10 induced by SH-0029, blocks 

downstream signaling and proliferation. 
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4.5 Future perspective / implications for further research 

Future studies may explore in vivo applications of hit compounds. As this work is part of 

an ongoing project in the laboratory of Liron Bar-Peled, PhD, successful compounds are 

currently optimized, e.g., by altering and adjusting chemical moieties. As a result, similar 

treatment effects might be achieved at lower concentrations, thereby reducing cytotoxicity. 

 

Data covering in vivo SOX10 inhibition is limited. There is a phenomenon that has oc-

curred in prior in-vitro and in-vivo experiments after SOX10 inhibition called “phenotypic 

switching”. It is characterized by upregulation of SOX9 which leads to cellular transfor-

mation into a more invasive, mesenchymal state. In zebrafish, knockout of SOX10  re-

duced tumor incidence and SOX10 expression in those tumors that did develop but pro-

duced invasive melanomas which highly expressed SOX9 (Perlee et al., 2024). With the 

specificity of the cysteine-reactive inhibitors identified to SOX10, similar effects could be 

expected. Inhibition of SOX10 could potentially disrupt tumorigenesis of SOX10-express-

ing tumors but could still produce SOX9-expressing tumors with a rather different pheno-

type. Patient data obtained from The Cancer Genome Atlas (TCGA) linked high SOX9 

expression to a significantly worse median survival rate of patients with metastatic mela-

noma (Cheng et al., 2015). In conclusion, undesirable effects of SOX10 depletion need to 

be explored thoroughly.  

 

Apart from that, further mechanistic studies could be performed using an in-vitro binding 

assay. In-vitro binding, in contrast to the co-immunoprecipitation performed in cells, uses 

cell lysates which is why precise location and timing of SOX10 interaction would not have 

to be considered when treating with hit compounds. For example, in cells, SOX10 protein 

could have already formed a bond during / after translation off the ribosome in which case 

compound treatment would show no effect. In future experiments, hit compound treatment 

could be integrated into this assay. 

 

Finally, while I focused on investigating SOX10 function on a molecular level, it would be 

interesting to further assess effects of the inhibitor. For example, SOX10 has been linked 

to melanoma invasion, mainly via genetic regulation of MIA (Graf et al., 2014). Activating 
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invasion and metastasis, like sustained proliferative signaling, belongs to the hallmarks of 

cancer (Hanahan, 2022) and melanoma states can be differentiated into proliferative or 

invasive. Studying how compound treatment affected cell migration in Matrigel or chick 

embryo invasion assays would allow for a broader understanding of SOX10´s role in mel-

anoma.  

4.6 Diagnostic opportunities 

SOX10 is used as an immunohistochemical marker as it can detect metastatic melanoma 

in sentinel lymph nodes with high sensitivity. When compared to a panel of traditional 

immunohistochemical stains, e.g. S100, human melanoma black 45 (HMB-45) and Melan-

A, SOX10 achieved statistically significant increases in both staining intensity and per-

centage of tumor cells stained (Willis et al., 2015). Evaluation of sentinel lymph node bi-

opsy is considered the gold standard for the identification of early nodal metastasis in 

melanoma, determining a patient's prognosis and treatment (Faries et al., 2017). NCCN 

guidelines recommend SOX10 staining of sentinel lymph nodes (National Comprehensive 

Cancer Network, 2024). 

 

Apart from that, an analysis of TCGA data correlated high SOX10 mRNA levels with poor 

prognosis (Tang and Cao, 2021). Potentially, SOX10 could be utilized as prognostic 

marker in the future.  

4.7 Therapeutic considerations 

Targeting SOX10 with a cysteine-reactive, electrophilic probe may ultimately result in the 

development of a clinically applicable drug. However, there are some findings that must 

be considered when implementing a SOX10-based therapy. 

 

First, SOX10 plays an important role in the acquisition of stem cell features in melanoma 

cells by regulating CD-271, nestin and CD-133 expression. CD-271 influences self-re-

newal, chemo- and radiotherapy resistance. Nestin contributes to metastasis and CD-133 
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controls cell motility and invasion (Tudrej et al., 2017). When manipulating SOX10 func-

tion, stem-cell (-like) tumor cells will be targeted.  Because tumor lesions consist of few 

cancer stem cells and mostly of non-stem cells, targeting SOX10 would have to be com-

bined with a therapy for the bulk mass of non-stem cells, e.g. chemotherapy, immunother-

apy, or radiotherapy. 

 

Second, SOX10 loss promotes resistance against BRAF inhibitors. SOX10 depletion 

leads to an increase in TGFß signaling, which then raises EGFR and PDGFRß expres-

sion, which ultimately confers resistance to BRAF / MEK inhibitors (Han et al., 2018; Sun 

et al., 2014). This poses a challenge because patients with BRAF-mutated melanoma, 

which constitute roughly half of all melanoma patients, benefit from targeted therapy. 

 

Third, resistance to BRAF / MEK inhibitors mediates resistance to immunotherapy. This 

might explain why in recent clinical trials administering targeted therapy before immuno-

therapy decreased efficacy of checkpoint inhibitors (e.g. DREAMSeq trial (Atkins et al., 

2023)). It was shown that this cross-resistance is acquired throughout target therapy, 

arises from reactivated MAPK signaling and enables immune evasion through generating 

an immunosuppressive tumor microenvironment (Haas et al., 2021). 

4.8 Targeting SOX10 in other tumor entities 

The Cancer Dependency Map depicted SOX10 as gene of interest that is essential in 

cutaneous melanoma cell lines. Interestingly, similar essentiality was shown for SOX10 in 

several ocular melanoma cell lines, for example in OMM25, Chronos - 2.31, and one mu-

cosal melanoma of the vagina / vulva cell line, (HMVII, Chronos - 2.2). Chronos scores 

measure the gene´s essentiality in a given cell line. More negative Chronos scores indi-

cate a higher likelihood that the gene is essential, a Chronos score of zero would indicate 

that the gene is not essential. However, comparable Chronos scores were also calculated 

in tumor cell lines of the central nervous system, e.g., diffuse glioma cell lines LN229: - 

3.11 and LN464: - 2.25) and breast cancer, not otherwise specified (NOS), e.g., COLO824 

(- 2.54) (Broad Institute, 5/17/2024). This suggests that exploring SOX10 inhibition in can-

cers other than melanoma might be of interest. 
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SOX10 has been mentioned in other tumor entities already. For example, in triple-negative 

breast cancer, SOX10 has been reported as a reliable histopathological marker, adding 

to traditional breast cancer marker GATA-binding protein 3 (GATA3) (Jamidi et al., 2020). 

Another study compared expression profiles of triple-negative breast cancer tissue to ad-

jacent healthy breast tissue. RNA-Sequencing showed that SOX10 expression was mark-

edly elevated in the malignant tissue as well as MIA which was increased by 8.6-fold (Wu 

et al., 2021). 

4.9 Limitations   

There are two major limitations regarding the compound screen that could be addressed 

in future experimental setups. 

First, apart from control cell lines OVTOKO, an ovarian cancer cell line, the entire screen 

was carried out in cell line U257. First, the cell line model in general is subject to limita-

tions, for instance, it lacks microenvironment and additional cell types like fibroblasts, im-

mune and endothelial cells. At least, among melanoma cell lines, U257 (= UACC257) was 

ranked amongst the top three cell lines that showed the highest transcriptional similarity 

when compared to their respective tumor counterparts (Vincent and Postovit, 2017). Sec-

ond, the screen was carried out in a cell line that expresses comparably high levels of 

SOX10. U257 was selected for the screen because sgRNA-guided knockout was able to 

abolish SOX10 protein expression. However, by highly expressing SOX10 and MITF, 

U257 probably very sensitively identified hit compounds that decreased MITF promotor 

activity via inhibition of SOX10 transcriptional activity. Thereby, U257 represents MITF-

high and therefore proliferative melanomas rather than invasive types. In future setups, 

adding melanoma cell lines of different subtypes will be critical.  

 

Second, all results are based on a luciferase reporter that reads out SOX10 transcriptional 

activity via MITF promotor activity and MITF transcriptional activity via TRPM1 promotor 

activity, respectively. While MITF is the number one target gene and its interaction with 

SOX10 has been described extensively, using different target genes, like MIA, would be 



56 
 

  
 

interesting. This would allow to explore SOX10 signaling independent of MITF. In the fu-

ture, implementation of ways to study transcription factor activity independent of the target 

gene should be helpful. 

4.10 Conclusion 

The role of SOX10 regarding melanoma initiation, proliferation and invasion had previ-

ously been reported. Yet, an in-depth understanding of how the transcription factor func-

tions on a molecular level and strategies to disturb named mechanisms remained limited 

so far. This study now highlights SOX10´s role in melanoma proliferation leveraging 

CRISPR data and offers a novel strategy to identify and validate covalent inhibitors by 

integrating proteomic data with a high-throughput screen and functional assays. Covalent 

adduction of a druggable cysteine in SOX10 resulting in impaired signaling and melanoma 

cell proliferation prove the ligandability of SOX10 and establishes a model which might be 

translatable into tumor entities other than melanoma. 
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5. Summary 

The project is based on cysteine druggability mapping data generated by Liron Bar-Peled, 

PhD, which unveiled a druggable cysteine in the dimerization domain of SOX10. This 

identified the transcriptional regulator as amenable to small-molecule covalent inactiva-

tion. The promising finding raised several questions concerning the role of SOX10 in mel-

anoma cell lines, opportunities to identify electrophilic compounds targeting SOX10, and 

lastly, their underlying mechanism of action. 

 

SOX10 depletion studies revealed an important role for the transcription factor in most 

melanoma cell lines: small-guide RNA (sgRNA) mediated knockout of SOX10 strongly 

attenuated the proliferation of SOX10 high expression cell lines, i.e., U257, but not of 

SOX10 low expression cells, i.e., RPMI795. Subsequently, a large-scale high-throughput 

screen was employed which yielded two promising hit compounds that mirrored the results 

of SOX10 depletion assays. Both were able to significantly decrease SOX10 transcrip-

tional activity. When following up on these compounds, these results were reproducible in 

any SOX10-dependent melanoma cell line. qPCR analysis following compound treatment 

illustrated that hit compound treatment downregulated a majority of known SOX10 target 

genes, comparable to depleting the cell lines of SOX10. 

C71 was confirmed as crucial for SOX10 function. When a point mutation (C71A) was 

introduced, protein-DNA binding was found to be compromised. Treatment with hit com-

pound SH-0029, identified in the library screen, was shown to increase SOX10 multimer-

ization and to downregulate target gene expression. This suggests that the compound 

specifically targets SOX10 and should lead to melanoma cell killing in SOX10-expressing 

cell lines.  Cell proliferation assays confirmed compound-mediated cell killing in SOX10-

dependent melanoma cell lines. These results indicate the potential to target SOX10, a 

transcription factor previously deemed as intractable, thereby giving way to novel treat-

ment approaches. 
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