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1 INTRODUCTION 

1.1 The function of SOX10 in neural crest development and melanogenesis 

The sex-determining region Y (SRY)-related high-mobility group (HMG) box 10 

(SOX10) protein belongs to the SOX family, which are transcription factors responsible 

for the regulation of cell development and cell fate determination during embryogenesis 

(Jiang et al., 2013). The SOX proteins are characterized by the 79 amino-acid HMG 

box domain, which functions in recognizing and binding the C[A/T]TTG[T/A][T/A] motifs 

at the minor groove of DNA (Haseeb and Lefebvre, 2019; Zhao and Koopman, 2012). 

There are 20 members of the SOX family, including nine subgroups such as SOXA, 

SOXB1-2, and SOXC-H. The classification is based on the HMG domain sequences, 

protein structures, gene organization, and cell development functions (Bowles et al., 

2000). SOX10 is a part of the SOXE family, which also includes SOX8 and SOX9. 

SOXE proteins mediate processes such as melanogenesis (Harris et al., 2010), neural 

crest development and differentiation (Weider and Wegner, 2017), sex determination 

and chondrogenesis (Lefebvre and Dvir-Ginzberg, 2017; Li et al., 2014b). SOX10 is 

particularly important in melanogenesis and neural crest development. 

SOX10 was first identified as an essential player in neural system development and 

melanogenesis in the “dominant megacolon” (Dom) spontaneous mouse mutant model 

(Southard-Smith et al., 1998). Dom mice harbor Sox10 gene mutations and were used 

to investigate Waardenburg-Shah syndrome type 4 (W4) , a disease, which is often 

connected with symptoms such as sensorineural deafness and hypopigmentation 

(Bondurand et al., 2007; Southard-Smith et al., 1998). The mutated Sox10 in the W4 

syndrome indicates that the dysfunction of Sox10 impairs neural cell and melanocyte 

development. To specify the function of SOX10 during neural crest development, 

Sox10 mutant mouse models were further utilized to investigate murine embryo 

development. Researchers found that loss of Sox10 function did not affect the 

presence of neural crest-derived embryonic structures at the pre-migration state of 

neural crest cells (NCCs) (Britsch et al., 2001; Herbarth et al., 1998; Southard-Smith 

et al., 1998). However, the dysfunction of Sox10 in post-migratory NCCs induced 

apoptosis before NCCs were differentiated into glia cells in the peripheral neural 

system, and the surviving NCCs also failed to differentiate into glia cells. This indicates 

that SOX10 may affect the survival and the differentiation of post-migratory NCCs 

(Paratore et al., 2001). During the differentiation of NCCs, SOX10 also plays a role in 
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the development of melanocytes. The function relies on a synergistic action with paired 

box gene 3 (PAX3) protein to modulate the expression of microphthalmia-associated 

transcription factor (MITF) (Bondurand et al., 2007; Potterf et al., 2000), and MITF 

further activates pigmentation-related genes such as TYR, TYRP1, DCT, PMEL, which 

encode tyrosinase, tyrosinase-related protein 1, dopachrome tautomerase and 

premelanosome protein, respectively. These proteins will initiate the transformation of 

tyrosine to the melanin pigments, thus leading to the maturation of melanocytes 

(Bertolotto et al., 1998; Yasumoto et al., 1994). Of note, SOX10 alone can also directly 

modulate the expression of TYR, TYRP1 by binding the evolutionary conserved distal 

enhancers of these genes, despite the synergy with MITF (Murisier et al., 2006, 2007). 

Besides, the SOX10-MITF pathway also mediates the expression of B-cell lymphoma 

2 (BCL2) and cyclin-dependent kinase 2 (CDK2), which promote the survival and 

proliferation of melanocytes (Du et al., 2004; McGill et al., 2002). Therefore, SOX10 

was proposed to play essential roles in the tumorigenesis and development of 

melanoma and glioma due to its critical function in modulating the differentiation, 

survival, and proliferation of melanocytes and glia cells. 

 

1.2 The function of SOX10 in tumors 

SOX10 has been reported to be expressed in melanoma, glioma, triple-negative breast 

cancer, ovarian epithelial tumors, and bladder cancers (Feng et al., 2017; Kwon et al., 

2016; Sun et al., 2014; Wu et al., 2020; Yin et al., 2017). Data of the skin cutaneous 

melanoma cohort from The Cancer Genome Atlas (TCGA) show that over 95% of 

melanoma have strong expression of SOX10 (Fig.1).  

 

High expression of SOX10 is correlated with the formation and maintenance of 

melanoma, and high SOX10 expression also enhances tumor invasiveness during 

Fig.1 SOX10 expression in the TCGA melanoma cohort. The plot was generated using 
the R2 genomics analysis and visualization platform. Left and right Y-axis are log2 
expression SOX10, blue dots are SOX10 levels of single patients. 



INTRODUCTION 

7 

disease progression (Graf et al., 2014; Shakhova et al., 2012). Interestingly, the loss 

of SOX10 in melanoma may also lead to worse outcomes in patients treated with 

standard therapies. Sun et al., reported that acquired SOX10 downregulation induced 

the upregulation of epidermal growth factor receptor and resistance to targeted 

therapies in BRAFV600E mutant melanoma (Sun et al., 2014); however, the occurrence 

of SOX10 downregulation in patients was not well investigated. To note,  BRAFV600E 

mutant patients account for 30-50% of all melanoma cases, and inhibitors of BRAF 

(BRAFi) and downstream MEK (MEKi) are used in standard treatment for BRAFV600E 

mutant patients (Vanni et al., 2020). Unfortunately, patients frequently develop therapy 

resistance within about 12 months, and the mechanisms are not entirely 

understood(Luebker and Koepsell, 2019).  

 

In gliomas, SOX10 is usually expressed in low-grade tumors such as grade II 

astrocytomas and grade II oligodendrogliomas rather than grade IV glioblastomas 

(Ferletta et al., 2007). However, a specific subtype of glioblastoma, known as the 

receptor tyrosine kinase I (RTK I), also displays high SOX10 expression. This RTK I 

subtype was identified based on tumor-DNA methylation patterns and overlaps with 

the proneural glioblastoma subtype that was defined based on transcriptome features 

(Wu et al., 2020). Analogous to the treatment-related effects observed in melanoma, 

radiation treatment of Sox10high glioblastoma in an allograft mouse model induced 

Sox10 downregulation in the murine tumor cells (Lau et al., 2015). Although the 

function of SOX10 in glioblastoma is still unclear, our group recently found that lower 

SOX10 may predict worse overall and progression-free survival in patients with RTK I 

glioblastoma. Furthermore, the knockdown (KD) of SOX10 in RTK I glioblastoma 

induced an RTK I-to-mesenchymal transition that was related to worse outcome (Wu 

et al., 2020). In conclusion, therapy-associated downregulation of SOX10 appears to 

be associated with shorter survival of melanoma and glioblastoma patients. 

 

In melanoma cells, SOX10 downregulation in tumor cells has been shown to result in 

the expression of the senescence marker beta-galactosidase (β-gal)  (Sun et al., 2014; 

Wang et al., 2017), and increased cytokine release, analogous to the senescence-

associated secretory phenotype (SASP) observed in senescent normal and tumor cells. 

Cytokines, chemokines, and extracellular vesicles (EVs) are thought to play important 

roles in modulating the tumor microenvironment and tumor progression. In 
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glioblastoma, similar to melanoma, our group also found that knocking down SOX10 

in the RTK I cell line LN229 induces a β-gal-positive phenotype and upregulated the 

secretion of cytokines, such as CCL2, CXCL1, etc., (unpublished data). It is still unclear, 

how SOX10 suppression in tumor cells affects exosome production and the cells of the 

tumor microenvironment. 

 

1.3 The function of exosomes in the tumor microenvironment 

1.3.1 The definition of exosomes 

Exosomes are a subtype of extracellular vesicle (EV) that contributes to intercellular 

communication (Vader et al., 2014). Exosomes can be distinguished from other EVs 

by their size, density, morphology, and molecular composition (Colombo et al., 2014; 

S et al., 2013). Exosomes range from 40-160 nm in size, distinguishing them from 

larger EVs such as the microvesicles (100-1000 nM) and apoptotic bodies (50-5000 

nm)(Momen-Heravi et al., 2013). With the help of asymmetric-flow field-flow 

fractionation, exosomes can be further sub-classified into exomeres (35-50 nm), small 

exosomes (60-80 nm), and large exosomes (larger than 90 nm) (Kalluri and LeBleu, 

2020; Zhang et al., 2018a). In addition to size distribution, exosomes can also be 

defined by their density of 1.10-1.18 g/ml, which differs from that of other EVs such as 

apoptotic bodies and microvesicles (Yu et al., 2018). More importantly, exosome can 

also be differentiated by their biomarkers, which they acquire through their specific 

biogenesis pathway.  

 

1.3.2   The Biogenesis, transportation, and uptake of exosomes 

The biogenesis of exosomes relies on the endosomes. Initially, the cytoplasm 

membrane invaginates and forms de novo early-sorting endosomes (ESE), which can 

fuse with existing intracellular ESEs, and/or accept mass such as lipids, proteins and 

nucleic acids from the endoplasmic reticulum (ER) or trans-Golgi network. During this 

process, the membrane of endosomes will invaginate and form intraluminal vesicles 

(ILVs). These early endosomes will eventually transform into multivesicular bodies 

(MVBs). There are two destinations for MVBs. They either are digested by lysosomes 

and autophagosomes, leading to the degradation and clearance of the internal cargoes, 

or fuse with the cytoplasm membrane and release the ILVs (now the exosomes) to the 

extracellular space.  
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1.3.2.1 The biogenesis of exosomes 

During MVB formation, endosomal sorting complexes required for transport (ESCRT)-

dependent and ESCRT-independent pathways participate in the inside-budding 

process. The ESCRT-dependent pathway involves four ESCRT protein complexes, 

ESCRT-0, ESCRT-I, ESCRT-II, and ESCRT-III, and the associated ATPase VPS4 

complex (Henne et al., 2013). Among the ESCRTs and associated proteins, expression 

of the ESCRT-0 proteins hepatocyte growth factor-regulated tyrosine kinase substrate 

(HRS) and tumor susceptibility gene 101 (TSG101), ESCRT-I protein signal 

transducing adapter molecule 1 (STAM1), and ESCRT-III proteins charged 

multivesicular body protein 4C (CHMP4C), vacuolar protein sorting-associated protein 

4B (VPS4B), vesicle trafficking 1 (VTA1), and ALIX was found to correlate with the 

exosome production. For example, in Hela cells, the knockdown of CHMP4C, VPS4B, 

VTA1, and ALIX induced increased exosome production, while knockdown of HRS and 

TSG101 reduced exosome production (Colombo et al., 2013). To note, targeting 

ESCRTs and the associated proteins may not altogether abolish the formation of ILVs 

in MVBs (Stuffers et al., 2009), which indicates that ESCRT-independent pathways 

may compensate for the effects of ESCRT loss under certain circumstances. 

 

Exosome formation and cargo sorting processes are regulated by the non-ESCRT 

ceramide-dependent pathway. Ceramide is composed of sphingosine and a fatty acid 

and is an essential component of lipid rafts (Sokolowska and Blachnio-Zabielska, 

2019). Ceramide can induce lateral-phase separation in the cytoplasm, and the cone-

shaped structure of ceramide may spontaneously curve the endosomal membrane to 

facilitate the inward budding of endosomes and ILV formation (Zhang et al., 2019). The 

biogenesis of ceramide relies on the hydrolysis of sphingomyelin (SM) and the removal 

of the large head group via neutral sphingomyelinase 2 (nSMase2) (Trajkovic et al., 

2008). Inhibition of nSMase2 via KD or knockout (KO) of the corresponding gene 

(SMPD3) or by the nSMase2 inhibitors GW4869 and Cambinol, has successfully 

reduced exosome production in both normal cells and cancer cell lines (Catalano and 

O'Driscoll, 2020; Lang et al., 2016; Poggio et al., 2019; Sackmann et al., 2019). This 

finding supports the hypothesis that the ceramide-dependent pathway is involved in 

exosome production. In addition to the ceramide-dependent pathway, the tetraspanins-

dependent pathway also plays an important role in exosome biogenesis. The 
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tetraspanins, such as CD63, CD9, and CD81 were reported enriched in many 

exosomes and thus were commonly used as biomarkers for exosomes. Although the 

function of tetraspanins in MVB formation is unclear, abolishing CD63 and CD9 

expression can inhibit exosome production in specific cell lines such as HEK293 or 

bone marrow dendritic cells (Chairoungdua et al., 2010; Hurwitz et al., 2018). 

 

1.3.2.2  The transport of exosomes 

Followed by the formation of ILVs, MVBs are either sorted to lysosomes for degradation 

or directed to the cytoplasm membrane to release ILVs. Although it is unclear how cells 

determine the fate of MVBs, it is known that the intracellular trafficking of MVBs relies 

on the tubulin cytoskeleton and motor molecules (kinesins, dynein, and actin-related 

molecules) (Hessvik and Llorente, 2018; Sinha et al., 2016; Wen et al., 2016). The 

expression levels of Rab GTPases, which control many intracellular and intercellular 

membrane trafficking processes, are closely correlated with exosome production. In a 

short hairpin RNA (shRNA) screen targeting multiple GTPases, Ostrowski et al. 

reported that the KD of Rab2b, Rab5b, Rab9a, Rab27a, and Rab27b inhibited 

exosome secretion. They found that KD of Rab27a induced the enlarged and 

accumulated MVBs in the cytoplasm, and KD of Rab27b inhibited the transport of 

MVBs from the perinuclear area to the cell periphery. Rab27a and Rab27b silencing 

prevented MVE docking to the cytoplasm membrane, inhibiting exosome release 

(Ostrowski et al., 2010). Of note, the suppression of Rab27a to reduce exosome 

production has been widely applied in tumor microenvironment research on the 

modulation of tumor pro-metastatic niches, blocking the delivery of exosomal 

programmed death-ligand 1 (PD-L1) to T cells, and prohibiting the tumor-supportive 

stromal cells from modulating the tumor microenvironment (Bobrie et al., 2012; 

Hoshino et al., 2013; Peinado et al., 2012; Poggio et al., 2019; Webber et al., 2015). 

These studies suggest that Rab27a could be a potential therapeutic target when tumor-

derived exosomes mediate pro-tumorigenic clinical effects. In addition to Rab27, the 

expression of Rab11, Rab35, and Rab7 were also reported to positively correlate with 

exosome production; however, KD of these small GTPases failed to reduce exosome 

production and even increased exosome production in some cell lines (Baietti et al., 

2012; Hsu et al., 2010; Koles et al., 2012). Post-translational modification of MVB-

related proteins may also affect the secretion of exosomes. For example, ubiquitination 

and ubiquitination-like modifications (ISGylation) on MVB proteins (TSG101, Rab27a, 
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and Rab7) induced the aggregation of MVBs in the cytoplasm and eventually led to the 

degradation of MVBs by lysosomes. In contrast, inhibition of Rab7 ubiquitination via 

ubiquitin-specific protease 32 (USP32) may increase exosome production (Peng et al., 

2020; Sapmaz et al., 2019; Song et al., 2019; Villarroya-Beltri et al., 2016). All in all, 

intracellular trafficking of MVBs is greatly dependent on the cytoskeleton, the 

intracellular vesicle transport system, and post-translational modifications of MVB-

related proteins that modulate the trafficking processes and exosome quantity. 

 

Following the docking of MVBs at the cytoplasm membrane, the release of exosomes 

is further controlled by membrane fusion processes. Membrane fusion is mediated by 

a trans- SNAP Receptor (SNARE) complex SNAREpin, which consists of two types of 

SNARE proteins, vesicle SNARE (v-SNARE) and target SNARE (t-SNARE) (Koike and 

Jahn, 2019). The SNARE proteins are found in the vesicle and cytoplasm membranes, 

and the fusion process is activated by the formation of SNAREpin (Peng et al., 2020). 

Notably, SNAREpin assembly relies on the interaction of Rab GTPases such as 

Rab27a with Sec/Munc proteins (SEC1/MUNC19) (Ostrowski et al., 2010; Peng et al., 

2020). In addition, the octameric exocyst complex that tethers exocytic vesicles to the 

plasma membrane is also crucial in the fusion process (Ahmed et al., 2018). As soon 

as the fusion initiates, ILVs will be released from the parent cells to the intercellular 

space. 

 

1.3.2.3  The uptake of exosomes 

The uptake of exosomes by cells requires several processes such as receptor-/raft-

mediated endocytosis, micropinocytosis, and phagocytosis. Receptor-/raft mediated 

endocytosis mainly involves clathrin-mediated endocytosis and caveolae/raft-

dependent endocytosis. Clathrin-mediated endocytosis relies on low-density 

lipoprotein (LDLR) and transferrin (TfR) receptors on the surfaces of recipient cells that 

bind the corresponding ligands on the exosomes. As soon as the ligand-receptor 

binding occurs, clathrins will be recruited to the surface of recipient cells, induce an 

inward invagination of the plasma membrane (Mayor et al., 2014; Tian et al., 2014), 

and the exosomes are subsequently internalized by the recipient cells. The receptor-

/raft dependent endocytosis involves the caveolae-dependent, noncaveolar dynamin-

dependent, and non-caveolar dynamin-independent pathways.  The caveolae is 

regarded as a specific subdomain of lipid rafts, and caveolae-dependent endocytosis 
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internalizes vesicles with sizes of 50-100 nm due to the naturally curvy morphology of 

the plasma membrane (Ni et al., 2020). The formation of caveolae relies on caveolin-

1 (CAV1), which is regulated by kinases such as Src-family tyrosine kinase and 

phosphatases such as serine/threonine protein phosphatases PP1 and PP2A (Cohen, 

2002; Glenney, 1989; Kiss and Botos, 2009; Lee et al., 2000). However, the regulatory 

role of CAV1 in exosome uptake is still controversial. For example, neurons can 

upregulate CAV1 to improve the uptake of endothelial cell-derived exosomes, while it 

was also reported that CAV1 inhibited the internalization of exosomes in B cells (Nanbo 

et al., 2013; Svensson et al., 2013; Yue et al., 2019). Interestingly, exosomes also carry 

CAV1, whereas the function of exosomal CAV1 is not entirely understood (Ni et al., 

2020). In addition, the dynamin-dependent pathway can work in caveolae-dependent 

or caveolae-independent manner, and the latter may rely on flotillin-1 and cholesterol 

(Glebov et al., 2006; Schneider et al., 2007). Small GTPases such as Cdc42 and ARF6 

can also regulate endocytosis via a non-caveolar dynamin-independent pathway by 

influencing polymerization of the actin cytoskeleton (Mayor and Pagano, 2007; Mayor 

et al., 2014; Nabi and Le, 2003), which is required to target the internalized exosome 

to either the lysosomes the cytoplasm membrane for recycling (McKelvey et al., 2015). 

Phagocytosis and macropinocytosis also depend on actin for the invagination process. 

Phagocytosis relies on FcR and complement receptors, scavenger receptors, or toll-

like receptors, which are highly expressed in phagocytes such as macrophages and 

dendritic cells, to activate the phosphoinositide 3-kinase (PI3K) pathway. Once PI3K 

pathway has been activated, the cytoplasm membrane composition and actin filament 

will change and reshape regional structures to encapsulate the ligand-contained 

exosomes (Uribe-Querol and Rosales, 2020). In contrast, macropinocytosis is a ligand-

independent endocytosis process controlled by Na+-H+ exchange and PI3K pathways 

(Fitzner et al., 2011; Tian et al., 2014). Both clathrin and non-clathrin-dependent 

pathways modulate the uptake of exosomes by the acceptor cells and thereby mediate 

intercellular communication. 

 

1.3.3   Exosomal cargoes in cancer cells 

Exosomes contain proteins, nucleic acid, and lipids. These cargoes are essential for 

intercellular communication and the maintenance of cellular homeostasis. In cancer, 

the exosome cargoes have been reported to mediate various pro- and anti-tumor 

effects in tumor development. Here, I will introduce the most common cargoes found 
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in tumor exosomes. 

 

1.3.3.1 Nucleic acids in exosomes 

RNA and DNA are very abundant in exosomes and have been characterized by high-

throughput sequencing (Balaj et al., 2011; Kahlert et al., 2014; Koppers-Lalic et al., 

2014; Kurywchak and Kalluri, 2017; Nolte-'t Hoen et al., 2012; Takahashi et al., 2017; 

Thakur et al., 2014; Valadi et al., 2007; Yang et al., 2017). Although DNAs may stem 

from the non-vesicle secretome rather than EVs, the abundance of RNAs is still a 

hallmark of exosomes.  

 

Exosomal RNAs include mRNAs and diverse non-coding RNAs. mRNA has been 

reported to account for 5-20% of total RNAs in healthy human serum- and urine-

derived exosomes (Li et al., 2014a). In cancer cell lines from melanoma and 

glioblastoma, this ratio can reach up to 20-35% (Wei et al., 2017; Wu et al., 2017). 

Non-coding RNAs account for most of the nucleic acids in exosomes and include 

ribosomal RNAs (rRNAs), microRNAs (miRNAs), vault RNAs, long non-coding RNAs 

(lncRNAs), Y-RNAs circular RNA (circRNA), small nuclear RNAs (snRNAs), transfer 

RNAs(tRNAs), small nucleolar RNAs (snoRNAs), signal recognition particle RNAs 

(SRP-RNAs), 3’ untranslated region (UTR) transcripts of protein-coding genes, and 

repetitive elements such as long interspersed nuclear elements (LINEs), short 

interspersed nuclear elements (SINEs), and long terminal repeats (LTR). Non-coding 

RNAs have been utilized as novel diagnostic and prognostic biomarkers for cancer, 

inflammation, and autoimmune diseases (Malla et al., 2017; Nedaeinia et al., 2017; 

Valentino et al., 2017; Zhang et al., 2016). For example, the expression of the small 

RNAs miR-17, miR19a, miR-21, miR-126 and miR-149 is higher in metastatic sporadic 

melanoma patients than familial melanoma patients and unaffected control subjects 

(Yin et al., 2019). miR-1238 is a prognostic biomarker for assessing the effect of 

chemotherapy protocols in glioblastoma (Yin et al., 2019);, and the combination of the 

mRNAs KRTAP5-4 and MAGEA3, and lncRNA BCAR4 is a promising diagnostic 

indicator for colorectal cancer (Dong et al., 2016).  

 

Among the various non-coding RNAs, miRNAs were frequently studied regarding their 

tumor-supportive or suppressive functions in the tumor microenvironment (Sun et al., 

2018). Although miRNAs are commonly regarded as the most important small-RNA 
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constituents in exosomes, they are not always the most predominant (Huang et al., 

2013; Koppers-Lalic et al., 2014; Nolte-'t Hoen et al., 2012; Tosar et al., 2015). For 

example, in human glioma and chronic lymphatic lymphoma cell lines, Y-RNAs (HY1, 

HY3 an HY4), that have been proposed to modulate the innate immune response of 

myeloid cells via Toll-like receptor signaling (Haderk et al., 2017), are more abundant 

than the total miRNAs (Haderk et al., 2017; Wei et al., 2017). The sorting of non-coding 

RNA into exosomes includes selective and unselective processes. On the one hand, 

the sorting process relies on unselective MVB formation to encapsulate cytoplasmic 

RNAs into the lumen of ILVs. On the other hand, exosome-bound heterogeneous 

nuclear ribonucleoproteins (hnRNPs), 3’UTR, miRISC (Ago2), membrane proteins, 

and RNA-binding proteins mediate the selective sorting of RNAs in motif-dependent or 

independent manner. For example, the sumoylation on hnRNPA2B1 enhances the 

packing of miR-522 and miR-1246 into exosomes through GGAG/UGCA motif-

dependent sorting by hnRNP (Santangelo et al., 2016; Villarroya-Beltri et al., 2013; 

Wei et al., 2021; Wu et al., 2018; Zhang et al., 2020). 

 

In addition to RNA, the genomic DNA (gDNA) was also detected in exosomes derived 

from cancer or healthy cells subjected to DNA damage (Kahlert et al., 2014; Takahashi 

et al., 2017; Yang et al., 2017; Yokoi et al., 2019). However, these findings were 

challenged by a study that investigated the DNA content of vesicle and non-vesicle 

secretomes derived from colorectal cancer cell lines. In particular, Jeppesen et al. 

suggested that cells can directly secrete gDNA and histones via autophagy and 

exosome-independent pathways (Jeppesen et al., 2019). However, additional 

functional studies on exosomal gDNA indicated that the secretion of gDNA constitutes 

an outward delivery of harmful or redundant DNA to maintain cellular homeostasis. In 

line with this hypothesis, exosome secretion induced accumulation of cytoplasmic DNA 

in donor cells (Takahashi et al., 2017) (Lian et al., 2017). These studies also supported 

that gDNA could be a conditional rather than constitutive content of exosomes. 

 

1.3.3.2 Exosomal proteins 

Proteins are highly abundant in exosomes and are associated with the essential 

functions of ILVs formation, MVB transportation, and exosome secretion. They 

commonly include cytoplasmic and plasma membrane proteins, while proteins of the 

endoplasmatic reticulum (ER), Golgi body, mitochondria, and nuclear-associated 
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proteins are less abundant (Thery et al., 2002). The exosomal proteins can be roughly 

categorized into MVB-related proteins, membrane-transport and fusion proteins, 

tetraspanins, heat shock proteins, adhesion molecules, cytoskeleton proteins, 

enzymes, and antigen-presenting molecules (Beach et al., 2014; Reddy et al., 2018). 

These proteins not only included those which participated in the biogenesis, 

transportation, and uptake of exosomes but also cargoes irrelevant for exosome 

production. For example, the heat shock proteins such as HSP90, HSP70, HSP27, 

and HSP60 were found in both the lumen and surface of exosome and mediated the 

immune response in tumor microenvironment (Reddy et al., 2018);The exosomal 

adhesion molecules include integrins, ICAM-1, CD11 family, etc., which mediate 

exosome-cell, exosome-extracellular matrix and exosome-EV interaction (Buzas et al., 

2018). Exosomes derived from melanoma, colon cancer, pancreatic cancer and 

mammary cancer cell lines such as B16-F10,LIM1251, PAN02 and 4T1 were found to 

carry cytoskeleton proteins such as actins, myosin, tubulins, keratin, respectively 

(Mathivanan et al., 2010; Zhang et al., 2018a). However, these proteins could also be 

absent in classical CD9, CD63, and CD81-positive exosomes derived from the cell 

lines DKO-1 and Gli36 (Jeppesen et al., 2019), demonstrating that exosomes derived 

from different cell lines display extensive heterogeneity. Exosome cargoes are also 

abundant with enzymes such as pyruvate kinase isozymes M1/M2, enolase, 

phosphoglycerate kinase 1, glucose-6-phsphoate isomerase, membrane-type 1 matrix 

metalloproteinase, and various of ATPase. In cancer, these enzymes not only 

reprogram the metabolic function in the recipient cells such as cancer-associated 

fibroblasts, adipocytes, endothelial cells, macrophages and mesenchymal stem cells, 

but directly modulate the extracellular matrix, enhancing tumor motility and 

invasiveness (Mu et al., 2013; Sanderson et al., 2019; Yang et al., 2020); The antigen-

presenting major histocompatibility complex (MHC) I and II also are found on 

exosomes, with their quantity typically corresponding their expression level in the host 

cells (Admyre et al., 2003). The human MHC molecules such as the human leukocyte 

antigen (HLA)-DR1 are often used as exosome biomarkers. Similar to the function of 

the MHC on cells, exosomal MHC also participate in antigen presentation (Utsugi-

Kobukai et al., 2003), and mediate the immune response such as the initiation of T-cell 

priming, differentiation of mature T-cells, and the development of effector functions (Li 

et al., 2019). In addition to the proteins commonly found on exosomes, proteins that 

are specifically expressed or upregulated in host cells can also be presented on 
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exosomes and exert function on recipient cells. For example, upregulated PD-L1 in 

melanoma, prostate cancer and colorectal cancer will also presents in the 

corresponding exosomes, inhibit the function of T cells in the tumor microenvironment, 

suppress immune surveillance and promotes tumor progression (Chen et al., 2018; 

Poggio et al., 2019). In summary, exosomes carry various proteins inherited from host 

cells that not only reflect the biogenesis process but also the characteristics of the host 

cells per se. 

 

1.3.3.3 Exosomal lipids 

Lipids are very abundant in the bilayer membrane of exosomes, including cholesterol 

(CHOL), SM, phosphatidylserine (PS), phosphatidylethanolamine (PE), PE ethers (PE 

O/P), diacylglycerol (DAG), PC ethers (PC O/P), hexosylceramide (HexCer), ceramide 

(Cer), and phosphatidylglycerol (PG), while cholesteryl ester (CE) and triacylglycerol 

(TAG), which assemble the lipid droplets and lipoproteins, are largely absent (Skotland 

et al., 2017). The absence of CE and TAG can be used to determine whether the 

isolated exosomes were contaminated by lipid droplets and lipoproteins. The relative 

frequencies of these lipids differ between exosomes and cells. For example, HexCer, 

CHOL, SM, and PS are enriched in exosomes, while PC and PE are less abundant in 

exosomes than cells. In addition, the outer leaflet of exosomal membranes contains 

more SM and PC, and the other lipids are enriched in the inner membrane (Skotland 

et al., 2017; van Meer et al., 2008). Unlike nucleic acids and proteins, the functions of 

exosomal lipids in intercellular vesicle trafficking are still little understood (Egea-

Jimenez and Zimmermann, 2020). 

1.3.4 The role of exosomes in SOX10high tumors  

As mentioned in section 1.2, SOX10high tumors are most commonly found among 

melanoma and RTK I glioblastoma. In these tumors, exosomes are thought to be 

mediators of intercellular signaling that remodels the tumor microenvironment, 

accelerates tumor metastasis and facilitates immune escape.  

 

In melanoma, tumor-derived exosomes promoted the tumorigenesis of less malignant 

cells by delivering miRNA-221/222, which activates the PI3K/AKT pathway (Felicetti et 

al., 2016) and inhibits the function p27Kip1/CDKN1B, promoting c-KIT receptor-

dependent tumor progression (Felicetti et al., 2008). Autocrine and paracrine exosomal 
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micro-RNAs let-7i, let-7a and miR-191 induced epithelial-to-mesenchymal transition 

(EMT) in melanoma through the activation of mitogen-activated protein kinase (MAPK) 

signaling pathways (Xiao et al., 2016), promoting the metastatic potential of melanoma 

cells. Melanoma-derived exosomes were also reported to be enriched with proteases 

such as uPAR, ADAMs and Hadase, which can digest the component of ECM such as 

type I and IV collagens, laminins and fibronectin (Tucci et al., 2018). 

 

Melanoma-derived exosomes also affect stromal cells such as fibroblasts and 

endothelial cells. Exosomes can drive the transformation of normal fibroblasts into 

cancer-associated fibroblasts,which support tumor progression and invasiveness by 

modulating the ECM, secreting soluble factors such as vascular endothelial growth 

factor A (VEGFa), matrix metalloproteinase 9 (MMP9) and fibroblast growth factor 

(FGF), and inhibiting T-cell function (Sahai et al., 2020; Zhou et al., 2018). The 

transformation of fibroblasts is believed correlated with the overexpression of miR-155 

in exosomes by either activating JAK/STAT3 signaling or glucose metabolism of normal 

fibroblasts (Shu et al., 2018; Zhou et al., 2018). In addition to fibroblast, endothelial 

cells can also be affected by exosomes. For example, melanoma exosomes can 

directly deliver miR-9 to endothelial cells, and thereby activate the JAK/STAT pathway 

and promote angiogenesis and cell migration (Zhuang et al., 2012). Exosomes also 

induce the expression of angiogenic factors such as VEGFa and interleukin-6 (IL6) in 

tumor and stromal cells, leading to increased angiogenesis and metastasis of 

melanoma to distal organs such as lymph nodes, brain and liver (Olejarz et al., 2020).  

 

Recently, many publications have stressed the importance of melanoma-derived 

exosomes for tumor-cell immune escape. The exosomes can directly affect the 

function of immune cells such as antigen-presenting cells (APC) and CD8+ T cells. For 

example, melanoma cells were shown to transport MHC-I molecules to APCs and 

downregulate the co-stimulatory molecules CD86 and CD40 that are required for T-cell 

activation and induced immune suppression (Duchler et al., 2019). Melanoma cells 

also loaded overexpressed PD-L1 on exosomes which directly contacted CD8+ T cells 

and led to the suppression of T-cell function (Chen et al., 2018).  On the other hand, 

tumor-derived exosomes can suppress the function of T-cells in an indirect way. 

Exosomal proteins and small RNAs can induce monocytes or macrophages into pro-

inflammatory and immune-suppressive phenotypes via toll-like receptors (TLR). TLRs 
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are very abundant in monocytic cells, including TLR1/2/4/5/6/10 at the cell surface and 

TLR3/7/8/9/11/12/13 in intracellular endosomes. TLRs function as pattern-recognition 

receptors to recognize microbe-specific and self-derived molecular signatures such as 

pathogen-associated molecular patterns and damage-associated molecules patterns, 

respectively (Kawasaki and Kawai, 2014). The activation of TLRs can activate 

downstream NF-ƙB, interferon regulatory factors (IRFs), and MAPK pathway to induce 

the expression of pro-inflammatory cytokines, type I/II interferons, and ultimately 

modulate the tumor immune-microenvironment. Specifically, melanoma-derived 

proteins such as HSP86 activate TLR4 signaling on monocytes and induce a pro-

inflammatory phenotype and PD-L1 upregulation. The activated monocytes can then 

inhibit the proliferation of CD8+ T cells and, therefore, the adaptive immune response 

to tumor cells (Fleming et al., 2019). Alternatively, the pro-inflammatory monocytes can 

also be activated via TLR7/8 targeting exosomal small RNAs such as miR-21, let-7, 

and Y-RNAs, and result in pro- as well as anti-tumor responses in lung cancer, glioma, 

and chronic lymphocytic leukemia (Buonfiglioli et al., 2019; Fabbri et al., 2012; Haderk 

et al., 2017; Lunavat et al., 2015). Of note, these three small RNAs are also abundant 

in melanoma (Lunavat et al., 2015). 

 

SOX10high glioblastoma constitutes about 10-15% of all primary glioblastoma. The 

cancer cell line encyclopedia (CCLE) includes 66 cell lines categorized as glioma, but 

only four of these, LN229, KS-1, SNB75, and snu-466, exhibit high SOX10 expression 

at mRNA level. It was reported that LN229-derived EVs facilitate the transformation of 

human astrocytes in combination with viral oncogenes (SV40, RasG12V and 

TERT)(Zeng et al., 2020); LN229 also increased exosome production and pro-

oncogenic miR-21 delivery when cells were treated with the DNA alkylating agent 

Temozolomide (TMZ) (Kosgodage et al., 2019). 

 

In summary, SOX10high tumor-derived exosomes impact cancer progression and 

modulate the tumor microenvironment in direct and indirect ways. As discussed above 

in section 1.2, preliminary evidence indicates that the downregulation of SOX10 likely 

affects the production of extracellular vesicles by SOX10high tumors. Thus, studying the 

exosome-dependent effects of SOX10 downregulation in melanoma and glioblastoma 

is a scientifically and potentially clinically significant research topic. 
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1.4 Objective 

My overall goal is to address the potential role of SOX10 in exosome-mediated tumor-

macrophage communication and tumor progression in melanoma and glioblastoma. 

To this end, I will use cancer cell lines and macrophages derived from peripheral blood-

derived mononuclear cells (PBMCs) to perform drug treatment experiments, gene and 

protein expression analysis, exosome isolation and characterization, pharmacologic 

inhibition of signaling pathways, and functional assays. Specifically, I will address the 

following questions. 

 

- Do drugs used in standard melanoma and glioblastoma therapy induce 

the downregulation of the transcription factor SOX10? 

- Does the loss of SOX10 impact the production of exosomes by 

melanoma and glioblastoma cells? 

- Can exosome-dependent signaling by melanoma cells induce 

phenotypic transformation of tumor-associated macrophages? 
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2 MATERIALS AND METHODS 

2.1 Materials 

2.1.1 Antibodies 

Antibody Clone/activity Distributor 

ALIX  3A9  Cell Signaling Technology, Danvers, 
MA, USA 

Anti-goat IgG, HRP-linked 
Antibody 

n/a Santa Cruz, Dallas, TX, USA 

Anti-mouse IgG, HRP-linked 
Antibody  

n/a Santa Cruz, Dallas, TX, USA 

Anti-rabbit IgG, HRP-linked 
Antibody 

n/a Santa Cruz, Dallas, TX, USA 

Calnexin C5C9 Cell Signaling Technology, Danvers, 
MA, USA 

CD63 MX-49.129.5 Novus Biologicals, Denver, CO, USA 

CD81 M38 Thermo Fisher Scientific, Waltham, MA, 
USA 

CD9 D3H4P Cell Signaling Technology, Danvers, 
MA, USA 

GAPDH CB1001 Calbiochem, San Diego, CA, USA  

NF-κB p65  XP®  D14E12  Cell Signaling Technology, Danvers, 
MA, USA 

Phospho-NF-κB p65 (Ser536)  93H1 Cell Signaling Technology, Danvers, 
MA, USA 

SOX10  EPR4007  Abcam plc., Cambridge, UK 

TSG101  4A10  GeneTex, Alton Pkwy Irvine, CA, USA 

α-Tubulin DM1A Sigma-Alderich, Munich, Germany 

β-Actin SP124 Sigma-Alderich, Munich, Germany 
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2.1.2 Buffers 

Material Distributor/Recipe 

NEBuffer 10x New England Biolabs, Ipswich, MA, USA 

Optiprep homogenization buffer 
0.25M sucrose(HPLC), 6mM EDTA, 10mM Tris/HCl, 

pH7, in 200ml ddH20 

Optiprep working buffer 
0.25M sucrose(HPLC), 1mM EDTA, 60mM Tris/HCL, 

pH7.4, in 200ml ddH20 

RIPA buffer, 10X Abcam plc., Cambridge, UK 

Stripping buffer 
0.2 M glycine, 3 nM SDS, in ddH2O (pH2.2),1:100 

(v/v) Tween 20 

T4 DNA Ligase Buffer New England Biolabs, Ipswich, MA, USA 

TBS 10X 20mM Trizma, 137mM NaCl in ddH2O (pH 7.6) 

TBST TBS, 1:1000 (v/v) Tween 20 

 

 

2.1.3 Cell culture reagents 

Material Distributor 

rhTGF-b1  Life Technologies, Carlsbad, USA 

IL4 Recombinant Human Protein  Life Technologies, Carlsbad, USA 

IFN-gamma, human recombinant Biocat 

Lipopolysaccharides Sigma-Alderich, Munich, Germany 

Human M-CSF, research grade  Miltenyi Biotec, Bergisch Gladbach, Germany 

Material Distributor 

Biocoll Biochrom GmbH 

BSA  Sigma-Alderich, Munich, Germany 

Dulbecco's Modified Eagle Medium, high 
glucose Thermo Fisher Scientific, Waltham, MA, USA 

Foetal Calf Serum (FCS) Sigma-Aldrich Chemie Gmbh, Munich, Germany 

Leucosep™ tubes, 50 mL 
Greiner Bio-One International GmbH, 

Kremsmünster,Austria 

MEM Non-Essential Amino Acids Solution Life Technologies, Carlsbad, USA 

Multiwell plates, 12-well, 24-well, 48-well 
TPP Techno Plastic Products AG, 

Trasadingen,Switzerland 

Pasteur pipettes / VWR® Disposable 
Transfer pipettes VWR International, Radnor, PA, United States 

PBS Dulbecco’s Life Technologies, Carlsbad, USA 

Penicillin / Streptomycin (10.000 U/ml) Biochrom AG, Berlin, Germany 

RPMI 1640 (2mM Glu) Life Technologies, Carlsbad, USA 
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2.1.4 Chemicals 

Material Distributor 

2-mercaptoethanol Sigma-Aldrich, Munich, Germany 

Acti-stain 670 phalloidin Tebu-bio, Peterborough,United Kingdom  

Agarose Roth, Karlsruhe, Germany 

AgeI restriction endonuclease New England Biolabs, Ipswich, MA, USA 

BLpl restriction endonuclease New England Biolabs, Ipswich, MA, USA 

BstXI restriction endonuclease New England Biolabs, Ipswich, MA, USA 

Chloroquine diphosphate salt Sigma-Aldrich, Munich, Germany 

CU-CPT8m 
Cayman Chemical, Ann Arbor, Michigan, United 

States 

EcoRI restriction endonuclease New England Biolabs, Ipswich, MA, USA 

Ethanol Merck, Darmstadt, Germany 

Ethylenediaminetetraacetic acid Sigma-Aldrich, Munich, Germany 

Galunisertib Selleck chemicals, Houston, Texas United states 

Halt Protease and Phosphatase Inhibitor 
Cocktail (100X) Life Technologies, Carlsbad, USA 

Lysogeny broth  Roth, Karlsruhe, Germany 

Methanol Roth, Karlsruhe, Germany 

NuPAGE™ MOPS SDS Running Buffer (20X) Thermo Fisher Scientific, Waltham, MA, USA 

Paraformaldehyde Roth, Karlsruhe, Germany 

Pierce™ ECL Plus Western Blotting-Substrat Thermo Fisher Scientific, Waltham, MA, USA 

Pierce™ ECL Western Blotting Substrate Thermo Fisher Scientific, Waltham, MA, USA 

ProLong Glass Antifade Mountant with 
NucBlue Stain-2 mL Life Technologies, Carlsbad, USA 

Puromycin Merck, Darmstadt, Germany 

Sodium chloride Merck, Darmstadt, Germany 

Sodium dodecyl sulfate (SDS) Roth, Karlsruhe, Germany 

T4 DNA Ligase New England Biolabs, Ipswich, MA, USA 

Tris-Base Sigma-Aldrich, Munich, Germany 

Trixon-x100 Sigma-Aldrich, Munich, Germany 

Tween 20 Sigma-Aldrich, Munich, Germany 

Vemurafenib (PLX4032) 10mg Selleck chemicals, Houston, Texas United states 

 

 
 
 
 
 
 

https://en.wikipedia.org/wiki/Broth
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2.1.5 Database 

Database Website 

CRISPR web design tool http://crispr.mit.edu 

NCBI RefSeq database https://www.ncbi.nlm.nih.gov/refseq/ 

R2 genemics analysis and Visualizaion platform https://hgserver1.amc.nl/cgi-bin/r2/main.cgi 

 

 

2.1.6 Instruments 

Instrument Distrubutor 

BD-FACSAria BD Biosciences, Heidelberg, Germany 

Beckman Optima L-70 ultracentrifuge Beckman Coulter GmbH, Krefeld, Germany 

Centrifuge Heraeus Fresco 17, tabletop centrifuge  Thermo Fisher Scientific, Waltham, MA, USA 

Centrifuge Heraeus Sepatech Varifuge 3.0R  M&S Laborgeräte GmbH, Wiesloch, Germany 

Eppendorf Mastercycler® Thermal Cycler S Eppendorf, Hamburg, Germany 

FACS Canto IITM BD Biosciences, Heidelberg, Germany 

INTAS Imager 
INTAS Science Imaging Instruments, Göttingen, 

Germany 

Leica LSM510 confocal microscope Carl Zeiss Microscopy, Jena, Germany 

Leica LSM510 confocal microscope Carl Zeiss Microscopy, Jena, Germany 

Mithras LB940 Plate Reader Berthold Technologies, Bad Wildbad, Germany 

NanoDrop® ND-1000 Spectrometer NanoDrop, Wilmington, USA 

NanoSight LM10 NanoDrop, Wilmington, USA 

Pipettes (20μl, 100μl, 200μl, 1000μl) Gilson, Middleton, Germany 

Pipettes (2μl, 10μl, Multistepper) Eppendorf, Hamburg, Germany 

QuantStudio™ 5 Real-Time PCR System Thermo Fisher Scientific, Waltham, MA, USA 

SDS-PAGE Gel Apperatus Bio-Rad Laboratories, Inc., Hercules, USA 

SP8 Leica confocal microscope Carl Zeiss Microscopy, Jena, Germany 

Steri-Cycle CO2 Cell Culture Incubator Thermo Fisher Scientific, Waltham, MA, USA 

SW40T rotor Beckman Coulter GmbH, Krefeld, Germany 

Vi-CELL XR 2.03 Beckman Coulter GmbH, Krefeld, Germany 

Western Blot Transfer Device Bio-Rad Laboratories, Inc., Hercules, USA 

ZEISS EM 910 Carl Zeiss Microscopy, Jena, Germany 

ZEISS EM 912 Carl Zeiss Microscopy, Jena, Germany 
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2.1.7 Kits 

Kit Distributor 

CellEvent™ Senescence Green Flow Cytometry 
Assay Kit  Life Technologies, Carlsbad, USA 

EndoFree Plasmid Maxi Kit Qiagen, Hilden, Germany 

LEGEND MAX™ Human IL-1β ELISA Kit  BioLegend, San Diego, CA, USA 

LEGEND MAX™ Human IL-8 ELISA Kit BioLegend, San Diego, CA, USA 

Micro BCA™ Protein Assay Kit 
Thermo Fisher Scientific, Waltham, MA, USA 

Pierce™ BCA Protein Assay Kit Thermo Fisher Scientific, Waltham, MA, USA 

QIAprep Spin Miniprep Kit  Qiagen, Hilden, Germany 

QuantiTect Reverse Transcription Kit  Qiagen, Hilden, Germany 

RNeasy Mini Kit Qiagen, Hilden, Germany 

Senescence B-Galactosidase Staining Kit  Cell Signaling Technology, Danvers, MA, USA 

Tumor Dissociation Kit, mouse 
Miltenyi Biotech, Bergisch Gladbach, Germany 

 

 

2.1.8 Primer oligos 

Primers Species Strand Sequence 
pLKO-
Tet-on-

nontarget human Sense 
CCGGCAACAAGATGAAGAGCACCAACTCGAGTTGGTGCTCTT

CATCTTGTTGTTTTT 

  human Antisense 
AATTAAAAACAACAAGATGAAGAGCACCAACTCGAGTTGGTGC

TCTTCATCTTGTTG 

pLKO-
Tet-on-

shSOX10-
2 human Sense 

CCGGCCGGGCTGCTGAACGAAAGTGACAACTCGAGTTGTCAC
TTTCGTTCAGCAGCCCGGTTTTT 

  human Antisense 
AATTAAAAACCGGGCTGCTGAACGAAAGTGACAACTCGAGTT

GTCACTTTCGTTCAGCAGCCCGG 

shNT human Sense 
CCGGCAACAAGATGAAGAGCACCAACTCGAGTTTCTCAGACA

AAGAATGAGGTTTTTG 

  human Antisense 
AATTCAAAAACAACAAGATGAAGAGCACCAACTCGAGTTTCTC

AGACAAAGAATGAGG 

sgNT human Sense TTGGCGCCAAACGTGCCCTGACGGGTTTAAGAGC 

  human Antisense TTAGCTCTTAAACCCGTCAGGGCACGTTTGGCGCCAACAAG 

shSOX10-
2 human Sense 

CCGGGCTGCTGAACGAAAGTGACAACTCGAGTTGTCACTTTC
GTTCAGCAGCTTTTTG 

  human Antisense 
AATTCAAAAAGCTGCTGAACGAAAGTGACAACTCGAGTTGTCA

CTTTCGTTCAGCAGC 

shSOX10-
2 human Sense 

CCGGGCAGCCAGTATATACGACACTCTCGAGAGTGTCGTATA
TACTGGCTGCTTTTTG 

  human Antisense 
AATTCAAAAAGCAGCCAGTATATACGACACTCTCGAGAGTGTC

GTATATACTGGCTGC 
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sgSOX10-
1 human Sense TTGATTCAGGCTCCGTCCTAACGGTTTAAGAGC 

  human Antisense TTAGCTCTTAAACCGTTAGGACGGAGCCTGAATCAACAAG 

sgSOX10-
4 human Sense 

TTAGCTCTTAAACAAGGTGTGCGGTCCAGCTCGCAACAAG 

  human Antisense TTAGCTCTTAAACAAGGTGTGCGGTCCAGCTCGCAACAAG 

sgSOX10-
6 human Sense TTGAGTCTCGGGCTGTCCGGCCAGTTTAAGAGC 

  human Antisense TTAGCTCTTAAACTGGCCGGACAGCCCGAGACTCAACAAG 

shSOX10-
1 human Sense 

CCGGGCTGCTGAACGAAAGTGACAACTCGAGTTGTCACTTTC
GTTCAGCAGCTTTTTG 

  human Antisense 
AATTCAAAAACCTCATTCTTTGTCTGAGAAACTCGAGTTTCTCA

GACAAAGAATGAGG 

shSox10 mouse  Sense 
CCGGTTGCTCCAGCGATACCTTAATCTCGAGATTAAGGTATCG

CTGGAGCAATTTTTG 

  mouse  Antisense 
AATTCAAAAATTGCTCCAGCGATACCTTAATCTCGAGATTAAG

GTATCGCTGGAGCAA 

 

2.1.9 Others 

Material Distributor 

0.22 μm Millex® Syringe Filter Units Merck KGaA, Darmstadt, Germany 

C-chip counting chamber VWR, Leicestershire, UK 

Eppendorf® Safe-Lock microcentrifuge 
tubes (1.5 mL, 2.0 mL) Eppendorf, Hamburg, Germany 

FACS tubes 
Becton, Dickinson and Company (BD), Franklin Lakes, 

USA 

Falcon tubes (15 mL, 50 mL) 
Becton, Dickinson and Company (BD), Franklin Lakes, 

USA 

NEB® Stable Competent E. coli New England Biolabs, Ipswich, MA, USA 

NuPage 4-12% Bis-Tris Gel  Thermo Fisher Scientific, Waltham, MA, USA 

NuPage electrophoresis system Thermo Fisher Scientific, Waltham, MA, USA 

pLKO.1 puro plasmid Addgene, Watertown, MA 02472,USA 

pU6-sgRNA EF1Alpha-puro-T2A-BFP 
plamid Addgene, Watertown, MA 02472,USA 

Tet-pLKO-puro plasmid Addgene, Watertown, MA 02472,USA 
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2.1.10 Software 

 

Software Distributor/Open source 

BD FACS Diva BD Biosciences, San Jose, USA 

Flowjo v10.7 BD Biosciences, San Jose, USA 

GraphPad Prism 9 
GraphPad Software,2365 Northside Dr. Suite 560, 

San Diego, CA 92108 

Imagej(Fiji) Open source 

NanoSight LM10 NTA 2.3 software Malvern Instruments Ltd, Worcestershire, UK 

 

 

2.2 Methods 

2.2.1 Cell culture and conditioned media collection 

The human melanoma BRAFV600E mutant cell lines A375 and HT144 (generously 

provided by Prof. Viktor Umansky, German Cancer Research Center (DKFZ), and the 

human glioblastoma cell line LN229 (p53 mutant, PTEN wt, p16 del) was obtained from 

ATCC (Cat#CRL-2611). A375 and HT144 cell lines were cultured in DMEM 

supplemented with 10% FCS, Penicillin/Streptomycin, and MEM non-essential amino 

acid (NEAA). LN229 was cultured in DMEM supplemented with 10% FCS, 

Penicillin/Streptomycin, and glutamine. HEK293T cells for lentivirus production were 

in antibiotic-free DMEM supplemented with 10% FCS. All the cells were cultured in 

multi-well plates, T-25, T-75, or T-150 tissue culture flasks under 5% CO2, and all cell 

lines have been tested for mycoplasma contamination (by Eurofins Genomic, 

Luxembourg, or the in-house PCR-based verification).  

 

For exosome collection, I cultured cells with prepared exosome-free media. In detail, 

the FCS was centrifuged under 100,000 x g using the SW40T rotor and Beckman 

Optima L-70 ultracentrifuge to separate the EVs, then the FCS were sterilized by 

0.22 μM pole size filter in tissue culture hood followed by being applied to the DMEM 

media supplemented with antibiotics.  

 

The PBMCs were isolated from blood buffy coat samples, purchased from the Institute 

for Clinical Transfusion Medicine and Cell Therapy (IKTZ, Heidelberg, Germany). The 

buffy coats were first diluted 1:4 by PBS then were subjected to Ficoll density gradient 
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separation. In detailed, the Biocoll density solution (1.077g/ml) was applied to the 

LeucosepTM tubes and centrifuged under 1,000 x g for 5 minutes followed by adding 

the diluted buffy coats on the top of the solution. After applying 30 mL diluted buffy 

coats on the top of density solution, the tubes were centrifuged at room temperature 

(RT) for 20 minutes under 1,000 x g, without break, then four phases will present from 

the top to bottom which are plasm phase, PBMC phase, Biocoll phase and the 

erythrocytes/granulocyte phase respectively.  The PBMC phase was carefully removed 

to a new 50 mL Falcon tube, and washed by ice-cold PBS for 2 times under 300 x g 

centrifugation at 4 °C. Then the washed PBMCs pellets were suspended in serum-free 

PRMI-1640 and counted by Vi-cell XR for the cell density. 1.5 and 3 x 107 viable 

PBMCs were then seeded in each well of 12 or 6-well plates and incubated under 37°C, 

5% CO2 for 3-4 hours until cells were sufficiently attached to the bottom. Next, the 

attached cells were washed 4-5 times with warm PBS followed by being cultured in the 

complete RPMI (PRMI-1640, 10% FCS, glutamine Penicillin/Streptomycin, 

2-mercaptoethanol, Hepes buffer) with 20ng/ml M-CSF reconstituted in 0.1% bovine 

serum albumin (BSA). The cells were subsequently cultured for 7-8 days until the small 

adherent PBMCs transformed into the spindle or roundish shapes. To visualize 

exosomes in the macrophages, PBMCs were seeded on small coverslips placed in 

12-well plates. The coverslips were pretreated by 70% ethanol and dried in the tissue 

culture hood then were embedded in wells of a 12-well plate, followed by sterilization 

under ultraviolet light for 1 hour before PBMCs were added. 

 

 

2.2.2 SOX10 knockdown systems in cell lines 

The LN229, A375, and HT144 cell lines were transduced with a Cas9 endonuclease 

Dead (dCas9) constructs containing the blue fluorescent protein (BFP) and the human 

influenza hemagglutinin (HA) tags, then the BFP positive cells were sorted using a 

single-cell sorter BD-FACSAria. The sorted cells were further diluted into single cell 

suspension and cultured in 96-well plates to a density of 0.5 cell/well for single cell 

cloning. After 1-2 weeks, I selected and expanded 5 clones of each cell line and 

selected the strongest HA-positive clones by Western blots for single guide RNA 

(sgRNA) transduction. The sgRNA sequences were designed by CRISPR web design 

tool. In detail, I targeted a −50 to +200 bp genomic window relative to the transcription 



MATERIALS AND METHODS 

28 

start site of SOX10 defined by the NCBI RefSeq database and 2 sgRNAs sequences 

were selected from the tool. Next, synthetic sgRNA oligonucleotide primers were 

cloned into a 5′ BstXI-BlpI 3′ digested backbone of a pU6-sgRNA EF1Alpha-puro-T2A-

BFP expression plasmid. The plasmids were subsequently transfected into NEB® 

Stable Competent E. coli for amplification. The amplified plasmids were then isolated 

using the Qiagen plasmid mini prep kit followed by the Sanger sequencing (services 

was provided by Eurofins Genomics). After validating the sequence of the plasmids, 

they were further expanded in LB buffer and isolated by the Qiagen plasmid maxi prep 

kit. Next, I transfected the HEK293T cells with the plasmids to produce lentiviruses 

which were obtained and concentrated by ultracentrifugation of the cell supernatant. 

Finally, the stable dCas9-expressing cell lines were transduced with lentivirus 

containing gRNAs targeting SOX10, or lentivirus containing negative guide RNA using 

a multiplicity of infection (MOI) of 2.5. The successfully transduced cells were selected 

with puromycin (1 µg/ml) for 48-120 h, followed by qRT-PCR and Western blotting to 

test the KD efficiency. In addition to the CRISPRi system, the lentivirus-shRNA KD 

systems used cDNA constructs of shRNA (purchased from Addgene) which were 

cloned into pLKO.1 puro and Tet-pLKO-puro plasmids respectively. The preparation of 

lentivirus is similar as the CRISPRi system and tumor cells were treated with the non-

targeting (NT) shRNA and SOX10 shRNA-containing lentivirus and selected by 

puromycin (1 µg/ml) for 4-7 days. To note, the inducible SOX10 KD cell lines required 

further addition of 1 µg/ml doxycycline to the medium for at least 7 days after puromycin 

selection to induce the expression of shRNA, and the media were DMEM containing 

4.5 g/l glucose (D5921, Sigma) supplemented with 10% tetracycline-free fetal bovine 

serum (Clontech). 

 

2.2.3 Western blotting 

The cells were transduced with lentivirus, treated with inhibitors or exosomes, then the 

supernatant was discarded, and cells were washed by ice-cold PBS. Next, the PBS 

was discarded, and cells were lysed in modified RIPA lysis buffer (0.5% sodium 

dodecyl sulfate) supplemented with 1X protease and phosphatase inhibitors cocktail 

(100X in stock). The cells were then sheared and centrifuged under 10.000 x g at 4°C 

for 20 minutes for obtaining clear protein supernatant. The concentration of protein was 

quantified by BCA assay then were diluted to 0.5 µg/µl with NuPAGE™ LDS Sample 
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Buffer and reducing agent followed by being boiled at 95 °C for 5 min. In the end, a 

total of 2.5-10 µg of protein samples were loaded and resolved on 4–12% Bis-Tris 

protein gels according to the manufacturer’s instructions. After polyacrylamide gel 

electrophoresis, the proteins on the gel were transferred to a methanol-activated and 

transfer buffer-wetted PVDF membrane. The membrane was blocked in 5% skim-milk 

or BSA in TBS-T at RT for 1 h with gentle shaking. The membranes were incubated 

with anti-SOX10, anti-p65, anti-phospho-p65, anti-β-Actin, anti-α-Tubulin antibodies in 

5% skimmed milk or BSA in TBS-T at 4 °C overnight with gentle shaking. To note, the 

phosphorylated antibodies must be blocked in 5% BSA before the primary antibody 

incubation to avoid strong background. On the next day, the membrane was washed 

with TBS-T for 10 min three times, then the membrane was incubated in the 

corresponding horseradish peroxidase (HRP) conjugated secondary antibodies (anti-

mouse-HRP, anti-rabbit-HRP and anti-goat-HRP) for 1 h with gentle agitation at room 

temperature. At last, the membranes were washed in TBS-T for 10 minutes three times 

again before the addition of ECL reagents or ECL plus reagents to excite the signals. 

The membranes were subsequently detected by INTAS imaging machine. α-Tubulin 

and β-Actin were used as loading control and ImageJ was used to proceed unobvious 

differences between samples. 

 

2.2.4 β-galactosidase assay for microscopy and flow cytometry 

For β-galactosidase(β-gal) staining for microscopy, the cells were seeded in 12-well 

plates in monolayer and reached around 90% cell confluence. X-gal was prepared to 

20 mg/ml and mixed with the staining solutions which were offered by the kit. The ratio 

of each solution was according to the manufacturer’s recommendation, and the final 

β-gal solution was adjusted to pH 5.9-6.1 and evaded from light. Then the cells were 

washed once by PBS and fixed by the fixative solution offered by the kit for 10-15 

minutes at RT, followed by two-time washes by PBS. Next, β-gal solution was added 

to the cells and the plates were sealed by parafilm overnight at 37 °C. The β-gal 

positive cells could be observed and showed blue stains under the microscope. 

For quantifying the ratio of β-gal cells, I utilized flow cytometry by using CellEvent™ 

Senescence Green Flow Cytometry Assay Kit. The cells were cultured and detached 

by trypsin, then cells were washed with PBS followed by 300 x g centrifugation to get 

cell pellets. The cell pellets were fixed by 2% PFA and incubated for 10 minutes at RT 
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then cells were washed with 1% BSA and pelleted by centrifuge. Next, the cell pellets 

were resuspended by the working solution with 1X senescence green probe and 

incubated for 1-2 hours at 37 °C in a CO2–free incubator in the dark. After being 

washed by 1% BSA two times, cells were resuspended in 1% BSA for flow cytometry 

using 480nm laser and 530nm filter to detect β-gal positive cells.  

 

2.2.5 Isolation of exosomes from cell culture supernatant and interstitial fluid of 

murine brain tumors. 

The cell culture supernatant was harvested from NT and SOX10 KD cells cultured in 

exosome-free media. The supernatant was centrifuged at 300 x g for 10 minutes to 

deplete cells and then was further centrifuged under 10,000 x g at 4°C for 20 minutes 

to further deplete the cells, debris, and large vesicles. To pellet exosomes, the 

proceeded supernatant was applied to a serial 100,000 x g centrifugation using SW40T 

rotor and SW28 rotor. To be in detail, the supernatant was centrifuged at 100,000 x g 

for 1 and a half hours in polyallomer tubes, then the supernatant was discarded to get 

the unpurified exosome pellets or preserved for exosome-free CM. If the exosomes 

needed to be stained with PHK26 dye, the pellet was resuspended in 50 μl 0.22 μm 

pole filtered PBS and mixed with the 1:50 diluted dye for 30 min at RT in the dark. Then 

the resuspended exosomes were further diluted by the filtered ice-cold PBS up to 7mL 

for the next-step centrifugation. The second centrifugation requires a diluted 

OptiprepTM density gradient solution, which is composed of the original OptiprepTM 

solution, the working solution, and homogenization buffer (recipes have been listed in 

the section 2.1.2). After mixing the three solutions and buffer according to the 

manufacturer’s introduction, 20% OptiprepTM solution was made with 1.11-1.12 g/ml 

density, and 4 mL solution was carefully laid onto the bottom of a new polyallomer tube, 

followed by 7 mL exosome-contained solution being carefully piled at the top of the 

OptiprepTM solution to create a liquid phase separation. Next, the tubes were 

centrifuged under 100,000 x g at 4°C again for 1 and a half hours. After this process, 

the exosomes were restricted in the lower liquid phase, thus 6.5mL liquid on the top 

was carefully removed and 3.5mL density gradient solution was harvested and 

transferred to a new polyallomer tube. In the third step, the 3.5mL solution was 

adjusted to 11mL by the filtered PBS and centrifuged under 100,000 x g at 4°C for 1 

and a half hours to pellet exosomes. After a careful removal of all liquid in the tube, the 
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pellets were finally resuspended in ice-cold PBS for further experiments. Of note, for 

optimized electron microscopy imaging, the resuspended exosomes should be kept at 

4°C overnight, otherwise will be kept at -80°C. 

 

Exosomes from murine SOX10 KD and NT tumors of a murine glioblastoma model 

established by DKFZ colleagues (Costa et al., 2021; Wu et al., 2020) were isolated 

from interstitial fluid provided to me by my colleague Ka Hou Man. In this model, the 

murine cell line mGB1, is cultured in DMEM/F12 Medium containing N2 Supplement, 

L-Glutamine, 20ng/ml Epidermal growth factor (EGF), 20ng/ml Fibroblast growth factor 

2 (FGF2), and antibiotics. Lentiviral particles with pLKO.1-shNT (non-target control) 

and pLKO.1-shSox10 are produced to generate mGB1-NT and mGB1-shSox10 cells. 

Then the mGB1 NT and SOX10 cells are selected with puromycin at 1 ng/ml for at 

least 5 days. After the efficiency of KD was verified by qRT-PCR, the cells are 

orthotopically injected to the mouse brain. For intracranial injection, 200,000 cells 

(shNT and shSox10, in 1 µl volume) are injected into adult C57B6 /J mice (8 weeks 

female) brain under anesthesia with isoflurane. The tumor sizes are monitored by MRI 

scanning monthly since the eighth week post-injection. Mice are sacrificed when the 

evaluated sizes of tumors are above 50 μL measured by T2 MRI. The harvested brains 

are washed with ice-cold PBS and tumors carefully resected to avoid large 

contaminations from the normal brain area. Tumor samples are finely minced and 

dissociated using a tumor dissociation kit following the manufacturer’s 

recommendation. Briefly, enzyme mix (enzymes D, R and A) is applied to tumor 

samples and the tumors are mechanically disrupted by GentleMACS dissociator, 

followed by incubation at 37 °C for 15 minutes in a tube rotator. After two rounds of 

mechanical and enzymatic dissociations, tissues are further triturated using serological 

pipettes and passed through 70 um cell strainers twice to generate single-cell 

suspension. During all the tissue disassociation, the disassociation and washing buffer 

is preserved, followed by 300 x g centrifugation, at RT to deplete the cells and debris. 

The disassociation and washing buffer was applied to the 3-step serial 

ultracentrifugation described above. In total, materials from 6 KD and 3 NT mice were 

included in my study. 
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2.2.6 Characterization and quantification of exosomes 

The characterization of exosomes relies on the morphology, size distribution, and the 

exosome-specific biomarkers. The morphology of exosomes was assessed by 

transmission electron microscopy of LN229, HT144, and A375 exosomes. 

Experiments were performed by Dr. Karsten Richter and according to protocols 

established by the Imaging and Flow Cytometry Core Facility, Central Unit Electron 

Microscopy, German Cancer Research Center (DKFZ), Heidelberg, Germany. In brief, 

exosomes were absorbed on carbon-coated, glow-discharged Formvar grids (400 

mesh). Followed two washes with distilled water, the exosomes were fixed with 1% 

(v/v) glutaraldehyde and negatively stained with 2% uranyl acetate. For detection, 

samples were embedded in methylcellulose/ uranyl acetate, and pictures were taken 

via ZEISS EM 910 or EM 912 instruments. The size distribution of exosomes was 

performed for exosomes via the nanoparticle tracking analysis (NTA) system using a 

NanoSight LM10 equipped with a 405 nm laser. Exosomes were 1:100 to 1:400 diluted 

in 0.22 μm-filtered PBS before measurement to obtain sample concentrations and size 

distribution. The measurement was according to the manufacturer’s instruction and 

identical parameters were used for comparing samples. For the detection of exosome 

biomarkers, microBCA assay and Western blotting were used to quantify the protein 

level and the biomarker expression. In brief, exosomes and the corresponding parental 

cells were lysed in 1X RIPA buffer for 1 hour at 4 °C with continuous shaking. Samples 

were then centrifuged at 17,000 x g for 20 min at 4 °C, and the supernatant was 

transferred to new tubes. Protein lysates of cells were quantified via BCA™ Protein 

Assay Kit and exosome protein was measured by the microBCA™ Protein Assay Kit 

according to manufacturer’s instructions. The standard BSA was diluted from 400 to 

5μg protein/mL and 0.5 to 200μg protein/mL for BCA assay and microBCA assay 

respectively. Samples were then 1:25 or 1:5 diluted to reach the total sample volume 

that each assay requires. For standard or sample, the same volume was transferred 

into microplate wells of a 96-well plate and the corresponding working reagent was 

subsequently added. Next, samples were shortly mixed and incubated for two hours at 

37 °C in the dark. Then, light absorbance at 562 nm was analyzed using a Mithras LB 

940 Multimode Microplate Reader and the optical density (OD) values were recorded. 

Based on the OD value of BSA standard and samples, the concentration of protein can 

be calculated and 5 μg protein of cell and exosome lysates were input in Western 

blotting. The primary antibodies used to distinguish exosome and whole-cell lysate 
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were anti-TSG101 (1:250), anti- CD63 (1:100), anti-CD9 (1:100), anti-CD81 (1:100), 

anti-Alix (1:100),  anti-Calnexin (1:200), anti-GAPDH (1:1000), anti-β-Actin (1:1000). 

ECL or ECL plus detection reagent was applied and X-ray films were exposed and 

developed.  

 

To quantify exosomes, the exosome concentration or protein amount determined by 

NTA and microBCA, respectively, was multiplied by the dilution factorsand normalized 

to the cell numbers which were counted during the harvest of supernatant. For the 

normalization of murine tumor-derived exosomes, tumor volume recorded in T2 MRI, 

were used. 

 

2.2.7 Uptake of exosomes and functional assay on macrophages 

For evaluating the exosome uptake in macrophages, 1 x 109 PHK26 stained vesicles 

evaluated by NTA were applied to coverslips embedded in a 12-well tissue culture 

plate with differentiated macrophages. The incubation with exosomes was sustained 

for 2 hours, 4 hours, 8 hours, and 24 hours, the coverslips removed, transfered to a 

new 12-well plate and washed with PBS twice. Then the cells were fixed with 4% PFA 

for 10 minutes at RT followed by 2 washes of PBS. Permeabilization buffer was then 

added to the coverslips and incubated for 5 minutes at RT followed by two more 

washes. The coverslips were taken out of the plate and laid on a parafilm and 100nM 

anti-F-actin Phalloidin dye was applied to the fixed cell and incubated 30 minutes at 

RT in the dark. To remocve the Phalloidin solution, coverslips were washed 3 times in 

PBS, then the mounting media drops containing DAPI were added to a clean glass 

slide, and the coverslips were flipped and carefully laid on the top of the mounting 

media. The slides and coverslips were then kept at RT in the dark over night until the 

mounting media dried and fixed the coverslips to the slides. Finally, the imaging of 

stained macrophages was performed with a SP8 Leica confocal microscope applying  

identical parameters for laser intensity and color compensation. To localize the PHK26 

signal in the macrophages, the Z-stack images of several planes of focus were 

obtained, the images combined and analyzed by ImageJ. 

 

For the functional assay, 2.5-5 μg exosomes were applied to cells and incubated for 8 

hours, the supernatant harvested and centrifuged at 300 x g for 10 minutes to deplete 
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cells, and then preserved by freezing at -80°C. For tumor cell-derived CM treatment 

on macrophages, the complete CM was centrifuged under 300 x g then 10,000 x g to 

deplete cell debris and large vesicles, and the exosome-free CM were further 

centrifuged under 100,000 x g to deplete exosomes and to preserve cytokines. The 

CM was then sterilized by 0.22 μm filter and mixed with fresh media and applied to the 

macrophages for 48 hours. After the treatment, the cells were gently washed by PBS 

and lysed with RLT buffer. To isolate the total RNA from the macrophage lysis, RNeasy 

Mini kits were used. In brief, cell lysates were applied to RNA mini spin columns and 

centrifuged at 17,000 x g to trap RNA on the binding membrane. Then, the membrane 

was washed with RW1 buffer once and RPE buffer twice, followed by elution of the 

RNA with 50μL RNase-free water. A Nanodrop spectrophotometer was used to 

quantify the total RNA and evaluate its purity based on 260nm and 280nm absorbance. 

The RNA was then reverse- transcribed into cDNA by the QuantiTect Reverse 

transcription Kit according to the manufacturer’s recommendations. In brief, 500ng 

RNA were input and 6:1 mixed with the genomic DNA wipeout reagent for 2 minutes 

at 42°C. The RNA was then mixed with primers and reverse transcriptase master mix 

and incubated at 42°C for 30 minutes, followed by 95°C for 3 minutes. The cDNA was 

then diluted in 50μL RNase-free water for quantitative-real time-PCR (qRT-PCR).  

qRT-PCR was done on a QuantStudio™ 5 Real-Time 384-well PCR System with 

primers synthesized by Sigma-Aldrich. The cDNA was mixed with the 0.2 nM primers 

of the targeted gene and Sybr green master mix, and a total 10 μL mix with 3 technical 

replicates were used per gene and sample. The system then yielded the cycle 

threshold (Ct) value and ΔCt values normalized to housekeeping genes such as β-

Actin and GAPDH. The –ΔΔCt was used to evaluate the relative expression of a gene 

in a sample. 

 

The frozen supernatant was used to evaluate the quantity of particular cytokines 

produced by the macrophages. I used the LEGEND MAX™ ELISA Kit to evaluate the 

level of IL1β and CXCL8 according to the manufacturer’s instruction. 
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2.2.8 Evaluation of the migration of tumor cells 

To evaluate the migration of tumor cells after treated with CM of exosome-educated 

macrophages, I seeded 5,000 HT144 and 10,000 A375 cells in 24 well plates overnight 

and exchanged the media with macrophage-conditioned media that was 1:1 mixed with 

exosome-free fresh media. Complete fresh media were used as control. Cells were 

then cultured for 24 hours and transferred into serum-free media for another 24 hours 

for cell-cycle synchronization. Then the cells were suspended by trypsin and counted 

using C-chip counting chambers. Next, 2,000 cells from each treatment condition were 

resuspended in 100 μL serum-free media and seeded in the 8.0 μm-pore inserts 

chamber of Corning Transwell plates, followed by placing the inserts in an empty 

24-well plate. 500 μL fresh 5% FCS media were added to the ambient space of the 

chambers and cells were incubated for 24 hours. Then cells that did not migrate were 

cleaned off the membrane with a cotton wool stick and both sides of the chamber were 

fixed with methanol for 10 minutes at RT. To stain the migrated cells, insert chambers 

were rinsed in hematoxylin for 15 minutes and subsequently rinsed in water, 80% 

ethanol, and 100% ethanol in rotation, each step requiring 2 minutes at RT. Finally, the 

inserts were dried overnight in the ventilation hood, and cells were counted the next 

day, by vertically and horizontally selecting 10 fields, each, and counting cells which 

were stained brown or deep purple at 20x magnification. 

 

2.2.9 Statistics 

Statistical comparison of data was performed with unpaired or paired Student’s t-test 

for quantification of exosomes, cell count, and –ΔΔCt value. The tests were performed 

by GraphPad Prism 9, the significance-threshold for P-values was set in <0.05. For 

comparing the significance of linear fold change of gene expression in qRT-PCR, the 

paired Wilcoxon signed-rank test was used due to the asymmetrical distribution of the 

data. 
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3 RESULTS 

3.1 Cancer drugs induce the downregulation of SOX10 in BRAFV600 melanoma cells 
and RTK I glioblastoma cells 

To investigate the clinical relevance of SOX10 downregulation in melanoma and 

glioblastoma, I first reviewed published data. For melanoma, I identified two studies, 

including RNA-seq data of BRAFi and MEKi-treated patients who had acquired drug 

resistance (Hugo et al., 2015; Sun et al., 2014). Out of a total 20 of biopsies, 65% 

showed therapy-associated downregulation of SOX10 (Fig.1). This suggests that drug-

induced SOX10 downregulation commonly occurs in the long-term BRAFi and MEKi 

treatment.  

 

 

 

 

 

 

 

 

To investigate whether SOX10 downregulation can be recapitulated in vitro, I treated 

the BRAFV600E mutant melanoma cell lines A375 and HT144 with the BRAFi 

Vemurafenib for different periods. Interestingly, the shorter, 2-day treatment did not 

suppress SOX10 expression (Fig.2A), even though treated cells did grow slower than 

control cells. In contrast, the longer, 6-day treatment with Vemurafenib concentrations 

ranging from 0.5 to 2 µM resulted in SOX10 downregulation (Fig.2B). These results 

Fig 1. Therapy-associated SOX10 downregulation in melanoma. Numbers of patients 
that showed no, or less than 10% downregulation (grey bar; n=7), or more than 10% 
downregulation (orange bar; n=13) of SOX10 in bulk-tumor RNA-Seq data after BRAFi, 
MEKi, or combination treatment. Data of two studies on patients who exhibited tumor-
progressive features during treatment were combined (Hugo et al., 2015; Sun et al., 
2014) . 

Patients with SOX10 downregulation 



RESULTS 

37 

suggest that the therapy-associated SOX10 downregulation observed in melanoma 

patients could be a secondary rather than direct effect of Vemurafenib treatment. 

 

 

 

 

 

 

 

 

 

 

 

 

I also performed qRT-PCR to determine whether SOX10 suppression occurs at the 

transcriptional or post-transcriptional level. The analysis revealed that treatment with 

Fig 2. Suppression of SOX10 protein expression in melanoma cell lines by 
Vemurafenib treatment, as analyzed by Western blotting.  A) 2 day-treatment; B) 6-day 
treatment. Experiments were performed at least two times for each cell line and time 
period. Representative images are shown. 



RESULTS 

38 

2 µM Vemurafenib reduced SOX10 mRNA levels by 51% and 80% in A375 and HT144, 

respectively (Fig.3A), indicating transcriptional repression. The expression of SOX10 

has been shown to be suppressed by transforming growth factor-beta (TGFβ) signaling 

in neural crest stem cells and laryngeal squamous cell carcinoma(Cui et al., 2019; John 

et al., 2011).  

 
 
  

Fig.3 Vemurafenib-dependent changes of (A) SOX10, (B) TGFB2, and (C) TGFB1 
expression. RNA-expression was determines by qRT-PCR after 6-day treatment 
with 2μM Vemurafenib in the cell lines HT144 and A375. Ratios were computed 
relative to expression in control cells treated with 0.04% DMSO and normalized to 
the housekeeping gene β-actin. 

C 

A 

B 
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Therefore, I reasoned that Vemurafenib might induce the upregulation of TGFβ family-

associated factors such as the TGFβ isoforms TGFβ1 and TGFβ2. By qRT-PCR, I 

found that concurrent with SOX10 downregulation (Fig. 3A), TGFβ2 levels indeed were 

upregulated in the A375 and HT144 cell lines (Fig. 3B), while TGFβ1 was 

downregulated (Fig. 3C). These results are consistent with the reported significant 

upregulation of TGFβ2 after Vemurafenib treatment in the colo858 cell line (Fallahi-

Sichani et al., 2017).  

To determine whether inhibitors of TGFβ signaling can rescue SOX10 suppression, I 

applied the TGFβ receptor I (TGFβRI) inhibitor Galunisertib (LY2157299) combined 

with Vemurafenib to HT144 and A375. Immunoblotting confirmed that Galunisertib 

rescued SOX10 protein downregulation by Vemurafenib, whereas Galunisertib per se 

did not affect SOX10 expression (Fig. 4A and 4B). These results are lending additional 

support to the hypothesis that Vemurafenib-induced SOX10 suppression is mediated 

by TGFβ signaling.  

In contrast to melanoma, no studies have been published regarding SOX10 expression 

in glioblastoma after standard therapies, such as TMZ and radiotherapy, in human 

patients or cell lines. However, Lau et al. have shown that radiation induces Sox10 

downregulation in a Sox10high proneural mouse glioma model(Lau et al., 2015); SOX 

downregulation depended on JAK2/STAT3 pathway signaling, which co-operates with 

TGFβ signaling to induce EMT in cancer cells(Liu et al., 2014). This study suggests 

that standard glioblastoma therapies possibly induce SOX10 downregulation. 

Therefore, I asked whether TMZ could also induce SOX10 downregulation in 

glioblastoma. In collaboration with my colleague Ka Hou Man, I performed TMZ 

treatment of SOX10high RTK I cell line LN229. I found consistent SOX10 

downregulation at RNA and protein levels (Fig.5A and Fig.5B), similar to my 

observations in the context of Vemurafenib treatment of melanoma cell lines. 
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B 

Fig 4. TGFBR1i inhibits SOX10 downregulation induced by Vemurafenib. 
Visualization by Western blotting of SOX10 protein expression in A) A375 and B) 
HT144 melanoma cells under different treatment conditions. The concentrations of 
Vemurafenib, Galunisertib, and DMSO were 2 μM and 10 μM, and 0.04%, 
respectively. On the right, the densidometric quantification of band intensities using 
Image J software is shown. Band intensities were normalize to the respective β actin 
loading controls and are displayed relative to DMSO controls. 
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3.2 SOX10 downregulation induces a β-galactosidase (β-gal)-positive phenotype 
and increased exosome production in melanoma and glioblastoma cell lines 

To understand the function of SOX10 downregulation in melanoma and glioblastoma 

cells, I utilized lentivirus-mediated shRNA and clustered regularly interspaced short 

palindromic repeats interference (CRISPRi) to inhibit the expression of SOX10 in the 

HT144, A375, and LN229 cell lines. Both knockdown systems successfully reduced 

SOX10 expression (Fig.6A and B). In melanoma cells, SOX10 KD suppressed cell 

proliferation by about 50% (Fig.6C). In line with these data, our group has previously 

shown suppression of cell proliferation by about 30% after SOX10 KD in LN229 

glioblastoma cells (Wu et al., 2020).  

 

To investigate the functional phenotype of the SOX10 downregulated tumor cells, I 

tested whether SOX10 KD induces a β-gal positive phenotype. The appearance of 

β-gal positive cells has been reported in the context of SOX10 KD in melanoma (Sun 

et al., 2014), and this phenotype was often connected with senescence-associated 

secretory phenotype (SASP). Although the β-gal positive cells resulting from SOX10 

Fig 5. Temozolamide (TMZ) induces SOX10 downregulation in glioblastoma cells. 
A) Representative Western blot of SOX10 expression in LN229 glioblastoma cells 
treated with DMSO, 10 μM, and 50 μM TMZ for 5 days. The experiments were 
repeated twice and showed similar results; B) SOX10 mRNA levels in TMZ-treated 
LN229 cells, relative to DMSO-treated controls. This result was independently 
confirmed by my colleague Ka Hou Man (data not shown). 
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KD do not enter a classic senescent state, they do exhibit senescence-like features 

such as reduced cell proliferation and increased cytokines excretion (Cristofalo, 2005; 

Severino et al., 2000). As expected, microscopy and fluorescence-activated cell sorting 

(FACS) identified more β-gal positive cells and more cells with enlarged, flattened, or 

elongated morphology among the SOX10 KD compared to the non-targeting (NT) 

control cells (Fig.7). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 6. SOX10 KD suppresses cell proliferation in HT144 and A375 melanoma cells. 
A and B) CRISPRi (A) and shRNA (B) systems efficiently knock down SOX10 
expression in A375 and HT144 respectively; C) Cell counts 4 days after seeding 
are shown for shRNA-knockdown and control cells. Cell counts were normalized to 
the count of initially seed cells. N = 3 biological replicates. Error bars represents 
standard variations. P-values were calculated by two-tailed unpaired Student’s 
t-test. 
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Fig 7. SOX10 KD in A375 and HT144 melanoma cells induces β-gal expression and 
cell morphology changes. A) Cells were fixed stained for β-galactosidase and 
imaged by bright field microscopy. Scale bars correspond to100μm. Insets show 
magnifications of ß-gal positive cells. B) Quantification of β-gal positive cells in 
HT144 SOX10 KD (orange) and shNT control cells cells (blue) by fluorescence-
activated cell sorting (FACS). The fluorescence intensity in the 530/30 filter is shown 
on the X-axis and cell counts are shown on the Y-axis. The percentage of β-gal 
positive cells (31.3%) is noted above the horizontal line that indicates the positive 
range beyond the threshold defined by the negative control (red). In the repeat 
experiment, the proportion of ß-gal positive cells was 20.8%.  
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Since it was reported that β-gal expression can be associated with increased 

production of EVs such as exosomes(Lehmann et al., 2008), I isolated exosomes from 

NT and SOX10 KD cell lines via a 3-step ultracentrifugation protocol (Fig.8).  

 

Conditioned media (CM) collected from cell culture were subjected to 300 x g and 

10000 x g centrifugations to eliminate most cell debris and large EVs such as 

microvesicles. Subsequently, the supernatant was centrifuged under 100,000 x g, and 

the EVs contained pellets were applied to an OptiprepTM density gradient (1.11-

1.12g/ml) for a second 100,000 x g ultracentrifugation to minimize the contamination 

from larger vesicles and proteins such as ribonucleoprotein. Finally, the exosome-

containing density gradient media was subjected to the third 100,000 x g 

ultracentrifugation to remove the density-gradient media and concentrate the purified 

exosomes. 

Fig.8 Schematic workflow for exosome isolation and purification. Cell culture 
conditioned media were isolated and consecutively centrifuged at 300xg and 
10,000xg to separate cells, debris and big vesicles. Then the supernatant was 
further ultra-centrifuged 3 times at 100,000xg to collect all exosomes. In the second 
ultracentrifugation step, 1.11 to 1.12g/ml OptiPrep density gradient solution was 
used to further purify exosomes and avoid contamination from RNPs and low-
density vesicles. 
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To characterize the exosomes, I utilized Nanosight (NTA) analysis, immunoblotting, 

and electron microscopy (EM) to identify the exosome features, size distribution, 

exosome biomarkers, and the micro structure. Nanosight analysis demonstrated that 

most of the vesicles had sizes of 30-200nm, and that there was no significant difference 

between NT and SOX10 KD exosomes (Fig.9A). For Western blotting, I used several 

exosome positive markers such as ALIX, TSG101, CD9, CD63, CD81 and a traditional 

negative marker, CALNEXIN, which is usually positive in whole cell lysate rather than 

exosomes. The melanoma exosomes were consistently positive for ALIX, TSG101 and 

CD9, and CALNEXIN negative, however CD81 and CALNEXIN were missing in all 

exosomes while positive in whole cell lysate (Fig.9B). For LN229, the exosomes were 

enriched with ALIX, TSG101 and CD63. Unexpectedly, CALNEXIN was also positive 

in exosomes while absent in whole cell lysates (Fig.9C). These results indicate that 

CALNEXIN may not always be a suitable negative marker for exosome identification.  

Fig 9 (next page). Characterization of cell line-derived exosomes. A) Size-
distribution analysis of exosomes derived from control and SOX10 KD A375 cells; 
B) Western blot analysis  (input 2.5 µg protein) of the xpression of exosome positive 
and negative markers from exosomes (EXO) and whole-cell lysates (Cell) of A375 
and HT144 shNT control cells and shSOX10 KD cells; C) Western blot analysis of 
exosome marker expression from EVs and whole cell lysates of the LN229 cell line. 
sg1 and sg4 denote two guide SOX10-targeting RNAs that were used for the 
CRISPRi knockdowns. guiding RNAs. sgNT denotes the non-targeting guiding RNA 
used as control; D) Electron microscopy image of freshly prepared exosomes 
derived from a A375 sgSOX10 cell line. The diameters of each vesicle are marked 
with arrows and their lengths calculated via ImageJ. scale bar: 100nm. E) The 
distribution of exosome sizes under EM, n=60 vesicles each for the A375 NT and 
SOX10 KD exosome samples. ns, not significant. 
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Next, I characterized the exosomes by transmission electron microscopy, showing that 

the majority of the freshly prepared EVs were 30-200nm in size. There were no 

differences in the average sizes of vesicles from NT and SOX10 KD cells, consistent 

with the NTA results (Fig 9D and E). 

  

After validating that the isolation protocol is an efficient purification method, I further 

investigated whether SOX10 downregulation affects the production of exosomes. 

Interestingly, by using total protein quantification and EM, I acquired consistent results 

that SOX10 KD cells produce more exosomes than NT cells (Fig.10).  

In addition, I also confirmed that Vemurafenib treatment induced exosome production 

by the HT144 melanoma cell line, stronger, consistent with the effect of SOX10 KD 

(Fig.11). 

A 
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Fig10. SOX10 KD increase exosome production. A) Three histograms present the 
normalized exosomes quantity between NT and SOX10 KD cell lines in HT144, A375 
and LN229.  The label beside Y-axis means the amount of NT and SOX10 KD 
exosomes were quantified by microBCA then was normalized to total cell numbers at 
harvest time point. HT144 (n=7), A375 (n=6), LN229 (n=7). The height of bars are 
mean value of the normalized exosome quantity, and the error bars represent the 
standard deviation. P value were obtained by two-tailed paired Student’s t-test and 
the values were labelled at the top of the two bars of each histogram; B) 
Representative electron microscopy images of NT and SOX10 KD exosomes from 
A375 and HT144 (Dr.Karsten Richter, Core Facility Unit Electron Microscopy of the 
German Cancer Research Center). The black scale bar at the right bottom corner of 
the each big image is 500 nm. Insets show magnifications of vesicle details. Scale 
bar: 100 nm.  
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Besides the in vitro work, I also sought to validate whether SOX10 KD cells produce 

more exosomes in vivo. To address this question, I analyzed material of a syngeneic 

graft mouse model that my colleague Ka Hou Man is using to generate brain tumor in 

mice. In brief, Sox10 was knocked down in the SO10high murine glioma stem cells 

(GSCs) mGB1 by shRNA and the Sox10 KD and NT GSCs were orthotopically 

transplanted into wildtype (wt) C57BL/6 mice. Previously, our group has reported that 

in this mouse model, Sox10 KD tumors proliferated faster than the NT tumors and 

Sox10 KD tumor conferred shorter life span to the host mice (Wu et al., 2020). Basing 

on this, I worked with my colleagues Ka Hou Man and Pavle Boskovic to disassociate 

the Sox10 KD and NT tumors, from which I isolated EVs from the interstitial media in 

order to compare the quantity of exosomes. Both NT and Sox10 KD tumor-derived 

exosomes were Cd63 positive in Western blotting analysis while lacking cytoplasmic 

markers such as β-Actin and Gapdh (Fig.12A). Next, I quantified the total exosomes 

Fig.11 Vemurafenib induces increased exosome production in HT144 and A375. 
A) The histogram presents the normalized exosomes quantity between DMSO and 
2 μM Vemurafenib (Vem) in A375; B) The histogram presents the normalized 
exosomes quantity between DMSO and 2 μM Vemurafenib (Vem) in HT144.The 
label beside Y-axis means the amount of NT and Vemurafenib-treated exosomes 
were quantified by microBCA then was normalized to total cell numbers at harvest 
time point. 4 biological replicates were performed for each cell line. The height of 
the bars represent mean value of the normalized exosome quantity. P-values were 
obtained by two-tailed unpaired Student’s t-test and indicated at the top of the two 
bars of each histogram. 
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from 3 NT tumors and 6 Sox10 KD tumors and normalized the exosome numbers by 

the corresponding tumor volumes recorded by magnetic resonance imaging (MRI). In 

line with my cell line data, exosome production appeared higher in SOX10 KD than 

control tumors (Fig.12B).  

 

 

3.3 SOX10 KD cells affect the phenotype of macrophages via exosomes  

Since in the tumor microenvironment of melanoma and glioblastoma, myeloid cells 

such as macrophages and resident microglia can be transformed into tumor-

associated macrophages/microglia (TAMs) (Geribaldi-Doldan et al., 2020; Harjes, 

2021), I asked the question whether the secretome of SOX10 KD cells affects the 

phenotypic transition of myeloid cells. I first tested whether conditioned media of 

SOX10 KD cells affected the phenotype of human blood derived macrophages. For 

this purpose, I differentiated PBMCs into macrophages with 20 ng/ml M-CSF, a 

A B 

Fig.12 Sox10 KD tumors produce more exosomes than NT. A) Western blot of 
exosomes isolated from the interstitial fluid of disassociated tumors and whole cell 
lysate from the transplanted mGB1 cell line. NT6 and SH14 represent one NT tumor 
and Sox10 KD tumor. Cd63 was used as positive markers for exosomes, 
unfortunately other markers didn’t show bands in both exosome and cell lanes. 
Gapdh and β-Actin were used as cell markers. The position and MW of protein 
electrophoresis markers was labelled at the right of each blots and the names of 
each protein were marker at the right of the blots. B) Nanosight analysis of the 
quantity of vesicles from NT tumors (n=3) and Sox10 KD tumors (n=6). Vesicle 
quantities were normalized by the tumor volume (μl) evaluated by MRI, horizontal 
line represent the mean value and each dots represent one tumor. P values were 
calculated by two-tailed unpaired Student’s t-test. 
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concentration that was reported to avoid strong polarization of macrophages 

(Hamidzadeh et al., 2020). Subsequently, I performed M1 and M2 polarization of these 

macrophages. M1 polarization was induced by interferon γ (IFNγ) and 

lipopolysaccharides (LPS), and M2 polarization by interleukin-4 (IL4), treatment. 

These are standard methods for polarizing macrophages (Orecchioni et al., 2019). I 

then validated the polarization states by comparing the expression of cytokine genes 

such as IL1β, CXLC8, CCL4, TNF, etc., between the unpolarized and polarized 

macrophages. qRT-PCR analysis revealed that the gene expression of the unpolarized 

macrophages typically fell between that of the M1 and M2 macrophages (Fig.13). 

Therefore, the M-CSF-differentiated macrophages are likely in an unpolarized state 

and have the potential to switch their phenotype in response to appropriate stimuli.  

Next, I harvested the conditioned media (CM) from HT144 SOX10 KD and NT cells 

and applied it to the unpolarized macrophages. After 48 hours, qRT-PCR showed that 

SOX10 KD CM upregulated the expression of pro-inflammatory genes such as CXCL8, 

CCL4, and the immune-suppressive protein PD-L1 in comparison to NT CM. Then I 

investigated whether the exosomes were responsible for the induction of the pro-

inflammatory phenotype. For this purpose, I used ultracentrifugation to separate the 

exosomes from the CM, and treated the macrophages with the exosome-free CM. 

Strikingly, exosome depletion significantly reduced the upregulation of inflammatory 

markers by SOX10 KD CM. In contrast, exosome-free NT CM did not differ from 

complete NT CM regarding its effect on macrophages (Fig.14). These data indicate 

that the phenotypic transition of macrophages after treatment with HT144 SOX10 KD 

CM likely is mediated by exosomes. 
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Fig.13 RNA expression of polarization-marker genes in unpolarized (control), M1, 
and M2-polarized macrophages. 
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To further characterize exosome-mediated effects on macrophages, I treated 

macrophages with equal quantities of SOX10 KD and NT exosomes generated from 

the HT144 and A375 cell lines. The exosomes from both cell lines consistently induced 

the expression of the pro-inflammatory genes IL1B, CXCL8, TNF-α, CXCL1, CCL4 and 

PD-L1 more strongly than NT exosomes (Fig.15 and Fig.16). In addition to the 

melanoma cell lines, I also found the levels of IL1B, CCL2, IL6, CXCL8, CCL4 and 

CCL5 significantly regulated by treatment with LN229 SOX10 KD compared to NT 

exosomes (Fig.17). To note, in order to minimize overdosing effects and mimic the 

pathological condition in tumor, I only applied 2.5ug to 5ug total exosomes to the 

macrophages, which are approximately produced by 1 to 2 million tumor cells.  

To verify that the upregulation of pro-inflammatory genes on RNA level translates to 

increased cytokine excretion, I performed enzyme-linked immunosorbent assays 

(ELISA) of IL-1β and CXCL8 (Fig.18). I found the excretion of both cytokines 

upregulated for HT144 and A375 SOX10 KD CM-treated macrophages. These results 

indicate that the effects of SOX10 KD exosomes indeed result in phenotypic 

adaptations in the treated macrophages. 
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Fig14. Relative RNA expression of the pro-inflammatory genes CXCL8, CCL4, and PD-
L1 in macrophages treated with complete and exosome-free CM. RNA expression was 
analyzed by qRT-PCR and normalized to the β-actin housekeeper gene. +, complete CM; 

-, exosome-depleted CM. Mean values of N=6 donors are shown. P-values were 
calculated by paired Wilcoxon signed rank test. ⋆, P value<0.05; ns, not significant. 
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Fig 15. Relative expression of pro-inflammatory genes after exosome treatment. 
2.5ug HT144 exosomes were applied to macrophages. Exosomes derived from 
empty-vector transduced cells were used as controls. RNA expression was analyzed 
by qRT-PCR and normalized to the β-actin housekeeper gene. Individual and mean 

values of N=5 biological replicates (PBMC donors) are shown.  
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Fig 16. Relative expression of pro-inflammatory genes after exosome treatment. 
2.5ug A375 exosomes were applied to macrophages. Exosomes derived from empty-
vector transduced cells were used as controls. RNA expression was analyzed by 
qRT-PCR and normalized to the β-actin housekeeper gene. Individual and mean 

values of N=4 biological replicates (PBMC donors) are shown.  
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Fig 17. RNA expression of proinflammatory cytokine and receptor genes in LN229 
NT and SOX10 KD exosome-treated macrophages. Expression data were 
determined by qRT-PCR, and normalized using the β-actin housekeeper gene. 
Log2 fold-ratios relative to controls are represented in the heat map. Each square 
of the heat map represent one biological sample. The numbers in the top row 
correspond to individual PBMC donors. The P-values listed to the right of the heat 
map were obtained by paired Wilcoxon signed rank test. ⋆, P<0.05; ⋆⋆, P<0.01. 
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Fig 18. SOX10 KD exosomes induce increased IL-1β and CXCL8 secretion by 
macrophages. Quantification of cytokine levels of IL-1β and CXCL8 from the 
supernatant of exosome-treated macrophages, shNT and shSOX10 represent the 
supernatant from corresponding exosome-treated macrophages. Left two plots 
represent HT144 exosome-treated supernatant, and the right plots represent A375 
exosome treated supernatant .Horizontal line in each plot represents the mean 
value of cytokine concentration and each dot represent macrophages from one 
biological replicate (PBMC donor), and total replicates n=4. To note, some optical 
density (OD) values of IL-1β are lower than the detection limit of the ELISA kit, these 
values were regarded as 0 pg/ml. 
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Furthermore, I wanted to investigate the impact of the pro-inflammatory cytokines 

secreted by the macrophages on tumor cells. I thus collected CM from HT144 and 

A375 SOX10 KD exosome-treated macrophages, and applied it to wildtype HT144 and 

A375 for 24 hours and subsequently analyzed tumor cell migration and proliferation. 

By transwell migration assay, I found that the CM derived from SOX10 KD exosome 

pre-treated macrophages more effectively induced the migration of tumor cells than 

the NT exosome pre-treated CM (Fig. 19A-C). However, CM from SOX10 KD exosome 

treated macrophages exerted no significant impact on tumor cell proliferation 

(Fig. 19D). These results indicate that exosomes from SOX10-suppressed tumor cells 

can induce an exosome-mediated pro-inflammatory phenotype-transition in 

macrophages, which in turn can stimulate the invasiveness of the tumor cells. 

 

 

 

 

 

Fig 19. (next page). Transwell migration assay with A375 and HT144 WT cells after 
treatment with CM that was derived from exosome-treated macrophages. A) 
Representative images of migrated HT144 cells (brown staining) treated with PBS, 
CM from macrophages treated with HT144 exosomes, and CM from macrophages 
treated with HT144 SOX10 KD exosomes. HT144 and A375 cells were incubated 
with macrophage CM for 24h and starved in serum-free medium for another 24h to 
avoid confounding effects from cell proliferation. Top row: 5x magnification; scale 
bar 200 µM; Bottom row: 20x magnification, scale bar 50 µM. B,C) Quantification of 
transwell migration assay data. Total number of cells collected from 20 overlapped 
images are plotted. The height of each column is the mean value and the error bars 
represent the standard deviation. N = 4 biological replicates.  Each biological 
replicate used CM derived from different PBMC donor. The one-tailed paired 
Student’s t-test was used to compute statistical significance. ⋆, P<0.05; D) Cell 
viability in dependence on CM treatment. 10.000 A375 cells were seeded and 
cultured under CM for 5 days then cells are harvested for cell count. Each dot 
represent a biological replicate. The Y-axis indicates the total number of cells 
harvested, and the X-axis indicates the types of CM.  
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3.4 SOX10 KD exosomes induce pro-inflammatory phenotype of macrophages via 

the TLR8-NF-ƙB pathway   

To study how SOX10 KD exosomes induce the pro-inflammatory phenotype of 

macrophages, I first investigated whether the exosomes were internalized by the 

macrophages. I labelled the exosomes with a general lipophilic dye PHK26 during 

exosome isolation, and applied 109 stained vesicles to macrophages for 2 to 24 hours. 

Under the confocal microscope, PHK26 positive signals were found localized in the 

cytoplasm and clustered in structures larger than 800 nm (Fig. 20); however, no 

accumulation of PHK26 signals was found at the cellular surface of macrophages, 

which indicates that the internalized exosomes may rely on intracellular organelles to 

exert the function on macrophages. 

Previous reports demonstrated that tumor-derived exosomes contain abundant single 

strand RNAs (ssRNAs) (Haderk et al., 2017). Small RNAs that contain particular RNA 

motifs have been shown to activate endosome receptors such as TLR7 and TLR8 

(Haderk et al., 2017; Pluta et al., 2019; Zhang et al., 2018b). The activated TLRs 

subsequently induce downstream signaling including the IRF and NF-ƙB signaling 

pathways (Bender et al., 2020). To validate whether the here observed SOX10-related 

phenotypic transition of macrophages is triggered by exosomal RNAs, I blocked 

ssRNA-specific effects of LN229 SOX10 KD exosomes with Chloroquin. The anti-

malaria drug Chloroquine has been reported to block the effective epitopes on RNAs 

and prevent the direct contact of RNAs with the TLRs (Kuznik et al., 2011). After the 

treatment with Chloroquine, the pro-inflammatory genes of macrophages, such as IL-

1β and CCL5, were less upregulated under LN229 SOX10 KD exosomes treatment 

(Fig. 21). These results support the hypothesis that exosomal RNA-endosomal TLR 

signaling contributes to the phenotypic transition of macrophages.  
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Fig 20. Visualization of exosomes in recipient macrophages. Green: tumor 
exosomes that were stained with the lipophilic dye PHK26 during isolation; red: 
Phalloidin staining F-actin; blue, DAPI stain of chromosome DNA. The large picture 
presents the whole macrophage with the scale bar 10 μm and the inset at the bottom 
left is a zoom-in image of the encircled macrophage region. The inset scale bar 
corresponds to a distance of 2 μm. 
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To estimate the relevance of TLR7 and TLR8 for the observed phenotypic transition of 

macrophages, I tested the gene expression of type I and II interferons such as IFN-β 

and IFN-γ by qRT-PCR. Recent studies showed that TLR7 activation drives both IRF 

and NF-ƙB signaling while TLR8 preferentially activates NF-ƙB and much less affects 

the production of interferons (Bender et al., 2020). By qRT-PCR analysis I found that 

SOX10 KD exosomes failed to induce higher IFN-β and IFN-γ expression in 

macrophages while they significantly upregulated the NF-ƙB pathway (Fig 22A-C), 

consistent with TLR8 activation. To validate this finding, I applied the novel TLR8-

specific inhibitor CU-CPT8M to macrophages when treated with SOX10 KD exosomes. 

As expected, CU-CPT8M significantly inhibited IL1B and CXCL8 upregulation in 

macrophages under the stimulation of exosomes (Fig 21D). Interestingly, CU-CPT8M 

did not induce significant downregulation of the TLR8 gene in the absence of exosomes, 

Fig 21. Chloroquine inhibits SOX10 KD exosome-mediated upregulation of pro-
inflammatory genes in macrophages. Macrophages were treated with 5ug SOX10 
KD exosomes with or without 25 μM chloroquine for 8 hours. Relative gene 
expression values in treated vs untreated macrophages, normalized to the ß-actin 
housekeeper gene, are represented as a heat map. Each field represents one 
biological replicate The numbers on top of the heat map identify individual PBMC 
donors. Statistical significance was computed by paired Wilcoxon signed rank test. 
P-values are listed to the right of the heat map. P-values smaller than 0.05 are 
indicated in red font 
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suggesting that stimulation by exosomal single strand RNAs is required to induce the 

activation of TLR8. Thus, the pro-inflammatory phenotype induced by SOX10 KD 

exosomes may largely depend on the stimulation of the exosomal ssRNAs – TLR8 

pathway.  

 

Fig.22 (next page). SOX10 KD exosomes induce the pro-inflammatory phenotype of 
macrophages via the TLR8-NF-ƙB pathway. A) The relative expressions of type I 
interferon IFNβ and type II interferon IFNγ were identified by qRT-PCR. 2.5 ug HT144 
exosomes were administrated to macrophages. The control is exosome vector PBS. 
qRT-PCR was performed to get Ct value. The value of each gene was first normalized 
to Ct-value of β-Actin to acquire ΔCt, then ΔCt of genes of control macrophages was 
used to normalize ΔCt of macrophages, which were treated by NT and SOX10 KD 
exosomes. Horizontal line in the dots represent the mean value and each dot represent 
macrophages from one biological replicate (N=3).B) Representative Western blot of 
NF-ƙB expression after A375 exosome treatment. Phosphorylated P65 (Phospho-P65) 
represents the activation of NF-ƙB, β-Actin was used as loading control. C) The 
quantification of Phospho-P65 was performed by Image J. The intensity of Phospho-
P65 was normalized to β-Actin, and afterwards the SOX10 KD group was normalized 
to the NT group. Each dot represent one biological replicate. D and E) qRT-PCR of 
typical pro-inflammatory cytokines IL-1β and CXLC8 from SOX10 KD exosome and 
TLR8 inhibitor CU-CPT8M- treated macrophages. 2.5ug SOX10 KD exosomes were 
treated to macrophages for 8 hour with or without 1 μM CU-CPT8M, +/- represents the 
existence of treatment. Relative expression of each treatment were normalized to the 
double negative control. N=6 biological replicates were shown, P-values were acquired 
by paired Wilcoxon signed rank test. . ⋆ represent P<0.05. 
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4 DISCUSSION AND OUTLOOK 

4.1 Discussion 
 
SOX10 downregulation has been shown to be associated with the development of 

drug-resistance mechanisms in melanoma and glioblastoma (Lau et al., 2015; Sun et 

al., 2014). To assess the potential clinical relevance of SOX10 downregulation and its 

association with standard therapies, I showed that Vemurafenib and TMZ treatment 

results in the downregulation of SOX10 RNA and protein expression in melanoma and 

glioblastoma cell lines, respectively. Additional analysis of published patient data 

revealed that SOX10 expression is downregulated in biopsies of BRAFi and MEKi-

resistant human melanoma, lending further support to the hypothesis that treatment-

associated suppression of SOX10 might lead to therapy resistance in a considerable 

proportion of melanoma and glioblastoma patients. My analyses showed that the 

SOX10 downregulation was not an instant reaction to drug treatment but established 

itself after about six days of incubation with the drugs in vitro. These results are 

consistent with the study of Uka et al., who treated melanoma cell lines with 

Vemurafenib for 24 hours but did not observe SOX10 downregulation (Uka et al., 2020). 

To further investigate the underlying mechanism of SOX10 inhibition after treatment, I 

hypothesized that SOX10 downregulation could be a secondary effect of treatment-

induced activation of TGFβ signaling (Cui et al., 2019; John et al., 2011). The activation 

of TGFβ signaling requires increased secretion of ligands such as TGFβ1, TGFβ2 to 

bind TGFβRII dimers, which will subsequently phosphorylate the TGFβRI followed by 

the activation of downstream canonical and non-canonical TGFβ signaling (Weiss and 

Attisano, 2013). In my study, I used the TGFβRI inhibitor Galunisertib to block TGFβ 

signaling and successfully rescued SOX10 downregulation in two melanoma cell lines. 

I also observed the significant upregulation of TGFβ2 after Vemurafenib treatment in 

two cell lines, consistent with effects observed in published RNA-seq data of BRAFi-

treated melanoma cell line Colo858 (Fallahi-Sichani et al., 2017). In addition to 

Vemurafenib treatment of melanoma, I also found that TMZ, the first-line chemotherapy 

agent for glioblastoma treatment, can induce SOX10 downregulation in LN229, a 

glioblastoma cell line of the RTK I glioblastoma subtype, at the mRNA and protein 

levels. Together, these data suggest that SOX10 downregulation in response to 

standard therapy could be a common feature of SOX10high melanoma and glioblastoma. 
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To study the phenotypic effects of SOX10 suppression, I utilized shRNA and CRISPRi 

system to efficiently downregulate SOX10 expression. SOX10 KD in the HT144, A375 

melanoma, and LN229 glioblastoma cell lines consistently decreased cell proliferation, 

and increased expression of the senescence marker β-gal, in line with previous studies 

in human melanoma and murine embryonic development models (Cronin et al., 2013; 

Mertelmeyer et al., 2020). Typically, β-gal positive cells secrete large quantities of 

cytokines and EVs, including exosomes (Misawa et al., 2020), suggesting that β-gal 

positive tumor cells can affect the phenotype of nearby tumor and stroma cells through 

intercellular signaling; however, the underlying molecular mechanisms and the role of 

exosomes remain poorly understood.  Therefore, I harvested, characterized, and 

quantified exosomes from SOX10 KD and control cells. Since there is no gold standard 

to compare the exosome-producing capacities of cells in vitro, I used microBCA, EM, 

and Nanosight analysis (Nanosight data not shown in the thesis) to validate the results 

and avoid detection method-specific bias. These analyses consistently showed 

increased exosome production in SOX10 KD compared to control cells. I validated this 

finding using a Sox10 KD glioblastoma syngeneic graft model, demonstrating that the 

interstitial fluid of Sox10 KD tumors contained more Cd63-positive EVs than that of 

control tumors. Notably, the isolated exosome preparations did not contain the 

cytoplasmic proteins Gapdh and β-Actin, indicating that they were not contaminated by 

Cd63-positive intracellular vesicles that could have leaked from damaged cells during 

tissue dissociation. 

Previously, our group found that SOX KD induced a glioblastoma subtype transition 

from the RTK I to the mesenchymal (MES) subtype that was accompanied by the 

upregulation of the cytokines CCL2, CXCL1, IL-6, and others. Using the same Sox10 

KD glioblastoma syngeneic graft model as I used for exosome isolation, Wu et al, found 

that Sox10 KD tumors are more invasive than control tumors, were extensively 

infiltrated by Iba1-positive cells, presumably macrophages or microglia. These data 

suggested that suppression of Sox10 remodels the tumor microenvironment and 

modulates myeloid-cell phenotypes (Wu et al., 2020). To investigate how SOX10 KD 

tumor cells affect myeloid cells, I used human PBMCs induced with a low concentration 

of M-CSF to mimic naïve, non-polarized (M0) tumor-associated macrophages. RNA 

expression analysis by qRT-PCR validated that the M-CSF induced macrophages 

harbor the plasticity of transition toward M1 and M2 and thus can be used as a model 

to study the reprogramming of macrophages in the tumor microenvironment (Tarique 

et al., 2015). Treatment with CM derived from control and SOX10 KD demonstrated 
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that SOX10 KD CM induced a pro-inflammatory phenotype of the macrophages. By 

depletion of exosomes from CM and by treatment of macrophages with purified 

exosome fractions, I was able to show that exosomes mediated the induction of pro-

inflammatory gene expression in macrophages by SOX10 KD CM. To avoid the 

overdosing of exosomes in the functional assay, I applied only 2.5-5 μg exosomes, 

approximately corresponding to the concentration of 5 μg/ml that I observed in CM. 

The resulting induction of pro-inflammatory gene expression was less pronounced than 

in IFN-γ and LPS induced anti-tumor M1 macrophages and LN229 SOX1010 KD 

exosomes frequently induced upregulation of the M2 marker CD163. It remains unclear 

whether the SOX10 KD exosome-dependent pro-inflammatory phenotype has pro-

tumoral or anti-tumoral effects in the tumor microenvironment; however, as it is well 

accepted that chronic inflammation is a hallmark of cancer, such a moderately pro-

inflammatory phenotype could also be tumor-supportive (Maru et al., 2014). This has 

been validated by Fleming et al., who found that melanoma cell line-derived exosomes 

induce a pro-inflammatory phenotype in monocytes, which in turn inhibit the 

proliferation of CD8+ T cells in vitro (Fleming et al., 2019). These data indicate that 

exosomes-educated myeloid cells may suppress immune surveillance. In addition, my 

study showed that the CM derived from the exosome-treated macrophages promoted 

the migration of tumor cells, suggesting they could promote invasive tumor growth and 

metastasis (Fu et al., 2015; Kawata et al., 2012; Wu et al., 2009). 

Exosomal proteins and RNAs have been reported to elicit pro-inflammatory 

phenotypes of myeloid cells via toll-like receptors and activation of downstream NF-ƙB 

signaling (Fabbri et al., 2012; Fleming et al., 2019; Haderk et al., 2017; Madhyastha et 

al., 2021). Consistent with these findings, my analyses indicated that SOX10 KD more 

strongly than control exosomes activate NF-ƙB. Visualization of exosome uptake and 

localization in macrophages indicated that endosome TLRs may be responsible for NF-

ƙB activation. The human endosome TLRs include TLR3, TLR7/8, TLR9, and TLR13 

which sense the double-strand RNA (dsRNA), ssRNA, CpG DNA, and rRNA 

respectively (Leifer and Medvedev, 2016), the latter three types of nucleic acids likely 

are present in SOX10 KD exosomes. Using chloroquine, which was reported to mask 

the epitope of ssRNA and block the contact with TLR7/8, I successfully abolished pro-

inflammatory gene expression in macrophages after co-culture with SOX10 KD 

exosomes. Activation of downstream NF-ƙB signaling together with the lack of IRF-

pathway activation suggests the involvement of the TLR8 receptor signaling, which 

was further supported by the fact that pharmacologic inhibition of TLR8 attenuated 
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SOX10 suppression-dependent macrophage inflammatory response. These results 

suggest that SOX10 KD exosomes induce the macrophage inflammatory response 

through ssRNAs enriched in adenine and uracil (AU)-enriched motifs(Forsbach et al., 

2008) that activate TLR8 and NF-ƙB signaling. 

 

4.2 Outlook  

The work presented here provides experimental evidence outlining a mechanism for 

therapy-associated exosome-dependent tumor-microenvironment interactions in 

SOX10high melanoma and glioblastoma. It provides a basis to address additional 

aspects of melanoma and glioblastoma biology and therapy in future studies. First, the 

causative role of exosomes in therapy-induced melanoma and glioblastoma 

progression should be validated by interfering with exosome production or delivery in 

animal models. This could involve the knockout of CAV1 and RAB27-family proteins 

involved in exosome processing in the host cells or the transplantation of Sox10 KD 

tumors into Tlr7/8 KO mice. Second, the characterization of SOX10 KD exosome cargo 

by small-RNA sequencing and proteomic analysis can identify the molecular signals 

driving the phenotypic modulation of the tumor-associated macrophages. Third, based 

on the integrated analysis of tumor, exosome, and macrophage data, possible points 

for therapeutic interference can be identified and corresponding targeted therapies 

developed and tested in pre-clinical animal models.   
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5 SUMMARY 

The transcription factor SRY-Box Transcription Factor 10 (SOX10) is highly expressed 

in the majority of melanoma and a subtype of glioblastoma. During first-line therapy, 

SOX10 expression is reduced in many patients. This loss of SOX10 commonly appears 

to be associated with increased therapy resistance. In my thesis work, I modeled 

therapy-dependent SOX10 suppression in vitro by treating melanoma and 

glioblastoma cell lines with the BRAF inhibitor Vemurafenib and Temozolomide, 

respectively. The downregulation of SOX10 expression was rescued by the inhibition 

of transforming growth factor-beta signaling. Genetic knockdown of SOX10 in the 

HT144 and A375 melanoma, and LN229 glioblastoma cell lines resulted in reduced 

cell proliferation, expression of β-galactosidase by a fraction of the cells, and the 

upregulation of cytokine expression. Furthermore, SOX10 suppression increased 

exosome production by melanoma and glioblastoma cell lines and in a syngeneic 

glioblastoma mouse model. Cell culture media conditioned by melanoma HT144-

SOX10-knockdown cells were applied to PBMC-derived macrophages to explore the 

function of SOX10-knockdown exosomes on myeloid cells. Conditioned media and 

isolated exosome fractions from SOX10-knockdown cells induced the increased 

secretion of cytokines and upregulated expression of pro-inflammatory and 

immunosuppressive genes by the macrophages. In contrast, depletion of extracellular 

vesicles from the conditioned media reduced the expression of pro-inflammatory genes 

in comparison to conditioned media of control cells. Furthermore, conditioned media of 

macrophages treated with SOX10-knockdown exosomes promoted cell migration of 

melanoma cells. Pharmacologic inhibition of Toll-like receptor 8 with the inhibitor CU-

CPT8M suppressed the induction of the pro-inflammatory phenotype of macrophages 

by SOX10 knockdown exosomes. In conclusion, the presented data support the 

hypothesis that standard melanoma and glioblastoma therapies lead to transforming 

growth factor-beta-dependent downregulation of SOX10 and the increased production 

of tumor-cell exosomes, which induce a pro-inflammatory phenotype in macrophages, 

mediated by Toll-like receptor 8. These data suggest that tumor-exosomes might be 

essential in therapy-induced progression of melanoma and glioblastoma and provide 

a basis for the exploration of the underlying mechanisms and the identification of 

interference points for targeted therapies.
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