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Novelty and Impact:

BRAF inhibitors are established in melanoma treatment but resistance is a major
problem. Here we present a novel view how adaptive resistance is established. We
show that BRAF inhibitor treatment leads to early STAT3 activation and promotes the
expression of SOX2. SOX2 then binds to the CD24 promoter resulting in an
upregulation of CD24 leading to an increased activity of Src and STAT3. This

mechanism helps tumor cells to circumvent the action of BRAF inhibitors.
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Summary

Melanoma is often characterized by a constitutively active RAS-RAF-MEK-ERK
pathway. For targeted therapy, BRAF inhibitors are available that are powerful in the
beginning but resistance occurs rather fast. A better understanding of the
mechanisms of resistance is urgently needed to increase the success of the
treatment. Here, we observed that SOX2 and CD24 are upregulated upon BRAF
inhibitor treatment. A similar upregulation was seen in targeted therapy-resistant,
melanoma-derived induced pluripotent cancer cells (iPCCs). SOX2 and CD24 are
known to promote an undifferentiated and cancer stem cell-like phenotype
associated with resistance. We, therefore, elucidated the role of SOX2 and CD24 in
targeted therapy resistance in more detail. We found that the upregulation of SOX2
and CD24 required activation of STAT3 and that SOX2 induced the expression of
CD24 by binding to its promoter. We find that the overexpression of SOX2 or CD24
significantly increases the resistance towards BRAF inhibitors, while SOX2 knock-
down rendered cells more sensitivity towards treatment. The overexpression of CD24
or SOX2 induced Src and STAT3 activity. Importantly, by either CD24 knock-down or
Src/STATS3 inhibition in resistant SOX2-overexpressing cells, the sensitivity towards
BRAF inhibitors was re-established. Hence, we suggest a novel mechanism of
adaptive resistance whereby BRAF inhibition is circumvented via the activation of
STAT3, SOX2 and CD24. Thus, to prevent adaptive resistance it might be beneficial

to combine Src/STAT3 inhibitors together with MAPK pathway inhibitors.
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Introduction

Melanoma is a skin cancer that originates from melanocytes and can metastasize to
different body parts. Although malignant melanoma just represents 4 % of all skin
cancer cases, it is responsible for 80 % of deaths caused by skin cancer '. These
facts demonstrate the aggressiveness of this cancer type and underline the
importance for further studies aiming to find potent treatments. The most common
mutations in melanoma are BRAFY®%F (35-50%) or various NRAS mutations (appr.
20%) that lead to constitutive activation of the RAS-RAF-MEK-ERK pathway 2.
Therefore, BRAF inhibitors (BRAFis) such as vemurafenib (vem) were developed.
These inhibitors initially show a remarkable effect, but resistance appears more or
less shortly after the start of treatment 3 In addition, around 15 % of melanoma
patients have an intrinsic resistance towards vem and do not respond to vem
treatment from the beginning on *. It is important to distinguish between acquired and
adaptive resistance which both occur during vem treatment. Acquired resistance
develops during continued BRAFi treatment, while adaptive resistance is the reaction
of the tumor promptly after application of the drug °,

Recently, rinduced pluripotent cancer cells (iPCCs) were established and it was
shown that these cells have a higher resistance towards the MAP kinase pathway
inhibitors vem and trametinib °. As these cells could represent a model for adaptive
resistance, studying them could shed new light on the underlying mechanism of
resistance. Since SOX2, one of the factors used to reprogram cancer cells towards
iPCCs, favors a more undifferentiated phenotype ’, which has been shown to be
associated with adaptive resistance ® °, SOX2 might play an important role in
adaptive resistance. Several studies on the role of SOX2 in cancer have already
been published, for example, it has been demonstrated that SOX2 plays a role in

cancer cell stemness and invasion'®'?. Studies in mice have however shown that
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SOX2 is not required for melanomagenesis, melanoma growth and melanoma

metastasis in vivo *°.

Another molecule we found to be upregulated in iPCCs was CD24. CD24 is a highly
glycosylated protein with a molecular weight of 30-70 kDa that is linked to the
membrane via a glycosyl-phosphatidylinositol (GPI) anchor. In humans, the protein
core of CD24 comprises only 31 amino acids with many potential O- and N-

glycosylation sites showing mucin-like characteristics '*. CD24 is frequently

14, 15 16, 17

overexpressed in human carcinomas and malignant melanomas and its
expression is generally associated with a poor prognosis. In terms of biological
function, CD24 has been identified as a ligand of P-selectin that supports the rolling

18, 19 I

of breast carcinoma cells on endothelial cells and adhesion to platelets n

addition, CD24 glycans can interact with siglecs, a class of sialic acid binding

receptors on immune cells > %

CD24 expression can regulate tumor cell
proliferation, adhesion, migration and invasion and alter gene expression in colon

and pancreatic cancer cell lines 2'.

Due to its GPI anchor, CD24 is exclusively localized in detergent-resistant membrane
domains (DRMs) that have been also termed lipid rafts. These membrane
microdomains are considered as important platforms for signaling molecules such as
Src family tyrosine kinases and G-proteins. Indeed, several reports have shown that

CD24 physically interacts and signals via members of the Src-kinase family 2%,

Here we show that CD24 is upregulated in human melanoma cells upon SOX2
overexpression or treatment with vem. We identified the CD24-mediated activation of
Src and STATS signalling as a novel pathway to establish resistance towards target

therapy with BRAFi in melanoma. Our results strongly advocate the use of Src and
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STATS inhibitors together with MAPK signalling inhibition to prevent the acquisition of

adaptive resistance in melanoma.

Materials and Methods

Cell culture

The Human melanoma cell lines used in this study A375, SK Mel 28 and HT144 (all
obtained from ATCC and BRAF"*** mutated) were cultured in DMEM (Gibco, Life
Technologies) supplemented with 10 % heat-inactivated FBS (Biochrom), 0.1mM f3-
mercaptoethanol (Gibco, Life Technologies), 1% non-essential amino acids (NEAA)
and 1% penicillin/streptomycin (Sigma-Aldrich). IPCCs were generated and cultured
as described before °. All cell lines were cultured in a humidified incubator at 37°C
and 5 % CO,. Cell lines were sub-cultured every 3-5 days as soon as they reached
around 80 % confluency.

Resistant cell lines

Resistant cells were generated by gradually increasing the concentration of the
inhibitor in the culture medium. Hence only the resistant subpopulation continued
growing. A375res cells (5 uM vem resistant cells) were kindly provided by Prof. Dr.
David Proia (Synta Pharmaceuticals Corp., Lexington, Massachusetts) and SK Mel
28res cells were a kind gift from Prof. Dr. Joon Kim (Graduate School of Medical
Science and Engineering, KAIST, Daejeon, Korea).

Cell viability assay

Melanoma cells were seeded in flat bottom 96-well plates (Gibco Life Technologies)
at a density of 2500-5000 cells/well depending on the cell line and growth properties.
At the following day, the cells were treated with different concentrations of vem

(pIx4032), pIx8394 or pIx7904 (all Selleck Chemicals), respectively, at the indicated
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doses. To compare the sensitivity to vem with the sensitivity to a combination of vem
and PP2 (Src kinase inhibitor dissolved in DMSQO) or vem and BP-1-102 (STAT3
inhibitor dissolved in DMSO), 50 uM of PP2 or 13.5 pM of BP-1-102 50 yM of PP2 or
the same volume of DMSO were added to the different concentration of vem. After
72h of treatment, Alamar blue (10 % of the culture medium volume) was added and
after 3 2 h of incubation at 37°C the fluorescence was measured at an emission
wavelength of 535 nm and an excitation wavelength of 590 nm, using a SpectraMax
M5 microplate reader (Tecan, Mannedorf, Switzerland).

Inhibitor treatment

2x10° cells (for SK Mel 28 5x10* were used) were seeded in flat bottom 6-well plates
(Gibco Life Technologies) and after attaching (within hours) they were treated with
the inhibitor as indicated or the respective volume of solvent for control. The cells
were incubated for 6 h, 24 h, 48 h, 72 h and 96 h and afterwards, RNA was isolated
for gPCR analysis.

In case of the Src inhibitor PP2 (Selleckchem, Munich, Germany) the cells were
seeded one day before the 72 h treatment with 50 uM PP2 or DMSO as control.

For the STAT3 inhibitor BP-1-102 (Merck Millipore) 1x10° cells were seeded in a 10
cm dish one day prior to treatment. After 24h treatment with either DMSO, vem [3
pM], BP-1-102 [15 uM] or vem [3uM] + BP-1-102 [15 uM] or PP2 [50 uM] or PP2 [50
pMM] + vem [3 pM] the cells were harvest and lysed. Dasatinib (Biovision) was used in
the same experimental setup at a concentration of 100 nM.

Transduction with lentiviral particles

HEK293T cells were used for lentiviral particle production. HEK 293T cells were
grown to approximately 60 % confluency before transfection. For transfection, 11 pg
of the plasmid containing the gene/ shRNA of interest was mixed with the packaging

plasmids VSV-G (5.5 pg) and pCMV-dR 8.91 (8.25 ug) in DMEM and X-treme
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GENE® (Roche) solution. After 30 min of incubation at room temperature, the
mixture of DNA, X-treme GENE and DMEM was added to HEK293T producer cells.
After 12h, the supernatant was discarded. After another 12, 24, 36 h the supernatant
containing the virus particles was collected and the virus particles were concentrated
by ultracentrifugation. The concentrated virus was used to infect the melanoma cells.
24h after the first infection the melanoma cells were re-infected with the same virus in
fresh medium and after 48h of transduction, the cells were washed twice with PBS
and then cultured in their culturing medium. In order to select for transduced cells,
cells were selected for 3 days in medium containing 0.8 pug/ml of puromycin or 15
pg/ml iblasticidin.  The following plasmids were used: Plasmid SOX2 OE: Plasmid
#16577 (Addgene); Plasmids shRNA Plasmid shRNA SOX2: KD 1:
TRCNO0000231642; KD 2: TRCN0000257314; KD 3: TRCNO0000355694; KD 4:
TRCNO0000231642; TRCN0000257314 TRCN0000355694 (Sigma); CD24 Plasmid:
HsCD00418330 (Harvard Medical School,
https://plasmid.med.harvard.edu/PLASMID/Home.xhtml).

Lipofectamine transfection

Cells were seeded to 60-80 % confluency and the siRNA transfection using
Lipofectamine™ RNAIMAX Transfection Reagent (Thermo Fisher Scientific) was
performed as per the manufacture’s protocol. The cells were incubated for 72h before
use in further experiments. siRNAs were obtained from Eurofins Genomics GmbH.
The following siRNA were used according to 2°. Control siRNA GFP: 5'-GGC CAG
GUC CAG CAG CGC ACC UU-3'; siRNA CD24: 5'-ACA ACA ACU GGA ACU UCA
AUU-3'. Transduction efficacy was monitored by gqPCR and Western Blot analysis.
Luciferase assay

CD24 promoter constructs pCD24-1896 and the respective pGL4.51 control vector

were a kind gift of Dan Theodoresu (UC Denver, Colorando, USA). The renilla
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plasmid pAAV psi2 2° and the empty vector control pGL4.10 were a kind gift of Holger
Sultmann (NCT, Heidelberg, Germany). In addition, the cells were co-transfected with
the SOX2 OE construct (Addgene #16577) or empty vector as control. One day
before transfection 5x10° cells were seeded in flat bottom 96-well plates. At the next
day, the cells were transfected with 100 ng total plasmid DNA. Thus, 66 ng of the
firefly plasmids as well as 33 ng of the SOX2 OE or EV plasmid were transfected.
Co-transfection with 1 ng renilla luciferase plasmid served as a transfection efficiency
control. After 48h, firefly and renilla luciferase levels were determined by Dual-Glo®
Luciferase Assay System (Promega) according to the manufacturer’s instructions.
Luciferase activity was normalized to renilla activity. Activities were calculated as the
Relative Response Ratio (RRR) whereby the positive control pGL4.51 was 100 %.
Immunoprecipitation (IP)

Immunoprecipitation of CD24 was performed by lysing the cells of interest with 1x
NP40 lysis buffer for 30 min on ice followed by 10 min full speed centrifugation. The
antibody (SWA11, 5 ug) was added to the supernatant and incubated for 1h in a
rotating wheel at 4 °C. Next, the antibody lysate mix was added to agarose G beads
and incubated for 30 min at 4 °C under rotation. After washing the beads, sample
buffer was added and the samples were cooked for 5 min at 95 °C. A western blot
was run to visualize the result. To ensure an equal input, a small aliquot of the lysate
was saved to serve as loading control.

Tissue microarray (TMA) staining

Tumor samples of melanoma patients were used to prepare TMA-slides as reported
before 2. Briefly, tissue punshes of metastatic melanoma patient samples were
collected and fixed in formalin and afterwards embedded in paraffin to obtain a TMA.
After cutting the TMA was overnight incubated with primary antibody. Next, the slides

were washed in TBS-T and secondary antibody staining (Dako EnVisionTM +
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System-HRP; AEC K4009) was performed according to the manufacture’s protocol.
The samples were counterstained with H&E and mounted (Dako S3025). To ensure
that the analyzed regions contained tumor cells, the tumor cells were visualized by
S100B. The sections were examined in a blinded setup by two individuals. As scoring
critira the quantity and the intensity of the staining were used whereby a low score
demonstrates a low quantity/ intensity and a high score a high quantity/ intensity of
the staining. The following antibodies were used to stain the TMA-slides: SOX2rb
(ab97959 Abcam) 1:100; CD24ms (Sn3b, Thermo Fisher scientific) 1:50.

Statistical analysis

All_statistics were performed using GraphPad Prism (GraphPad Software) and
statistical tests were performed on at least 3 independent experiments if not indicated
differently. Only the microarray data were statistically analysed using Chipster.
Additional Methods

These additional Methods can be found in the supplement:

RNAisolation, cDNA synthesis, gPCR, Protein isolation, Westernblot, Fluorescence-

activated cell sorting (FACS) and Microarray gene expression profiling
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Results

SOX2 and CD24 is up-regulated in melanoma iPCCs and after treatment with
MEK/BRAF inhibitors

In a previous study, we have shown that iPCCs generated from melanoma cells by
stable reprogramming with the transcription factors OCT4, KLF4, and SOX2 are more
resistant towards targeted therapy (MEK and BRAF inhibitors) than their parental
counterpart ©. Using microarray expression data, we observed that SOX2 and CD24
were significantly increased in iPCC-HT144 in comparison to the parental HT144
cells (Fig.1A). A high expression level of SOX2 was expected as it is a crucial
pluripotency factor that is part of the iPCC vector used for the reprogramming of
melanoma cells ©. Importantly, when comparing this data set with genes changed
after 24h of vem treatment of A375 cells, SOX2 and CD24 were also significantly
upregulated (Fig.1B). Therefore, the role of SOX2 and CD24 in adaptive resistance
became the focus of our work. Further experiments, in which A375, HT144 and SK
Mel 28 cells were treated for various time periods, confirmed that the treatment with
BRAFi led to a significant increase in SOX2 and CD24 expression as detected by
RT-PCR analysis (Fig. 1C, D, and suppl. Fig.1A-D). Although mRNA levels were
fluctuating over time, the vem treatment leads to a robust upregulation of SOX2 and
CD24 at the protein level (Fig. 1E). Similar results were obtained with BRAFis

pIx8394 and pIx7904 (suppl. Fig. 2A and B)

Additional experiments using cytofluorographic analysis and Annexin-V staining to
detect apoptotic cells revealed that the vem-mediated upregulation of CD24 was due
to induction of expression rather than the result of selective killing of CD24 negative

cells (suppl. Fig. 3).

As the combination treatment with MEK and BRAF inhibitors is state of the art in
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melanoma therapy, A375 cells were also treated with a combination of both drugs.
Again, a significant increase in SOX2 and CD24 expression was noted at the mRNA
level (suppl. Fig. 1E). Collectively, these data suggest that the induced expression of

SOX2 and CD24 might play a role in adaptive resistance.

SOX2 regulates the expression of CD24

We next investigated the relationship between SOX2 and CD24 expression. For this,
we overexpressed SOX2 in the melanoma cell lines A375 and SK Mel 28 (Fig. 2A
and suppl. Fig 4A) and examined subsequently the level of CD24 expression. We
observed a significant increase of CD24 expression on both mRNA and protein level
upon SOX2 OE (Fig. 2B and suppl. Fig. 4B and C).

To corroborate these data in clinical samples from patients with metastatic
melanoma, we analyzed a TMA of 60 tissues by IHC for SOX2 and CD24 expression.
We noticed a significant positive correlation (r=0.4; p= 0.004 ) between SOX2 and
CD24 expression (Fig.2C).

To investigate if there is a direct regulation of CD24 by SOX2 at the transcriptional
level, we examined the CD24 promoter for possible SOX2 binding sites. Indeed,

using the JASPAR prediction tool (http://jaspar.genereg.net) we identified 6 putative

binding sites for SOX2 in the CD24 promoter as displayed in Fig. 2D. To examine if
SOX2 directly binds to these sites, we made use of a CD24-promoter luciferase
construct published elsewhere 2 This construct comprises the whole promoter
upstream of the luciferase gene as displayed in Fig. 2D. Transient SOX2
overexpression in HEK293T cells that were also transfected with the CD24 promoter-
luciferase reporter plasmid showed strongly augmented luciferase activity compared

to the same cells carrying an empty vector control plasmid (Fig. 2E and F). Similar

John Wiley & Sons, Inc.
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results albeit not significant due to the low transfection efficacy were obtained in
A375 melanoma cells (Fig.2G and H).

Our results are consistent with published data on the overexpression of SOX2 in
human embryonic stem cells and human skin fibroblasts 2 *. CHIP-Seq analysis 48
h post induction revealed binding of SOX2 to the CD24 promoter in position -1342
from the transcription start site 2 *°. These additional results make it quite likely, that

SOX2 activates CD24 expression by binding to this site indicated in Fig. 2D.

SOX2 or CD24 overexpression augments resistance towards vemurafenib and
induces activation of Src and STAT3

We asked whether an increased expression level of SOX2 would alter the resistance
towards vem treatment. Using A375 and SK Mel 28 melanoma cells, there was a
significant increase in the IC50 value in SOX2-overexpressing cells compared to
vector control cells (A375: EV mean IC50= 165 nM, SOX2 OE mean= 269 nM; p
value= 0.045 (Fig.3 A) and SK Mel 28: EV mean IC50= 234 nM, SOX2 OE mean=
350 nM, p-value=0.02 (suppl. Fig. 4D)).

We hypothesized that CD24 might be involved in this process. Previous work in
human carcinoma cells had shown that forced overexpression of CD24 increases
activity of Src and STAT3 %°. We argued that the SOX2-mediated upregulation of
CD24 might cause a similar effect in melanoma cells. Indeed, upon SOX2 OE in
A375 cells (Fig. 3C) or SK Mel 28 (suppl. Fig. 4C) we observed an increased
phosphorylation of Src, STAT3 and ERK that could be related to the increased
resistance towards BRAFi. Importantly, OE of CD24 in A375 cells showed very
similar results (Fig. 3B and D, suppl. Fig. 4E and F) whereas an activation of Src, but
not STAT3, together with increased resistance to vem was also noted in SK Mel 28

cells (suppl. Fig. 4G and H).
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Importantly, the Src kinase inhibitor PP2 lead to a significant decrease of the IC50
values in the more vem-resistant SOX2 or CD24 OE A375 cells (Fig. 3E, right panel).
Noteworthy, PP2 blocked the phosphorylation of Src but did not affect the
phosphorylation of STAT3 (Fig.3E, left panel). Similar results were obtained when
dasatinib instead of PP2 was used (suppl. Fig 5).

In contrast, the vem-induced phosphorylation of STAT3 was blocked in the presence
of the STAT3-specific inhibitor BP-1-102 but was not affected in the presence of PP2
(Fig. 3F left panel). Similar to Src inhibition, the inhibition of STAT3 using BP-1-102
decreased the IC50 value in the more vem-resistant SOX2 or CD24 OE A375 cells
(Fig. 3F right panel).

Thus, the results obtained here suggest that the activation of STAT3 is not
dependent on Src phosphorylation. The data are also compatible with previous
findings demonstrating that the inhibition of Src can overcome BRAFi resistance ' 2.

Collectively, our results indicate that SOX2 plays a role in the resistance towards vem

by augmenting the activity of the CD24-Src/STAT3 signalling pathway.

SOX2 or CD24 knock-down result in a higher sensitivity towards BRAFis

To further analyze the impact of SOX2 in cell viability and BRAFi resistance, we
stably KD its expression via shRNA and several clones (KD1-4) showing SOX2
depletion were established (Fig. 4A and suppl. Fig.7A and B). SOX2 KD in A375 (Fig.
4B), Sk Mel 28 (suppl. Fig. 7A) or HT144 (suppl. Fig. 7B) that all represent BRAF
mutant cell lines, showed a higher sensitivity towards BRAFis with a lower IC50 value
than the respective empty vector control cells. In addition, we examined the effect of
CD24 KD on cell viability. As in A375 as well as SK Mel 28 cells the endogenous
expression of CD24 is very low we used A375 SOX2-overexpressing cells which

showed a high expression of CD24 (suppl. Fig. 6) to perform CD24 KD experiments.

John Wiley & Sons, Inc.
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We found that the KD of CD24 in SOX2-overexpressing cells resulted in an increased
sensitivity towards BRAFis (Fig. 4C and suppl. Fig. 7C). The corresponding viability
curves to all viability experiments are shown in suppl. Fig. 8.

Furthermore, the KD of CD24 in A375 SOX2-overexpressing cells showed a reduced
activation of Src and STAT3 confirming earlier results in carcinoma cells % also in
melanoma cells (Fig. 4D). Taken together, these results suggest that in melanoma
cells SOX2 and CD24 play an important role in conferring BRAFi resistance via

regulating Src and STAT3 activity.

STAT3 activation is required for SOX2 induction

STAT3 is a transcription factor that following phosphorylation at tyrosine 705
dimerizes and translocates to the nucleus, where it binds to target genes and
promotes transcription 3 We asked whether STAT3 was involved in the induction of
SOX2 by vem treatment. Indeed, we noticed that the phosphorylation of STAT3 was
an early event and detectable already 6 h after onset of treatment (Fig. 5A). In the
presence of the STAT3 inhibitor BP-1-102 the vem-induced upregulation of CD24
and SOX2 were diminished on the protein level (Fig.5B) and on the mRNA level (Fig.
5C and D). Our data clearly suggested, that STAT3 activation is required for the
induction of SOX2 expression in A375 melanoma cells. A similar regulation of SOX2
by STAT3 in neural precursor cells * and the binding of STAT3 to the SOX2

promoter in melanoma cells were shown before %,

SOX2 has no major role in acquired therapy resistance
To examine whether SOX2 plays a role in acquired resistance, the SOX2 expression
in cell'lines showing established resistance (A375 res, HT144 res and SK Mel28 res

cells) to targeted therapy was analyzed. We observed that SOX2 expression was not

John Wiley & Sons, Inc.
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permanently upregulated in the resistant cell lines (suppl. Fig. 9 A-C). Only in one cell
line (HT144 res), there was increased expression of SOX2. While in most of the cell
lines SOX2 expression remained unchanged, in resistant SK Mel 28 cells it was even
downregulated. We also did not observe any correlation between SOX2 and CD24
expression in resistant cell lines (data not shown).

Much in contrast, ERK phosphorylation was high in all resistant cell lines (suppl. Fig.
8D). Previous findings by others also showed that SOX2 was unchanged in BRAFi
resistant cell lines '3. Overall, these data demonstrate that SOX2 is most likely

important in adaptive but not in acquired resistance.
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Discussion
In the present work we show that i) SOX2 and CD24 were upregulated upon short-

term BRAFi treatment in melanoma cells and a similar upregulation was observed in
targeted therapy resistant iPCCs; ii) a positive correlation between SOX2 and CD24
expression was observed by IHC in tissue sections of metastatic melanoma
specimens; iii) SOX2 could directly bind and activate the CD24 promoter as revealed
in luciferase reporter assays; iv) overexpression of SOX2 led to an increase in
resistance towards BRAFi which was prevented by CD24 KD; v) CD24
overexpression could mimic the effect of SOX2 overexpression; vi) SOX2 KD
resulted in a similarly decreased resistance towards BRAFis; vii) activated STAT3 is
required for the induction of SOX2 expression forming a feedback loop. We suggest
that the regulation of Src and STAT3 activity by SOX2 via CD24 is a novel
mechanism of adaptive resistance towards BRAFis in melanoma cells. Our findings
are summarized as a model in Fig. 6.

Several studies have shown that CD24 and SOX2 are associated with a more
undifferentiated and more cancer stem cell-like phenotype " % 3. Both SOX2 and
CD24 have also been linked to an increased therapy resistance ***'. This is in line
with our data demonstrating that in melanoma cells an increased expression level of
SOX2 or CD24 resulted in a higher tolerance towards BRAFis, while the depletion of
SOX2 via KD showed higher sensitivity. Similarly, the KD of CD24 in the more drug
resistant SOX2 OE cells led to a restoration of sensitivity. These findings indicate that
SOX2 expression induced a higher resistance towards BRAFis via the upregulation
of CD24, since overexpression of CD24 showed the same effect as SOX2
overexpression. Previous work had demonstrated that CD24 has an influence on
oncological properties such as cell proliferation and survival via an increased activity

of Src and STAT3 ?* 2°. We, therefore, speculated that the upregulation of Src and
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STAT3 activity might be the reason for the SOX2/ CD24 associated resistance.
Indeed, cells overexpressing SOX2 showed a higher activity of Src and STATS.
These results are in good agreement with the study of Wang et al. showing that
SOX2 regulates the activity of Src in ovarian cancer *%. In addition, we could show
that Src inhibition could overcome the SOX2-dependent resistance towards vem.
This is consistent with recent studies showing that Src inhibition can overcome
resistance by Girotti et al. 3" 3. Furthermore, we could show that a KD of CD24
resulted in a decreased activity of Src and STAT3 and CD24 overexpression
activated Src and STAT3, confirming the study of Bretz et al. ?° for malignant

melanoma. Interestingly, several studies **°

showed that STAT3 activation plays an
important role in resistance. Lee et al. observed that CD24 drives tumor initiation via
STAT3 * and Wang et al. showed that CD24 can regulate the MAPK pathway,
demonstrating the importance of CD24 in tumor cell survival and proliferation 4
Additionally, we could show that more resistant SOX2 and CD24 OE cells are still
sensitive to STAT3 inhibition. This is in good agreement with the study of Liu et al. *®
demonstrating that STAT3 inhibition can overcome resistance towards targeted
therapies.

Are .the activation of Src and STAT3 interrelated? Bretz et al. have shown in
carcinoma cells that CD24 KD impaired STAT3 phosphorylation and similar results
were obtained when Src was depleted %5 The authors suggested that Src was the
kinase linking CD24 to the activation of STAT3. Similar findings were presented by
Niu et al. for malignant melanoma 4 In contrast, in our experiments, we did not
observe any effect of the Src kinase inhibitors PP2 or dasatinib on the vem-mediated
phosphorylation of STAT3. Likewise, in A375 SOX2 OE cells that showed strong

STAT3 activation the PP2 treatment did not alter this status. In addition, we could

observe an upregulation of STAT3 already after 6 h of vem treatment while Src was
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only activated after 96 h of vem treatment (data not shown). Interestingly, in SK Mel
28 cells the OE of CD24 leads to the activation of Src but not of STAT3 (suppl. Fig.
4G).. Thus, we conclude that in our melanoma cell line model Src is not the kinase
driving activation of STAT3. A recent study on colorectal cancer has shown that
Hsp90 can serve as a signal-transmitting link between CD24 and STAT3 2.

We show that early activation of STAT3 is required to obtain an increased expression
of SOX2. This initial STAT3 activation might be due to secreted factors as suggested
by Ohanna et al. showing that the secretome of senescent melanoma cells drives
basal melanoma cells towards a mesenchymal phenotype and activates the STAT3
pathway “°. Pietrobono showed that Gentian violet (GV), a cationic triphenylmethane
can repress melanoma stem cell self-renewal through inhibition of SOX2 3. The
authors suggested that GV suppressed STAT3 activation through an EGFR-
dependent mechanism % Thus, it is quite possible that diverse signalling pathways
can lead to STAT3 activation which in turn can trigger SOX2 expression. It is
becoming clear that feedback activation of STAT3 plays a prominent role in
mediating drug resistance to a broad spectrum of targeted cancer therapies and

chemotherapies including melanoma.

A recent study by Fallahi-Sichani has shed some new light on the cellular response
to vem in melanoma 8. It was shown on a single-cell level that the exposure of tumor
cells to BRAFi caused a heterogeneous response in which some cells die, some
arrest, and the remainder adapt to the drug. Drug-adapted cells upregulate markers
of the neural crest (e.g., NGFR), a melanocyte precursor, and grow slowly. Additional
analysis showed that drugs targeting the c-Jun/ECM/FAK/Src cascade can increase
the. maximum effect of BRAFi by promoting cell killing. Thus, the analysis at the

single-cell level identifies signaling pathways and inhibitory drugs missed by assays
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that focus on cell populations 8,

Finally, a limitation of our study is that SOX2 apparently does not play a major role in
acquired resistance. This conclusion is based on our observation that in the
established vem-resistant cell lines HT144 res, A375 res and SK Mel 28 res SOX2
expression was not permanently upregulated and vem exposure could not upregulate
SOX2 anymore. (suppl. Fig. 9). In contrast, ERK phosphorylation was high in all
resistant cell lines. Our observations are in agreement with a recent publication
demonstrating that SOX2 has no oncogenic function during melanoma development
and is not required for the acquisition of resistance to BRAFi treatments 13,
Therefore, we conclude that SOX2-mediated upregulation of CD24 and the activation
of Src and STAT3 are only instrumental in establishing resistance shortly after the

start of vem treatment. It most likely acts as an emergency plan to rescue many

cancer cells from death induced by BRAFi treatment.

Taken together, our work helps to dissect the various steps involved in vem-
resistance induction, focusing on adaptive resistance. We suggest that BRAFi
treatment leads to an increase in STAT3 activation shortly after treatment which
promotes SOX2 expression. The increase in SOX2 expression further upregulates
the expression of CD24 that activates Src/STAT3 pathways leading to increased cell
survival. Hence, to prevent adaptive resistance in clinical settings it might be
beneficial to use Src or STAT3 inhibitors together with MAPK pathway inhibitors in
order to block this escape pathway. Another option might be to target CD24 with mAb
which has been shown to result in decrease Src and STAT3 activation in xenograft

tumor models®.
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Legends to Figures

Figure 1: SOX2 and CD24 are highly upregulated in BRAFi resistant melanoma
iPCCs and in short-time BRAF:i treated melanoma cells

A: Microarray data from iPC-HT144 cells in comparison to the parental HT144 cells
show a significant upregulation of SOX2 and CD24 in the iPCCs (fold change in log2
scale). Next 2 graphs show validation of microarray data by qPCR. gPCR data are
shown as the relative expression level of mRNA, normalized to 18S (n=2). B:
Microarray data from A375 treated for 24h with 3 uM vem or the corresponding
amount of DMSO show significant upregulation of SOX2 and CD24 after vem
treatment. C: SOX2 is significantly upregulated after different time periods of BRAFi
(vem, pIx8394, pIx7904) treatment [3 uM] in A375 cells. D: CD24 is significantly
unregulated after treatment with BRAFi in A375 cells. E: The Expression of SOX2
and CD24 under vem treatment was analysed by western blot at different time points
as indicated. SOX2 and CD24 expression is highly increased after vem treatment. (p

<0.05* p<0.01* p<0.001*)

Figure 2: CD24 is regulated by SOX2 and their levels are correlated in
metastatic melanoma patient samples

A: Validation of SOX2 overexpression (OE) in A375 cells by gPCR showing relative
expression level of mMRNA, normalized to 18S and on protein level in WB. EV= empty
vector B: g°PCR and WB demonstrating an increased expression of CD24 in A375
SOX2 OE cells. C: Left: IHC staining of a TMA of metastatic melanoma stained for
SOX2, CD24 and S100pB as indicated. The inlay shows the same sample at a higher

magnification. The top row shows an example for a low score of SOX2 and CD24
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while the sample for sure contains tumor cells as demonstrated by S1008. The lower
row shows a TMA sample highly positive for SOX2 and CD24 while S10083
demonstrate the presents of tumor cells. Right: Pearson’s correlation analysis of
CD24 and SOX2 IHC reveal positive correlation of SOX2 and CD24 expression
levels in metastatic melanoma samples of patients. D: Schematic drawing of CD24
promotor with its potential SOX2 binding sites followed by the luciferase reporter as it
is used in the luciferase assay. The most likely binding site due to ChiPseq data is
circled. The plasmids were transiently transfected into HEK and A375 cells either
together with a SOX2 OE plasmid or an EV control for 48 h. The CMV promotor
served as positive control and the pGL4.10 empty vector was used as negative
control. E: Transient OE of SOX2 in HEK cells validated by qPCR. F: The luciferase
activity dependent on the SOX2 expression level was measured and all were
normalized to the Renilla luciferase activity. The Relative Response Ratio (RRR) is
significantly higher in the SOX2-overexpressing cells. G: Transient SOX2 OE in A375
cells as validated by qPCR. H: The RRR is slightly increased in A375 cells
overexpressing SOX2 in comparison to EV control cells. (p < 0.05 *; p < 0.01 **; p <

0.001 ***)

Figure 3: Upregulation of SOX2 or CD24 goes along with increased resistance
towards BRAFi and activation of Src, STAT3 and ERK

A: A375 SOX2 OE cells show a higher IC50 than empty vector (EV) control cells and
are therefore less sensitive towards vem. B: A375 CD24 OE cells show a higher IC50
when compared to EV control cells. Therefore these cells can tolerate a higher

concentration of vem C: WB showing an increased activation of Src, STAT3, and
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ERK in SOX2-overexpressing A375 cells. D: CD24 overexpression in A375 results in
an increased activation of Src, STAT3 and ERK. E: A375 SOX2 OE cells were
stimulated with PP2 [50 uM], an inhibitor of Src. WB showing Src inactivation but no
changes in STAT3 activation. Treatment of A375 SOX2 OE or A375 CD24 OE cells
with PP2 [50 uM] in addition to vem leads to a decreased IC50. F: Left: STAT3 is
activated by vem [3 uM] and can be inhibited by BP-1-102 [15 uM] but not by PP2 [50
MM]. Right: the more resistant A375 SOX2 OE/ CD24 OE cells can still be killed by
the STAT3 inhibitor BP-1-102 as demostrated by the lower IC50 value of the in

addition to vem with BP-1-102 treated cells. (p < 0.05 *; p < 0.01 **; p < 0.001 ***)

Figure 4: KD of SOX2 or CD24 causes a higher sensitivity towards BRAFi
treatment

A: WB demonstrating that the shRNA-mediated KD of SOX2 in A375 cells is
effective. B: A375 cells with a KD of SOX2 show a higher sensitivity towards vem. C:
SsiRNA KD of CD24 in A375 SOX2 OE cells results in a decreased resistance towards
vem as shown by the lower IC50 in the CD24 KD cells. D: siRNA KD of CD24 leads
to a.decreased activation of Src and STAT3 in A375 SOX2 OE cells. (p < 0.05*; p <

0.01**; p < 0.001 ***)

Figure 5: STAT3 activation by vem is essential for increased SOX2 and CD24
expression

A: WB of A375 treated for the indicated times with 3 uM vem or DMSO as control.
The STAT3 activation is depicted by pSTAT as well as the total STAT3 level as
detected by WB as shown. B: WB of A375 treated for 24h with DMSO, vem [3 uM],

BP-1-102 [15 pM], vem [3 uM] + BP-1-102 [15 pM]. The WB demonstrats the
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increased STAT3 activation upon vem treatment can be inhibited in the presence of
the STATS3 inhibitor BP-1-102. Furthermore, the vem induced SOX2 and CD24
expression is reduced if the STATS3 inhibitor is present in addition to vem. C/D: gPCR
data which confirming the WB results for SOX2 and CD24 on the mRNA level. gPCR
showing relative expression level of mMRNA, normalized to 18S. (p < 0.05 *; p < 0.01

" p<0.001**)

Figure 6: Schematic overview of the SOX2 and CD24-mediated adaptive
resistance

The treatment with BRAFi leads to an activation of STAT3 that induces a higher
expression of SOX2. SOX2 promotes the expression of CD24 by binding to its
promotor. The increased CD24 expression causes a higher Src and STAT3 activation
contributing to cell survival. STAT3 may act as an autocrine stimulus for further SOX2

expression.
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Figure 1: SOX2 and CD24 are highly upregulated in BRAFi resistant melanoma iPCCs and in short-time
BRAFi treated melanoma cells
A: Microarray data from iPC-HT144 cells in comparison to the parental HT144 cells show a significant
upregulation of SOX2 and CD24 in the iPCCs (fold change in log2 scale). Next 2 graphs show validation of
microarray data by qPCR. gPCR data are shown as the relative expression level of mRNA, normalized to 18S
(n=2). B: Microarray data from A375 treated for 24h with 3 yM vem or the corresponding amount of DMSO
show significant upregulation of SOX2 and CD24 after vem treatment. C: SOX2 is significantly upregulated
after different time periods of BRAFi (vem, pIx8394, pIx7904) treatment [3 uM] in A375 cells. D: CD24 is
significantly unregulated after treatment with BRAFi in A375 cells. E: The Expression of SOX2 and CD24
under vem treatment was analysed by western blot at different time points as indicated. SOX2 and CD24
expression is highly increased after vem treatment. (p < 0.05 *; p < 0.01 **; p < 0.001 **%*)
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Figure 2: CD24 is regulated by SOX2 and their levels are correlated in metastatic melanoma patient samples
A: Validation of SOX2 overexpression (OE) in A375 cells by gqPCR showing relative expression level of mRNA,
normalized to 18S and on protein level in WB. EV= empty vector B: gPCR and WB demonstrating an
increased expression of CD24 in A375 SOX2 OE cells. C: Left: IHC staining of a TMA of metastatic melanoma
stained for SOX2, CD24 and S100pB as indicated. The inlay shows the same sample at a higher
magnification. The top row shows an example for a low score of SOX2 and CD24 while the sample for sure
contains tumor cells as demonstrated by S100B. The lower row shows a TMA sample highly positive for
S0OX2 and CD24 while S100B demonstrate the presents of tumor cells. Right: Pearson’s correlation analysis
of CD24 and SOX2 IHC reveal positive correlation of SOX2 and CD24 expression levels in metastatic
melanoma samples of patients. D: Schematic drawing of CD24 promotor with its potential SOX2 binding
sites followed by the luciferase reporter as it is used in the luciferase assay. The most likely binding site due
to ChlIPseq data is circled. The plasmids were transiently transfected into HEK and A375 cells either together
with a SOX2 OE plasmid or an EV control for 48 h. The CMV promotor served as positive control and the
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pGL4.10 empty vector was used as negative control. E: Transient OE of SOX2 in HEK cells validated by
gPCR. F: The luciferase activity dependent on the SOX2 expression level was measured and all were
normalized to the Renilla luciferase activity. The Relative Response Ratio (RRR) is significantly higher in the
SOX2-overexpressing cells. G: Transient SOX2 OE in A375 cells as validated by gPCR. H: The RRR is slightly
increased in A375 cells overexpressing SOX2 in comparison to EV control cells. (p < 0.05 *; p < 0.01 **; p
< 0.001 **%*)
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Figure 3: Upregulation of SOX2 or CD24 goes along with increased resistance towards BRAFi and activation
of Src, STAT3 and ERK
A: A375 SOX2 OE cells show a higher IC50 than empty vector (EV) control cells and are therefore less
sensitive towards vem. B: A375 CD24 OE cells show a higher IC50 when compared to EV control cells.
Therefore these cells can tolerate a higher concentration of vem C: WB showing an increased activation of
Src, STAT3, and ERK in SOX2-overexpressing A375 cells. D: CD24 overexpression in A375 results in an
increased activation of Src, STAT3 and ERK. E: A375 SOX2 OE cells were stimulated with PP2 [50 uM], an
inhibitor of Src. WB showing Src inactivation but no changes in STAT3 activation. Treatment of A375 SOX2
OE or A375 CD24 OE cells with PP2 [50 uM] in addition to vem leads to a decreased IC50. F: Left: STAT3 is
activated by vem [3 uM] and can be inhibited by BP-1-102 [15 pM] but not by PP2 [50 uM]. Right: the more
resistant A375 SOX2 OE/ CD24 OE cells can still be killed by the STAT3 inhibitor BP-1-102 as demostrated
by the lower IC50 value of the in addition to vem with BP-1-102 treated cells. (p < 0.05 *; p < 0.01 **; p <
0.001 ***)
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Figure 4: KD of SOX2 or CD24 causes a higher sensitivity towards BRAFi treatment
A: WB demonstrating that the shRNA-mediated KD of SOX2 in A375 cells is effective. B: A375 cells with a
KD of SOX2 show a higher sensitivity towards vem. C: siRNA KD of CD24 in A375 SOX2 OE cells results in a
decreased resistance towards vem as shown by the lower IC50 in the CD24 KD cells. D: siRNA KD of CD24
leads to a decreased activation of Src and STAT3 in A375 SOX2 OE cells. (p < 0.05 *; p < 0.01 **; p <
0.001 ***)
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Figure 5: STAT3 activation by vem is essential for increased SOX2 and CD24 expression
A: WB of A375 treated for the indicated times with 3 uM vem or DMSO as control. The STAT3 activation is
depicted by pSTAT as well as the total STAT3 level as detected by WB as shown. B: WB of A375 treated for
24h with DMSO, vem [3 uM], BP-1-102 [15 yM], vem [3 puM] + BP-1-102 [15 uM]. The WB demonstrats the
increased STAT3 activation upon vem treatment can be inhibited in the presence of the STAT3 inhibitor BP-
1-102. Furthermore, the vem induced SOX2 and CD24 expression is reduced if the STAT3 inhibitor is
present in addition to vem. C/D: qPCR data which confirming the WB results for SOX2 and CD24 on the
mRNA level. gPCR showing relative expression level of mMRNA, normalized to 18S. (p < 0.05 *; p < 0.01 **;
p < 0.001 ***)
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Figure 6: Schematic overview of the SOX2 and CD24-mediated adaptive resistance
The treatment with BRAFi leads to an activation of STAT3 that induces a higher expression of SOX2. SOX2
promotes the expression of CD24 by binding to its promotor. The increased CD24 expression causes a
higher Src and STAT3 activation contributing to cell survival. STAT3 may act as an autocrine stimulus for
further SOX2 expression.
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