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Abstract

Abstract

Alternative splicing of BRAF mRNA can provide a resistance
mechanism to BRAF and MEK inhibitors that has been described
mostly in BRAF-mutant melanoma. The mechanisms underlying the
production of a variety of BRAF mRNA isoforms, e.g., the BRAF3-

9 (which lacks exons 4 to 8), remain poorly understood.

Analysis of RNA-seq from melanoma samples identified for the first
time BRAF mRNA isoforms associated with resistance in wild type
BRAF and in treatment-naive melanoma samples. Using minigene
assays and whole-genome sequencing, we have reasonably rule out a
contribution of single-nucleotide sequence variants (such as intronic
mutations) in the generation of these isoforms. Using a CRISPR-
Cas9 knockout screen, we have identified genetic vulnerabilities
related to splicing and chromosome dynamics in melanoma cells, but
not splicing factors particularly involved in the generation of

BRAF3-9.

Importantly, we have identified large intragenic deletions as the
underlying mechanism for the production of BRAF3-9 and BRAF1-
9 isoforms, suggesting that this can be a general mechanism for the

production of resistance-associated mRNA variants in melanoma.
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Resumen

Resumen

El splicing alternativo del ARNm de BRAF es un mecanismo de
resistencia a los inhibidores de BRAF y MEK descrito
principalmente en melanomas que presentan mutaciones en BRAF.
Los mecanismos moleculares responsables de la produccion de las
distintas isoformas de ARNm de BRAF descritas no se conocen

profundidad.

Gracias al andlisis de RNA-seq de muestras de melanoma hemos
identificado por primera vez isoformas de BRAF que han sido
asociadas con la adquisicion de resistencia en muestras con BRAF no
mutado y que no habian recibido tratamiento. Utilizando minigenes
y secuenciacion gendémica, hemos podido descartar razonablemente
la contribucion de sustituciones de nucledtido en la secuencia
gendmica de BRAF como responsables de la generacion de estas
isoformas. Un screening masivo de knockout génico mediante
CRISPR-Cas9 nos ha permitido identificar vulnerabilidades génicas
en células de melanoma relacionadas con splicing y dinamica de
cromatina, pero no factores de splicing implicados especificamente

en la generacion de BRAF3-9.

De especial relevancia, hemos identificado deleciones intragénicas
de gran tamafio como el mecanismo responsable de la produccion de
las isoformas BRAF3-9 y BRAF1-9, lo que sugiere que éste puede
ser un mecanismo general para la produccion de isoformas de mRNA

asociadas con la adquisicion de resistencia en melanoma.
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Preface

Preface

Although BRAF and MEK inhibitors demonstrated unprecedented
response rates in BRAF-mutant melanoma, treatment failure occurs
in approximately 50% of patients within the first year, due to the
development of different mechanisms of resistance. Understanding
the mechanisms underlying the acquisition of resistance is thus an

urgent unmet clinical need.

In this Thesis we focused on the alternative splicing of BRAF mRNA
as a mechanism for acquisition of resistance, which has been
associated with the production of a variety of BRAF mRNA isoforms
(e.g., BRAF3-9, BRAF1-11, BRAF1-9). These isoforms produced an
aberrant BRAF protein lacking the RAS-binding domain and gaining
an increased tendency to dimerization, thus reactivating the MAPK
pathway. Previous publications pointed to an intronic mutation as the
responsible for the generation of one of these alternative spliced

BRAF isoforms.

Inspired by these findings, this Thesis aimed at further elucidating
the underlying mechanisms behind the production of alternatively
spliced isoforms of BRAF mRNA, in the hope to identify potential
therapeutic approaches overcome this mechanism of resistance to

BRAF and MEK inhibitors.

Taking advantage of a collection of cellular models displaying
different BRAF isoforms together with the application of cutting-
edge technologies, we have made important progress to understand

the molecular basis of this mechanism of resistance, ruling out
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classical models of splicing regulation and establishing genomic
intergenic deletions as the cause of the generation of resistance-

associated mRNA isoforms.
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INTRODUCTION
1.1 Pre-mRNA splicing

The “central dogma of molecular biology” involves the transcription
of the genomic information stored in DNA into RNA molecules, that
will be eventually translated into proteins!. The units of this flow of
genetic information in cells are genes. Although RNA acts as an
intermediate between DNA and proteins, the primary transcript (pre-
mature RNA or pre-mRNA) requires several modifications to
generate a mature or messenger RNA (mRNA) in eukaryotes. For
most mammalian genes, the maturation of this mRNA precursors
after their synthesis by RNA polymerase II (RNAP II) includes three
main steps linked to transcription?, namely 5” capping (addition of an
untemplated guanosine triphosphate to the 5° end followed by its
methylation at N7 position; this cap structure protects RNA from
nucleases, facilitates its nucleo-cytoplasmic transport and enhances
mRNA translation)?, 3’ polyadenylation (addition of a polyadenosine
tail at the 3’ end after cleavage that confers mRNA stability and is

required for nuclear export and translation)* and pre-mRNA splicing.

Pre-mRNA splicing is the process by which introns are removed from
primary RNA transcripts and exons are joined covalently together.
This major processing step of RNA generates a mature and
translatable mRNA consisting of exons —the coding segments and
the 5’ and 3’ untranslated regions (UTRs)—, and requires the
excision of the noncoding internal sequences (introns) of pre-
mRNA’~. Splicing can be constitutive, when the exon is invariably
included in the mRNA, or alternative, if the exon is present only in a

proportion of mRNA transcripts. Given that 90-95% of human
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INTRODUCTION

multiexon genes (both coding as well as long non-coding) undergo
alternative splicing®® and, that human coding genes contain an
average of eight introns per gene (in some cases longer than one
megabase)!®!!, RNA splicing plays a central role in the generation of
mRNA (and subsequently protein) diversity as well as in gene
expression and its regulation, and therefore in phenotypic

complexity?.

The splicing reaction takes place in the nucleus and can occur after
(post-transcriptional) or during (co-transcriptional) the synthesis of
the pre-mRNA by the RNAP II'2!3. The main orchestrator of pre-
mRNA splicing is the spliceosome, and it requires the recognition
and direct interaction with pre-mRNA sequence elements (cis-
elements) that define the intron-exon boundaries. Moreover, this is a
highly and exquisitely regulated process by other cis- and trans-

factors.

1.1.1 The cis-elements: defining intron-
exon boundaries in the pre-mRNA
sequence

The first step in pre-mRNA splicing is the recognition by the
spliceosome of sequence (cis) elements located at the intron-exon
boundaries. There are 4 key cis elements necessary for splicing: the
splice sites (SS), the branch point sequence (BPS) and the
polypyrimidine tract (PPT)'*. In mammals, the 5 SS or donor site is
defined by a 9-nucleotide consensus sequence, YAG/GURAGU,
whereas the consensus sequence for the 3’ SS or acceptor site consists

of NYAG/G (where Y is a pyrimidine, R is adenosine or guanine, and

26



INTRODUCTION

N is any nucleotide)'>~!7. Although these sequences degenerated
during evolution and across species, the dinucleotides GU in the
5’SS (GC in a small fraction of introns) and AG in the 3’SS are highly
conserved and have proved to be essential for splicing in most pre-
mRNAs of higher eukaryotes!'®2!. Nearby upstream the 3’SS, a
sequence stretch characterized by a high percentage of pyrimidines
(PPT) is preceded by the BPS, which contains the branch point
adenosine located approximately 20-40 nucleotides upstream from

the AG of the 3°SS'62%!7 (Figure 1A).

The importance of these sequences in the pre-mRNA relies on their
recognition by U-rich small nuclear RNAs (snRNAs) through base-
pairing interactions®»?*. Thus, the level of base pairing
complementarity determines the strength or weakness of a particular
SS, giving rise to a fine-tuned regulation of splicing by many other

splicing regulatory elements (both cis- and trans-acting factors)!*->.

1.1.2 The spliceosome and the splicing
reaction

Pre-mRNA splicing is carried out, stepwise and —typically— in a
highly precise and accurate manner, by the spliceosome. This
splicing machinery or spliceosome is a highly dynamic and
macromolecular ribonucleoprotein (RNP) complex that, upon
recognition of the above mentioned sequences, assembles and
undergoes massive conformational transitions in order to catalyze
splicing of nuclear pre-mRNA'2. There are two different
spliceosomes: the major (or U2-dependent) spliceosome, which

processes >95% of all introns, and the minor (or Ul2-dependent)
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spliceosome?%?7, Ul2-type introns are characterized by different
sequence elements at the splice sites. Each spliceosome consists of 5
small nuclear RNP complexes (snRNPs): U1, U2, U4, U5 and U6 in
the major spliceosome whereas the minor spliceosome is composed
by its functional analogues, known as U5 (the only one common

between the two spliceosomes), Ul1, U12, Udatac and Ubatac?S.

Intron removal implies 2 consecutive Sn2-type transesterification
reactions, which are facilitated by the spliceosome (Figure 1B). First,
an intron lariat-3’ exon is generated by the nucleophilic attack of the
phosphodiester bond at the boundary between the first exon and the
intron by the 2’-hydroxyl of the adenosine of the BPS. This lariat
intron is thus linked by a 2°-5” phosphodiester bond between the BPS
and the 5’-terminal nucleotide of the intron. Then, the 3’-hydroxyl of
the free 5° exon carries out a nucleophilic attack on the
phosphodiester bond at the boundary between the intron and the
second exon, leading to the ligation between the 5’ and 3’ exons and
the release of the intron'>28-30, Although seemingly straightforward
from a biochemical point of view (two phosphodiester bonds are
broken and two are formed), the spliceosome is necessary to
orchestrate the entire process, from the recognition of the SS until the
close positioning of the reactive groups, allowing these

transesterifications to happen.

The assembly of the spliceosome occurs stepwise and dynamically in
terms of composition and conformation'>*1-33 (Figure 1C). First, Ul
snRNP binds to the 5’ SS through base-pairing between sequences at
the 5 end of the Ul snRNA while the Py-tract/3” SS AG and BPS
are recognized by the two subunits of the splicing factor U2AF and
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by BBP/SF1 (branch point binding protein/splicing factor SF1),
leading to formation of complex E. This step is followed by the
binding of U2 snRNP to the BPS (complex A), involving base pairing
interactions between U2 snRNA and nucleotides flanking the BPS
adenosine. Then, the preformed U4/U6.U5 tri-snRNP is recruited and
complex B (also known as pre-catalytic spliceosome) is generated.
The release of Ul and U4 yields a rearrangement and the formation
of complex B*!, which can be activated for catalysis (B*). The first
catalytic step of splicing is carried out within complex B* and the
result is the formation of complex C, in which, after repositioning of
the catalytic center, step 2 occurs®*. Finally, the mature mRNA is
released, the lariat intron bound to U2, U5 and U6, and the
spliceosome dissociates, and its components recycled for another

round of spliceosome assembly and splicing reactions.
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) nron________. > B @ ©&%Ram —
5’ splice site 3’ splice site (N
EEGURAGU YNURAY—YYY—AG == T
BPS PPT
cc U6 =
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//\")5,& ! .‘
2, o B, "
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l U2 snRNA ]
/SF3BT @ U4
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by F>5U2AF1 U2
( - QO
YNURAY—YYY—AG ——

Figure 1. Pre-mRNA splicing. A | A pre-mRNA molecule and the exon-intron
consensus sequences at the 5” and 3’ splice sites. The branch point adenosine is
represented in red. B | The splicing reaction involves 2 catalytic steps to remove an
intron. C | Splice site recognition and the spliceosome assembly dynamics. BPS,
branch point sequence; PPT, polypyrimidine tract. (Adapted from*?)
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1.1.3 Alternative splicing
The selection of different and competing 5’SS and/or 3’SS within the
same pre-mRNA alters the exonic and/or intronic sequences included
in the final mRNA transcript. This highly regulated process known
as alternative splicing (AS) is a crucial post-transcriptional regulator
of gene expression and contributor to the proteome complexity within
and between cells®, as it allows the generation of more than one
unique mRNA transcript from a single gene. Given that 90-95% of
human genes undergo some level of alternative splicing according to
genome-wide analyses, the biological relevance of this process seems
highly likely®?, , although proteome analyses suggest that one main

isoform is produced?’—°.

The different possibilities of alternatively spliced isoforms are
depicted in Figure 2 and are defined by the choice between competing
SS. Namely, these events are cassette exon skipping (ES), intron
retention (IR), alternative 5°SS (AS5’SS) and alternative 3’SS
(A3’SS) (Figure 2A).

1.1.4 Other splicing regulatory elements:
enhancers, silencers, and regulatory
proteins

The recognition and usage of different SS depend on 3 key factors:
the splice site strength (usually defined as similarity to consensus
sequences and, thus proportionally related to spliceosome affinity),

cis-regulatory sequences and trans-acting factors.

40-42

The cis-acting RNA sequence elements assist splicing decisions

either by recruiting RNA binding proteins (RBP) or by generating
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secondary RNA structures*’. They can be considered enhancers or
silencers, depending on the outcome of splicing (increase or decrease
of exon inclusion in the final transcript, respectively). These
additional RNA motifs can be located within exons (exonic splicing
enhancers [ESE] or exonic splicing silencers [ESS]) or introns
(intronic splicing enhancers [ISE] or intronic splicing silencers
[ISS]). Therefore, recognition of neighboring SS is facilitated or
inhibited by the binding of auxiliary splicing factors to these cis-

elements in the precursor RNA, in a context-dependent manner**

(Figure 2B).

Constitutive

I

Splicing
Exon
Skipping
o
£
8| Alternative
& 3'SS
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k] .
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2 5'SS
<
Intron
Retention

U1snRNA i

SR hnRNP,

@ splicingsilencer O A mm R Intron

) Splicing enhancer [ Exons

Figure 2. Alternative splicing. A | Patterns of alternative splicing. B | Regulation
of alternative splicing by protein binding to different exonic and intronic regulatory
elements. SS, splice site; snRNA, small nuclear RNA; ESS, exonic splicing
silencer; ESE, exonic splicing enhancer; ISS, intronic splicing silencer; ISE,
intronic splicing enhancer; SR, arginine-serine-rich; hnRNP, heterogeneous
nuclear ribonucleoprotein; RBM, RNA-binding motif. (Adapted from3®)
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ESEs regions are paradigmatically bound by serine/arginine-rich
(SR) proteins*#, which have a binding preference for purine-rich

exonic motifs*748

, and promote the recruitment of spliceosomal
components®. In general, these frans-acting factors bound to ESEs
exert a positive splicing effect on both constitutive and alternative
exons, resulting in an increased exon definition and consequently

inclusion of the nearby exon*-%.

Conversely, classic examples of splicing silencers (ISSs and ESSs)
recruit the PPT- binding protein (PTB)>!->4 or heterogeneous nuclear
ribonucleoproteins (hnRNPs)*2. The inhibition of splicing (or
decrease of exon inclusion) led by these frans-acting factors can be
generated by different mechanisms, such as blocking the recruitment
of spliceosome elements, competing with SR proteins or even by

looping out exons, among others>> %,

However, the interplay of cis- and trams-acting factor and the
outcome of alternative splicing for a specific transcript is more
complex and depends on additional circumstances™. For instance, the
trans-factor NOV A has opposite effects depending on the position of
its binding site in the pre-mRNA, promoting skipping if bound
upstream of an alternative exon and promoting inclusion if bound
downstream®’. Additionally the cell-context is determinant*+6!-64 not
only due to the existence of tissue-specific frans-acting factors such
as NOVA® or RBFOX®, but also because of differences in the levels
or activity of the different spliceosome components and the positive

or negative interaction of splicing factors®®-67

. Lastly, the coupling of
splicing and both transcription and chromatin machineries adds

another layer of complexity in splicing regulation®®,
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A deeper knowledge of cis-regulatory features, due to genome-wide
maps of splicing factors and transcriptome-wide analyses carried out
in the last decade, has allowed the assembly of a highly complex
“splicing code” which has the potential of predicting splicing
outcomes*®%*-72_ The incorporation of different layers of regulation
and their combinatorial effects, such as those previously mentioned,
will definitely complement the accuracy of these predictions at

different and specific cell conditions**7>,
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1.2 Alternative splicing in cancer

Recent genomic and RNA sequencing studies have demonstrated a
significant mis-regulation of splicing in cancer®>’+7". These
alterations can be either splicing disruptions of individual genes
involved in cancer progression, as well as disruptions (mutations or
changes in expression) of RNA splicing factors. Thus, recent studies
have also identified widespread changes in alternatively spliced
isoforms of tumor samples compared to healthy tissues®?76.78-80,
These findings reveal a common dysregulation of splicing in cancer

and point towards possible options for potential therapeutic

development?>7481.82,

1.1.5 Splicing alterations in cancer
There are different types of mechanisms that can lead to mis-splicing
in cancer. The most common alterations include mutations of cis-
elements and splicing factors perturbations (either mutations or

altered expression).

Integrated data that included genome-wide patterns of RNA splicing
across different tumor types and their normal tissue counterparts has
revealed that one third of single nucleotide variants (SNV) and about
20% of somatic missense mutations can lead to alterations in the
spliceosome performance through the disruption of 5"or 3’SS, branch
site or splicing regulatory elements’53%#3, Of note, the most common
event associated to SNV affecting splice sites was intron retention,

and these events occurred more frequently in tumor suppressor genes
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(i.e. TP53, ARIDIA and PTEN), resulting in premature termination
codons’®7:83-85 " Conversely, splicing disruptions of oncogenes are
mostly driven by synonymous exonic mutations that affect ESE or

ESS sequences”.

On the other hand, splicing factors are frequently mutated in cancer’’.
Although somatic mutations in genes encoding core spliceosome
elements were identified initially in hematological malignancies®®*7,
splicing factor mutations are present across multiple tumor
types’®77:8890 These mutations usually occur usually in a mutually
exclusive manner and as heterozygous point mutations at restricted
residues, suggesting a potential synthetic lethal interaction that
prevents accumulation of mutations and more than one hit in the
splicing machinery. Overall, splicing factor 3b subunit 1 (SF3B1)%-
89.91-94 U2 snRNA auxiliary factor 1 (U2AF1)°>%°, serine/arginine-
rich splicing factor 2 (SRSF2)*'°! and zinc-finger, RBM and

serine/arginine-rich 2 (ZRSR2)3¢-9%:192 are the splicing factors more

recurrently affected.

In addition to mutations affecting genes encoding splicing factors,
non-coding snRNA mutations, mainly in the U1, U2 and Ul1, have

been also identified in several cancers®?:103:104

. Beyond mutations of
spliceosome elements, up- or downregulation of splicing factors
through expression changes or post-translational modifications can

also lead cancer-associated mis-splicing”>.

1.1.6 Splicing events contribute to tumor
progression
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Given the widespread alterations of splicing in cancer, that these

perturbations affect every hallmark of cancer!®

is not surprising.
Mis-regulation of splicing provides cancer cells with the opportunity
to promote growth and survival thanks to the generation of altered
spliced isoforms!%-!1!_ Some of these genes that undergo to isoform
switches affect key processes in cancer biology such as apoptosis
(i.e., Bcl-x"127114 Fas'15-118) ‘metabolism (PKM!!'%-12%), angiogenesis
(VEGF-A'2%12%), cell cycle (Cyclin DI13%13%), metastasis and

invasion (CD44'35137)  or epithelial-mesenchymal transition

(FGFR'3#143) ‘among others’*%.

In addition, the presence or generation of alternatively spliced
isoforms of some oncogenes, such as BRAF, which will be further
discussed throughout this thesis, have been related to therapy
resistance!**. Examples of such genes that undergo alternative
splicing conferring resistance include the androgen receptor (AR and
its AR-v7 transcript, lacking the ligand-binding domain to
testosterone) in castration-resistant prostate cancer patients!'*-147, the
breast cancer gene 1 (BRCAI) that can have an impact in platinum

148,149 or the aberrant

sensitivity in ovarian and breast cancer patients
splicing of CD19 in patients relapsing following CART-19 (chimeric
antigen receptor-armed autologous T-cells against CD19) therapy

due to loss of the cognate CD19 epitope!>*151,

1.1.7 Targeting splicing in cancer
Mis-splicing of cancer provides an appealing opportunity for
treatment, either by modulating or reversing the production of a

specific isoform or by regulating specific components of the splicing

37



INTRODUCTION

machinery. The therapeutic rationale for this latter approach is based
on the dependency on the wild-type spliceosome function of splicing-
mutant cancer cells, making these cells particularly vulnerable to
global perturbations in splicing, leading to synthetic lethality

effects!32 156,

Briefly, current views of therapeutic targeting of splicing can be
divided into two strategies: antisense oligonucleotides (ASOs) and

small-molecule splicing modulators>748182.157,

Oligonucleotide-based therapeutics consists of short synthetic single-
stranded nucleic acids that base-pair with specific complementary!>®
regions in RNA. These interactions can promote i) mRNA
degradation by enzymatic cleavage by RNase H which degrades
RNA in RNA/DNA hybrids (i.e. mipomersen!* or inclisaran'®® for
the treatment of hypercholesterolemia), ii) repression of regulatory
RNAs or, iii) the modification of alternative splicing patterns. The
latter, also known as splice-switching oligonucleotides (SSOs),
compete with the binding of splicing factors to cis-acting elements
on pre-mRNAs and thus modulate SS competition. Eteplirsen and
nusinersen are the first SSOs approved by the U.S. Food and Drug
Administration (FDA) for the treatment of Duchenne muscular
dystrophy and spinal muscular atrophy, respectively. While
eteplirsen hybridizes to DMD (the gene encoding dystrophyin) and
promotes skipping of exon 51, which harbors frameshift
mutations!¢!, nusinersen was designed to bind the 5° region of intron
7 of SMN2 to promote exon 7 inclusion and thus increase SMN

162

protein levels'®“. Finding a specific splicing event with a meaningful

impact in cancer cell survival and a delivery method that minimize
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systemic toxicities are the major challenges of ASOs in cancer
therapeutics. After promising results in vitro and in vivo (and also
some disappointing initial results in patients), there are currently
several clinical trials for ASOs targeting different pre-mRNAs (e.g.,
bcl-2163-166 - H_pqgs!'®7-18 - STAT3'6%170 or Grb2'"' among others)

assessing safety and efficacy in different clinical situations

Small molecules that are able to modulate splicing can be divided
into SF3B inhibitors and splicing inhibitor sulfonamides, namely
RBM39 degraders. SF3B inhibitors are the earliest class of splicing
modulators and include spliceostatin A'”2, sudemycins!'7>!74,
pladienolide®>!7>, E7107'76¢-17% (analog of pladienolide), H3B-
8800!7:180 (oral analog of E7107) and herboxidiene!®!:!82, Through
the binding to the branch site binding pocket of the SF3B complex,
these drugs prevent the interaction with the U2 snRNP and
consequently lead to increased intron retention or, by exploiting
differences in sensitivity between alternative SS, lead to cassette
exon skipping. While phase I clinical trials with E7107 were
discontinued due to unacceptable toxicity!””!178, H3B-8800 —proven

to be more selective for spliceosome-mutant cells'”*—

is currently
under clinical investigation in SF3Bl-mutant hematological

malignancies (NCT02841540)80,

Apart from SF3B1 binding agents, other spliceosome inhibitors
agents under investigation are compounds that disrupt U2AF
homology motifs preventing early spliceosome assembly (e.g., NSC
194308)!83:184 and protein arginine methyltransferase inhibitors (e.g.,
PRMTS5 inhibitors)!83-186, Finally, aryl sulfonamide molecules such

as indisulam promote proteasomal degradation of accessory splicing
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factors such as RBM39 and RBM23 and dose-dependent splicing

187-189

alterations with good safety profiles , probably due to keeping

intact core spliceosome components.

In addition, dysregulation of splicing (either intrinsically related to

cancer or pharmacologically induced) brings another promising

therapeutic opportunity in combination with immunotherapies!*%!°!,

192-194

Splicing-derived neoepitopes —e.g. those induced by the

generation of novel transcript isoforms upon treatment with splicing

inhibitors— might increase the likelihood of response, similarly to

195-197

the effects of increased mutational burden or of deficient

mismatch repair!®3-200,
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1.3 Cutaneous Melanoma

Cutaneous melanoma is the most common form of melanoma —a
malignancy of melanocytes— and responsible of most deaths related
to skin cancer?®!. Ultraviolet exposure is the main risk factor of

cutaneous melanoma202-203

, especially leisure-time sun habits which
have impacted on the increase of melanoma incidence rates in fair-
skinned population from Western world countries over the past
decades?*. In 2020, the International Agency for Research on Cancer
(IARC) predicted a sustained increase in the estimated global burden

from melanoma??.

1.3.1 Clinical and genomic classification
Clinical and histopathological classification based on tumor
thickness and ulceration (T stage), lymph node involvement (N stage)
and presence of distant metastases (M stage), and serum lactate
dehydrogenase (LDH) levels, according to the American Joint
Committee on Cancer (AJCC), are essential for risk calculation and
treatment decisions?°%?7, However, the histological subtypes of
cutaneous melanoma (namely superficial spreading, nodular or acral

lentiginous) are less relevant for prognosis or subsequent treatments.

From the genetic point of view, several studies demonstrated the
acquisition of gene alterations through the malignant transformation
of benign naevi and disease progression?’®2°, Of note, BRAF"9 s
one of the earliest acquired activating mutations®!%2!®, However,
other molecular events also affected the mitogen-activated protein

kinase (MAPK) pathway such as N-RAS, but also different cellular
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pathways like the PTEN-AKT-PI3K (phosphatase and tensin
homolog — protein kinase B - phosphatidylinositol-3 kinase)
pathway?!621%, Other relevant events that have been described in
melanoma over the past decades occurred in cell-cycle control genes
(e.g., cyclin-dependent kinase -inhibitor 2 A [CDKN2A], cyclin-
dependent kinase 4 [CDK4] or cyclin D1 [CCNDI1]***?2%) or
mutations in the telomerase reverse-transcriptase promoter

(TERT)***** among others.

The Cancer Genome Atlas Network described the genomic
alterations landscape of cutaneous melanoma and established four
different subtypes based on the pattern of the most prevalent mutated
genes: mutant BRAF, mutant RAS, mutant NF and triple-wild
type??>226, The BRAF-mutant is the most frequent subtype and
accounts for approximately 50% of melanomas, followed by the
mutated RAS (28%), NF1 (14%) and triple-wild type. Although this
genomic classification provided a novel framework for exploring
druggable targets and potential predictive biomarkers, currently only
the BRAF mutation status has a relevant clinical value and is crucial

in the clinical setting??7-2%,

1.3.2 The therapeutic landscape of
melanoma

Until 2011, no systemic therapies for melanoma had demonstrated an
improvement of overall survival (OS). However, the therapeutic
landscape of advanced melanoma drastically changed over the past
decade with the incorporation of two major therapy strategies:

immune-checkpoint inhibitors (ICI) and MAP kinase pathway
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inhibitors (MAPKi). As a result, a paradigm shift in terms of survival
of advanced metastatic melanoma patients occurred: while median

230 current median OS

OS with monochemotherapy was 6-10 months
for first-line treatment drastically have drastically increased up to 32-

60+ months?3!-232 (Figure 3).
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Figure 3. Survival curves created by weighted averaging of selected clinical
trials in metastatic melanoma. A | Progression-free survival (PFS) and, B | overall
survival (OS) in first-line therapy. (Adapted from?*?). Time in x axis is measured
in months. CHEMO (blue line), chemotherapy, BRAF (light green), BRAF
inhibitors; BRAF + MEK (dark green), BRAF and MEK inhibitor combination;
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CTLA-4 (yellow), anti-cytotoxic T-lymphocyte antigen 4; PD-1 (light red), anti-
programmed death 1; CTLA-4 + PD-1 (dark red), anti-PD-1 and anti-CTLA-4
combination

Ipilimumab, an anti-cytotoxic T-lymphocyte antigen 4 (CTLA-4)
antibody, was the first ICI approved for a solid tumor and the first
treatment that demonstrated an improvement in OS in a randomized
clinical trial for advanced melanoma?*3234, This breakthrough served
as a major catalyst for the development and clinical research in
checkpoint immunotherapy, particularly programmed death 1 (PD-1)
blockade, which rapidly became the backbone of most

immunotherapeutic approaches and improved clinical outcomes

235-238 b239—24l

across several tumor types Nivoluma and
pembrolizumab?#>2% proved to be superior to dacarbazine and
ipilimumab, respectively, and subsequently, PD-1-based therapy
became standard of care for advanced melanoma. Nowadays,
improvement of the ICI therapy is mostly being further driven by
combinations, either with other ICIs or with other therapeutic

245,246

agents Regarding ICIs combinations, ipilimumab plus

nivolumab?+7-248

and relatlimab (lymphocyte-activation gene 3
[LAG-3] antibody) plus nivolumab?*® have already shown to improve
efficacy compared to ipilimumab and nivolumab, respectively, in
patients with metastatic melanoma. Other combinations currently

250-253

being explored in melanoma include MAPKi or antiangiogenic

agents?>* with anti-PD-1 antibodies.
Vemurafenib and dabrafenib were the first oral BRAF inhibitors

(BRAFi) to be approved for the treatment of advanced BRAF-mutant

melanoma?>®, Both BRAFi showed unprecedented objective

44



INTRODUCTION

response rates (ORR) of approximately 50% of patients in two

253256 Soon after, it was

randomized phase 3 clinical trials
demonstrated that the addition of MAPK kinase (MEK) inhibitors
(MEK:i) improved clinical outcomes in this population (Table 1), and
currently 3 different BRAFi+MEKi combinations are available for
the treatment of unresectable BRAF-mutant melanoma patients:
vemurafenib plus cobimetinib®7-2%¥, dabrafenib plus trametinib?*-2¢0

and encorafenib plus binimetinib?®!262,

Unfortunately, despite
impressive ORR and meaningful improvements in progression-free
survival (PFS) and OS with BRAFi+MEKi, disease progression
almost invariably occurs, due to the acquisition of resistance to

MAPK targeted therapy.

The milestones of the two therapeutic strategies (ICI and BRAF-
MEK targeted therapy) in metastatic melanoma have been translated
into clinical benefit for patients with earlier stages of melanoma.
Thus, adjuvant dabrafenib plus trametinib or anti-PD-1 therapy
(either nivolumab or pembrolizumab) have recently demonstrated to
improve relapse-free survival and have become standard of care for
high-risk melanoma patients after complete surgical resection?6-266,
Likewise, neoadjuvant treatment—that is, systemic therapy
administered before surgery with the dual aim of determining therapy
efficacy and prognosis— are also being investigated in resectable

high-risk melanoma patients?*’-27!,
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INTRODUCTION

1.4 BRAF in melanoma

First identified as an oncogene decades ago®®®, sequencing efforts in
2002 determined a high frequency of oncogenic somatic mutations in
BRAF (v-raf murine sarcoma viral oncogene homolog BI1)
particularly within the kinase domain, in a wide range of human
cancer cell lines (including melanoma, colorectal cancer, and non-
small-cell lung cancer [NSCLC])?%%?°°, Notably, missense mutations
were identified in more than 60% of melanoma samples and the most
common mutation was a single substitution at the V600 position
(c.1799 T > A, p.V600E)?!!. This mutation encodes the constitutively
active BRAFY%-mutant oncoprotein, which constitutively activates
the MAPK pathway leading to uncontrolled cell proliferation and

melanoma cells survival.

1.4.1 The BRAF gene and the oncogenic
mutation

Located in chromosome 7 (7q34), the BRAF gene encodes a protein
belonging to the RAF family of serine/threonine protein kinases, part
of the MAPK/extracellular signal-regulated kinase 1/2 (ERK)
signaling pathway. This gene (RefSeq accession number
NM 004333, Ensembl ID ENSG00000157764) has a genomic size
of 190,752 nucleotides (Figure 4A). The transcript (NM_004333.6,
ENSTO00000646891) consists of 18 coding exons, with a transcript
length of 6,459 base pairs and an ORF (open reading frame) of 766

amino acids (Figure 4B).
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Figure 4. Representation of the BRAF gene, its transcript and protein domains. A | BRAF gene and its genomic length, including exons
and introns sizes. Exon 15, where the hotspot mutation T1799A is located, is represented in light blue. B | BRAF transcript exons and the
functional protein representation. RAS-GTP binding domain (RBD) is encompassed within the conserved region 1 (CR1, yellow) and the
kinase domain within CR3 (red). Exon 15 (light blue) encodes for the activation segment. C | Spectrum of BRAF mutations from
cBioportal?®!2?°2, MSK-IMPACT Clinical Sequencing Cohort?®® and Pan-cancer analysis of whole genomes (ICGC/TCGA)*** cohorts were
included. Missense mutations are represented in green, truncating mutations in gray and in-frame mutations in red. Dark colors correspond to
putative driver mutations and light colors to mutations of unknown significance.
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BRAF shares with the other RAF paralogs (ARAF and CRAF) three
highly conserved regions (CR): CR1 and CR2, both regulatory
regions in the N-terminus, and CR3 or the C-terminus catalytic
domain (Figure 4B). CR1 contains the RAS-GTP binding domain
(RBD) and the cysteine-rich domain (CRD), which can also interact
with RAS proteins, both required for membrane recruitment. CR2,
that encompasses the serine- and threonine-rich region, acts as a
flexible hinge between CR1 and CR3. CR3 encodes the
serine/threonine kinase domain in the C-terminus. The BRAF kinase
domain contains the N region, the glycine-rich ATP-phosphatase-
binding loop (also known as P-loop), the catalytic loop and the
activation segment or A-loop (which is preceded by a DFG motif).
Two regulatory 14-3-3 biding sites flanks the BRAF kinase
domain®#2%. The binding of these 2 sites through a 14-3-3 dimer
keeps BRAF in an autoinhibited conformation that blocks the kinase

domain dimerization3%,

BRAF mutations can be divided into 3 groups’*!3%2: a) class I, which

constitutively activates BRAF as monomer (V600E/K/D/R/M); b)
class II mutations, which generate RAS-independent BRAF
constitutive dimers (e.g., K601E/N/T, L597Q/V, BRAF fusion
proteins); and c) class III mutations, which impair (or even inactivate)
the BRAF kinase activity (such as the kinase-dead D594N/G
mutations, or the kinase-impaired G466V/E mutants, among others).
Class III mutations promote MAPK co-activation with RAS, and are
therefore not independent drivers, which are often associated with
other mutations (e.g., RAS or NFI mutations) (Figure 5). It is

noteworthy that both kinase-activating class I and class II mutations,
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which are by far the most frequent, achieve ERK signaling in a RAS-
independent manner. However, while class I mutant proteins function
as monomers, class II mutant proteins require dimerization. Some of
the most common mechanisms of resistance (that are explained
below) reactivate the MAPK pathway due to dimerization of BRAF
(class 1II), such as BRAF amplification, NRAS mutation or
“alternative splicing” of BRAF. About 80% of activating mutations
occurred in the P-loop or activation segment (within or adjacent to
the DFG motif) and lead to destabilization of the inactive
conformation of the DFG motif/activation segment, thus mimicking
the active conformation which in physiological state is induced by
phosphorylation of the activation segment. This BRAF mutation
classification is of clinical relevance, because currently available
BRAFi are BRAF “monomer” inhibitors, and for this reason, only

P Phosphorylation

class I BRAF mutants are sensitive.
A ATP

GAB
2 P GRB2 SOS
ik sHP2 ¥RTK/RAS/NF1
mutation
A A

MEK —#% ERK —# Proliferation/survival

Class 1 Class 2 Class 3 BRAF wildtype
BRAF mutants BRAF mutants BRAF mutants in normal or tumor cells
(active monomers) (dimer-dependent) J \(dimer-dependent) (dimer-dependent) )
Y Y
RAS-independent RAS-dependent )

Figure 5. MAPK activation and classes of BRAF mutants. Class I and II
mutations (left, blue) activate the MAPK pathway in a RAS-independent manner,
while class III mutations and BRAF wild type (right, red) require the upstream
RAS signal. Only class I mutation (e.g., V600E) act as a monomer, while the rest
of BRAF mutants and wild type require dimerization to activate downstream MEK.
Class III mutation impairs the kinase activation and requires co-occurrent

52



INTRODUCTION

alterations (e.g., RAS or NFI mutations) that drive to co-operative MAPK
activation (Adapted from*®)

As mentioned before, BRAFV$%E is by far the most common RAF
mutation detected in cancer, and belongs to the class I BRAF
mutations, together with the V600M/K/R/D mutations. Tumor
molecular profiling of different tumor types showed that oncogenic
BRAF mutations were particularly frequent in hairy cell leukemia
(nearly 100%), papillary thyroid cancer (70%), cutaneous melanoma
(42%), Langerhans cell histiocytosis (39%)3043052%0 " Moreover,
although not as frequent, BRAF mutations in colorectal cancer (10%)
and NSCLC (4%) are clinically relevant since MAPKi have been

included as part of the standard of care for these patients.

1.4.2 The MAPK pathway
The MAPK (RAS-RAF-MEK-ERK) pathway is an essential
signaling pathway from cell surface to the nucleus for cell growth,
proliferation and survival’®. In short, growth factors binding to
receptors of tyrosine kinase (RTK) at the cell surface lead to
phosphorylation of RAS*'’. GTP-loaded RAS then recruits RAF
proteins (such as BRAF) to the membrane by binding their RBD. A
number of phosphorylation events take place to release 14-3-3
protein, allow oligomerization and activate the BRAF kinase
domain®®®-310, Upon activation, RAF kinases phosphorylate MEK 1/2
which in turn activate ERK1/2. Lastly, multiple ERK-phosphorylated
substrates induce transcriptional changes promoting cell proliferation

and survival.
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Cryogenic electron microscopy studies have recently shown that, in
the quiescent state, wild-type BRAF proteins form complexes with
MEK1 and 14-3-3 proteins, a configuration that is also stabilized by
the cysteine-rich domain (CRD)3%%3!1312° The CRD is an auto-
inhibited structure that prevents dimerization of the BRAF kinase
domain due to the blockade of the BRAF dimer interface and the
occlusion of the membrane-binding region of the CRD by binding of
14-3-3. Relief of the auto-inhibition state promoted by RAS
interaction releases the inhibitory effect of 14-3-3. Phosphorylation
of different sites at the activation segment, as well as RAS clustering
that increases RAF concentration in the membrane allow the
formation of active, back-to-back BRAF dimers’®. Lastly,
dimerization induces RAF catalytic activity, leading to

phosphorylation of MEK.

In contrast to wild-type BRAF proteins that require RAS-induced
(oligo)dimerization, the constitutive activation of the MAPK
pathway driven by BRAFY6% mutants occurs by means of RAS-

33314 Activating

independent catalytically active monomers
mutations occur predominantly in the activation segment. These
mutations destabilize the nonproductive off-state conformation of the
activation segment and the surrounding catalytic cleft (aC helix
OUT). Displacement of helix aC towards an OUT conformation
prevents phosphorylation of the activation segment, thus precluding
the formation of a salt bridge (between residues K483 and E501)
required for coordination of ATP phosphate groups®!3. Specifically,
the V60OE mutation forms a salt-bridge with residue K507, which

constitutes the core of the dimerization interface?*’2%, This salt
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interaction has a key structural impact on BRAF, resembling the
productive on-state conformation (aC helix IN) adopted only upon
dimerization in the wild-type BRAF, and leading to increased kinase

activity compared to the wild-type enzyme?'>.

1.4.3 The MAPK inhibitors
Initial studies showed that RNA interference targeting BRAFY600E
induced growth arrest and promoted apoptosis®!6-3!8, Later on, class
II non-selective RAF inhibitors, such as the multikinase inhibitor
sorafenib, failed to prove clinical benefit in BRAF-mutant melanoma

patients®!®

. Therefore, a second-generation of ATP-competitive,
selective BRAFi —vemurafenib and dabrafenib—, also known as
class I RAF inhibitors (mostly active against the activated
conformation of RAF kinases), that bind to the active DFG motif-IN
conformation / oC helix OUT position, were developed to
specifically target BRAFYSE and demonstrated remarkable
antitumor activity in early phase clinical trials*?%*2!, Intriguingly,
these BRAFi were potent inhibitors of BRAFYE but at the same
time were also inducing activation of the MAPK pathway in wild-
type BRAF cells*?23%, Further biochemical studies revealed the link
between the selectivity of BRAFYYE and the paradoxical activation
of wild-type BRAF: vemurafenib successfully inhibits active
BRAFY®E monomers, stabilizing the o.C helix in the OUT (inactive)
conformation, and at the same time induces negative allostery when
binding to a protomer within RAF dimers, leading to dimer partner
transactivation and preventing vemurafenib binding of this

314,323,324,313

protomer . This property is a double-edged sword: the
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exquisite preference for BRAFV6%

monomers that provides a broad
therapeutic index, however limits the antitumor efficacy in class II or
I BRAF mutations®?!*?¢ and explains why any mechanism that
promotes BRAF dimerization confers resistance to this type of

inhibitors.

RAF monomer-selective inhibitors (vemurafenib, dabrafenib and
encorafenib) in combination with MEKi (cobimetinib, trametinib and
binimetinib, respectively) are currently the standard of care in
advanced = BRAF-mutant  melanoma??%201260.  Nevertheless,
dabrafenib plus trametinib is also approved for the treatment of
advanced BRAFVY®E NSCLC3?»” and for locally advanced or
metastatic BRAFY®%°E anaplastic thyroid cancer’?%; and encorafenib
in combination with cetuximab (anti-epidermal growth factor
receptor [EGFR] antibody) for the treatment of metastatic BRAFV600E

colorectal cancer®?.

Drug development efforts are currently directed to overcome the
limitations of RAF inhibitors with next generation compounds that a)
avoid paradoxical activation (paradox breakers), b) equally target

both monomers and dimers or, ¢) selectively inhibit RAF dimers3*°,

1.4.4 Mechanisms of resistance
Despite the impressive ORR and the improvement of PFS and OS,
the median duration of response to BRAFi+MEKi is around 12
months, and most patients experience treatment failure due to
acquisition of resistance. Although resistance to MAPK inhibitors
can be classified according to the time of treatment (intrinsic or

primary, secondary or acquired, and adaptive resistance), the
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underlying mechanisms are common and most of them lead to the

31332 Genetic mechanisms of

reactivation of the MAPK pathway
resistance have been widely described, but non-genomic (including
transcriptomic and methylomic) and immune mechanisms can also

play an important role3.

Some examples of the mechanisms that can reactivate the MAPK
pathway are RTK upregulation and overexpression (i.e., platelet-
derived growth factor receptor B [PDGFRp], insulin-like growth
factor 1 receptor [IGFIR] or hepatocyte growth factor [HGF])*3433°
or mutations in RAS*** and MEK?>3¢338, On the other hand, MAPK
signaling restoration due to an increased dimerization of RAF has
been observed through BRAF amplification or copy-number
gain®%39  alternative splicing of BRAF** and elevated CRAF
341

levels

restored and bypassed by means of the PI3K-AKT-mTOR

, among others. In addition, the MAPK signaling can be

342,343

(mammalian target of rapamycin) pathway or dysregulation of

344,345

cell-cycle related proteins Moreover, several studies

demonstrated that different mechanisms of resistance can arise from

334,340,346

a single melanoma cell line , and this heterogeneity was also

observed in patients developing resistance’?3347,

1.4.5 Alternative splicing of BRAF
In 2001, a novel mechanism of resistance to vemurafenib was
identified: aberrantly spliced BRAFYSE jsoforms enhanced
dimerization and therefore reactivated the MAPK pathway. This
finding was first observed in the BRAF-mutant melanoma cell line

SKMEL-293 after exposure to vemurafenib (2 uM). In three of the 5

57



INTRODUCTION

resistant clones, analysis of BRAF protein expression and cDNA
revealed the presence of a smaller protein (p61BRAFYSE with a
molecular weight of 61 kDa instead of 90 kDa) that corresponded to
a novel transcript lacking exons 4-8. Inspection of the BRAF locus on
chromosome 7q34 by array CGH data suggested no evidence of an
intragenic somatic deletion within the BRAF gene. In addition, six
tumor samples of nineteen patients that developed vemurafenib
resistance also harbored different shortened BRAFY®YE transcripts
lacking exons 4-10, exons 4-8, exons 2-8 and exons 2-10.
Interestingly, these BRAF splicing variants were not detected in
melanoma cell lines or tumors that had not been exposed to BRAFi
and, these events were confined to the mutant BRAF allele’*°. Later
on, other studies also proved evidence for the emergence of different
alternative transcripts after BRAFi monotherapy or BRAFi+MEKi
exposure, allegedly generated through alternative splicing, both in in

vitro and in vivo experiments®3*-34-3%0 (Table 2) (Figure 6).

Treatment of resistant How was

BRA_F AS tumors with BRAF AS Cell lines with resistance
variant . . BRAF AS .
(clinical studies) acquired?
1205Lu PRT#4%8 o
BRAF1-9  BRAF{¥0347351 (xenagrafts)
SMU02734° in vivo (patient)
BRAF|30.347,351:352 M397AR33 in vitro®3®
BRAF1-11
BRAFi+MEK;353
VIR WMDO009%  in vivo (patient)
i i ivvO348
BRAF2-11 Vot detected in 1205Lu PRT#3%8 n vivo
patient’s tumors (xenografts)
BRAF3-9 BRAF340:347.351 SKMEL293-C33%0 in vitro®4°
BRAF3-11 BRAF{30 BR4349 in vitro®4°
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Table 2. Summary of the different alternative spliced isoforms of BRAF
detected across different studies. All BRAF AS, but BRAF2-11, variants were
detected in resistant tumor from patients after BRAFi (BRAF inhibitor
monotherapy). BRAF1-11 was also detected in patient’s tumor progressing on
BRAFi + MEKi combination. All BRAF AS variants were detected in different
cellular models. These cell lines were established from in vitro exposure of a given
cell line (e.g., M397AR), from in vivo exposure of 1205Lu-xenografts (e.g.,
1205Lu PRT#4) or from short term-derived culture from resistant tumors biopsied
from patients (e.g., SMU027). BRAF AS, alternatively spliced isoforms of BRAF.
Likewise, several studies reported that samples from patients that
developed resistance to BRAFi also displayed the presence of
BRAFVY60E jgoformg340-339-392354.351.355 © A multicenter study’>® that
included 3 different patient cohorts**”-331:3%% with a total of 100
patients and 132 tumor samples at BRAFi progression, showed that
up to 27% (21 of 77 samples with an identified mechanism of
resistance) of resistant patients developed BRAF splice variants.
However, less is known regarding BRAF alternative splicing (AS) as
a resistance mechanism to combined BRAFi+MEK:i: only 2 different
studies that included 11 and 5 patients who received dabrafenib-
trametinib evaluated the presence of AS of BRAF, and BRAF1-11
was detected in 1 patient®>33¢, In all studies, the detection of BRAF
splice variants was based on RT-PCR or RNA-seq. In addition,
recently it has been shown that these BRAF variants can also be

detected in plasma cell-free RNA3Y7.
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Figure 6. Alternative spliced isoforms of BRAF associated with acquisition of
resistance to MAPK inhibitors. Exons involved, either as acceptor or as donors,
in alternative spliced isoforms are marked in red bold. Exon 15, where the hotspot
mutation T1799A is located, is represented in light blue. Ex, exon.

BRAF3-11 M | N S

The mechanisms underlying the generation of AS of BRAF were
only studied in the parental SKMEL-293 cell line and its resistant
counterpart subline C3, which harbors the BRAF3-9 isoform (lacking
exons 4-8). A mutation in the -51 nucleotide (a C-to-G conversion)
upstream of the 3°SS of intron § in the BRAFV®'E allele was deemed
to be responsible of the AS isoform. This mutation was in silico
predicted to be a branch point. In addition, pre-mRNA splicing
modulators spliceostatin A and meayamycin B counteracted the
production of BRAF3-9 (and BRAF1-11 in the case of M397AR cell

358 In contrast, another

line), thus overcoming vemurafenib resistance
study did not support the presence of any -51 nucleotide mutation
upstream of the 3°SS of intron 8, as important for the generation of

the BRAF3-9 in three patients samples®>.

MAPK:I resistance mechanisms have been explored in other BRAF-
mutant cancer types and the spectrum of alterations is similar to those

reported in melanoma’®-3%2, In particular, AS of BRAF has also been
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detected after vemurafenib exposure in the BRAFV6%E NSCLC cell
line HCC364°%3.

1.4.6 BRAF genomic aberrations
Apart from copy number alterations, amplifications and alternative
spliced isoforms, other genomic rearrangements of BRAF such as
fusions, duplications and deletions have been also described and, in

some cases, related to BRAFi+=MEKi resistance.

Fusion genes affecting oncogenes are a common class of cancer
driver genomic aberrations, and among all kinases BRAF is by far
one of the most prevailing fusion partners across tumor types®.
Classically described in pilocytic astrocytoma®®4, but also found in
other tumor types®®>, more than 50 BRAF fusions have been
described. Most of them produce a N-terminal partner gene protein
(i.e., SNDI or KIAA1549) and a C-terminal upstream portion of the
BRAF protein, usually encompassing the kinase
domain366-365.290.367.368 - Breakpoints within BRAF are located in
introns 7, 8, 9 or 10. Sensitivity to BRAFi, evaluated in vitro in cell
lines with different BRAF fusions, depended on the presence of a
dimerization domain in the N-terminal partner of the fusion

protein®%-368,

Furthermore, a case report of a BRAF-mutant
melanoma patient that experienced disease progression under
vemurafenib showed the presence of a BRAF fusion as the
responsible of the BRAFiI resistance’’. Similarly, BRAF kinase
domain duplications have also been detected in resistant melanoma

xenografts and in clinical patient tumors®’!0. Interestingly,

breakpoints also occurred within the same region.
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Moreover, large intragenic deletions of BRAF have been also
identified in diverse tumor types (including bladder cancer,
colorectal cancer, prostate cancer, NSCLC and melanoma), mostly
affecting exons that encode the RBD?. Particularly, a clinical case
of a BRAF-mutant melanoma patient who progressed on dabrafenib
plus trametinib due to an internal deletion involving exons 2-8 in
BRAF was reported®’2. Similarly, an internal deletion including exons
2-10 and exon 2-8 were identified in BRAFV600E colorectal cancer
patients who progressed on vemurafenib plus anti-EGFR
therapy37*374, In NSCLC patients, deletions in BRAF have been also
reported, although a BRAF rearrangement was detected in 1 of 7
matched samples of vemurafenib-treated patients at progression’’>.
Although these deletions could mimic aberrantly spliced isoforms,
AS and intragenic deletion of BRAF have been considered
independent mechanisms of resistance. Short in-frame deletions
within the aC loop of BRAF were also identified in pancreatic and
thyroid tumor samples from TCGA. This shortened truncated loop
force the aC in a IN conformation, thus providing vemurafenib (that
binds the oC OUT) resistance due to this conformational

change®76377,
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OBJECTIVES

Given the clinical relevance of the generation of alternatively spliced
(AS) isoforms of BRAF, due to their links with the acquisition of
resistance to MAPK inhibitors resistance, we aimed to improve our
understanding of the molecular mechanisms involved and their

potential clinical implications.

To shed light on this relevant mechanism of resistance, we set up the

following objectives:

1. Asses the nature and frequency of BRAF AS across different

melanoma samples using RNA-sequencing datasets

2. Unravel the mechanisms underlying the generation of BRAF
AS isoforms, with a special focus on finding a common
mechanism that might explain the generation of the different
BRAF AS isoforms associated with the acquisition of

resistance
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3.1 PART Il The spectrum of BRAF mRNA
isoforms in melanoma: RNA-seq data

Given the limited size of cohorts in previous studies of BRAF mRNA

isoforrns35 1,347,355,333

, we aimed to explore the spectrum of BRAF
alternative splicing events in a higher number of melanoma samples.
For this purpose, we first collected publicly available melanoma
RNA-seq samples, from both patient tumor samples of patients and
from cell lines (see below) to generate our own custom dataset. This
was complemented by an analysis of BRAF mRNA isoforms in the
cutaneous melanoma  dataset of the TCGA  project

(https://www.cancer.gov/tcga)*%.

To address this, we performed alternative splicing analysis using
VAST-TOOLS (Vertebrate Alternative Splicing and Transcription

Tools)4378

, a toolset for profiling and comparing AS events in RNA-
seq data. In short, we performed the reads alignment with VAST-
TOOLS and then quantified the read counts for all possible exon-
exon junction (EEJ) combinations in the BRAF gene across all the
samples (Figure 7). To avoid spurious detection of extremely rare
mRNA variants or misalignment due to sequencing errors, we only

took into consideration EEJ events with a minimum coverage of 5

supporting reads in at least one of the samples.

69



RESULTS

EEJC

EEJA EEJB

Reads Alignment l

Reads spanning EEJ A

Reads spanning EEJ B
Read Spannlng EEJ c S NS EEEEEEEEEEEEEEEEEEEEEEN

Figure 7. Exon-exon junction detection in RNA-seq. Schematic diagram
representing the quantification of read counts for each EEJ (exon-exon junction)

3.1.1 Custom Melanoma dataset
First, we built our custom melanoma datasets collecting RNA-seq
datasets from public repositories comprising both melanoma cell
lines and melanoma patients, predominantly BRAF-mutant (74%,
200 of 270). Information regarding the sample origin (primary tumor
or metastasis) and exposure/resistance to BRAFi+MEKi were also

gathered when available.

A total of 270 samples (119 from patients and 151 from cell lines)
were included from 9 different datasets available in the Sequence
Read Archive (SRA), Gene Expression Omnibus (GEO) or
BioProject repository (see Materials and Methods). Eighty-three
samples were considered resistant (44 from patients and 39 from cell
lines) and 87 samples were considered sensitive to BRAFi+MEKi.
No specific information was found for the remaining 100 samples.
Among the 119 samples derived from patient tumors, 57 were from

primary melanoma and 62 from metastatic lesions. Phenotypic and
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clinical data are summarized in Table 3 (detailed information of the

patient and cell lines samples is provided in Materials and Methods).

Patient Cell line
Total
samples samples
119 151 270
BRAFi sensitivity
Sensitive 18 69 87
Resistant 44 39 83
NR 57 43 100
Origin
Primary tumor 57 -
Metastasis 62 -
Mutational status
BRAF mutant 85# 115*
NRAS mutant 15 16
Non-BRAF/Non-NRAS mutation 19 1

Table 3. Phenotypic and clinical features of samples included in the custom
melanoma dataset. NR, not reported. *BRAF mutation status was as follows:
V600E in 50 cases, V600K in 10 cases, V60OR in 2 cases, and not specified in 23
(4 of which were also NRAS mutant). *BRAF mutation status was: VO60OE in 112
cases, not specified in 3 cases.

In our custom dataset, we included samples that were single-end (3
cohorts®>%379-380) "and paired-end sequenced, and the read length
ranged from 48 to 200 nucleotides. Considering exclusively the
BRAF locus, the mean number of reads was 261.5 and the median
number of reads was 169.5. The coverage of BRAF EEJs among the

270 samples ranged from 7 up to 4,070 reads (Figure 8).
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Figure 8. Density plot of number of exon-exon junction reads across BRAF.
Red line represents the mean number of reads

The analysis of the EEJ reads distribution demonstrated that all
canonical EEJ could be detected; however, the mean coverage or
number of reads were not homogeneous across the different EEJ
(Figure 9A). We also detected several alternative, non-canonical
EEJ. Among the alternative EEJ identified, we were able to detect the
EEJ 1-11 and 3-9, which were previously related to resistance to
MAPKi*¥340 Besides, we observed an exceptional number of
alternative EEJ, whose biological significance remains unknown

(Figure 9).
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Figure 9. Exon-exon junction reads distribution across BRAF in the custom
melanoma dataset. A | Boxplots showing mean number of EEJ reads in the custom
dataset. Green background indicates EEJ previously related to MAPK resistance,
such as BRAFI1-11 and BRAF3-9. B | Distribution of EEJ reads according to
MAPKI sensitivity (% of resistant in grey, % of sensitive in yellow, % of not-
reported in dark blue). Seven samples harbored 1-11 and 3-9 EEJ reads (indicated
with black arrows), three of which in BRAF wild-type primary melanomas whose
MAPK:i sensitivity was not reported (dark blue).
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Next, we explored possible associations between EEJ reads
distribution and specific features of the samples. Thus, we observed
that 3 samples out of the 7 samples in which BRAF1-11 or BRAF3-
9 were detected, were BRAF wild type and primary melanomas;
therefore, these patients must have not been previously exposed to
MAPKIi and yet they displayed a selection of BRAF isoforms
associated with resistance to these inhibitors. The remaining 4
samples harboring resistance-associated isoforms were BRAF-
mutant and 3 of them were categorized in this dataset as resistant
(Figure 9). The BRAF-mutant sample that was not categorized as
resistant corresponded to an “on-treatment” sample from a melanoma
cell line (M229) that was tested across different time points during
BRAFi treatment®®!, and therefore whether the cell line was sensitive
or resistant could not be inferred. Given the heterogeneity and
diversity of the cohorts related to both samples and methods, we
acknowledge that the results drawn from our custom dataset (e.g., a
lower frequency of AS) must be interpreted with caution and avoid

generalizations.

Sashimi plots generated using the BAM files of the aforementioned
samples also identified these alternative EEJ reads, thus confirming

the presence of these BRAF isoforms (Figure 10).
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Figure 10. Sashimi plots of BRAF from samples with AS BRAF isoforms. A |
Sashimi plots obtained from RNA-seq data from the BRAF-mutant melanoma cell
line M397 (red), parental, and M397AR (blue), resistant due to the presence of
BRAFI1-11. B | Sashimi plots obtained from RNA-seq data from 3 different BRAF-
wild type primary melanomas, which display EEJ reads that correspond to BRAF1-
11.

To our knowledge, this is the first evidence to date of the presence of
alternative isoforms of BRAF, such as BRAF1-11, in a) BRAF-wild
type melanoma and in b) melanoma samples from patients not

exposed patients to MAPKi.

3.1.2 Cutaneous Melanoma TCGA dataset
To extend the analysis of alternative isoforms of BRAF, we next

accessed the Skin Cutaneous Melanoma dataset from the TCGA

project (Firehose Legacy) (https:/www.cancer.gov/tcga)*?>. The
TCGA dataset was expected to be homogeneous and useful for
comparing molecular subtypes. As the average read length was only

50 nucleotides (despite all samples being paired-ended), this could
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lead to a suboptimal performance of VAST-TOOLS, and therefore

we reduced the trimming parameter from 50 to 49 nucleotides.

The dataset comprised 472 samples from 469 melanoma patients.
The mutational status of the samples was collected from

cBioportal?!2%2

according to the sample identification from the
manifest file. As expected, the most common subgroup was BRAF-
mutant samples (45.7%), followed by RAS-mutant samples (29%)
(Figure 11A). The most common BRAF mutation was V600E
(78.7%), and the most common RAS gene affected was NRAS

(Figures 11B and 11C).

A

Genomic Classification

9.3%

16.1%
Group
45.7% BRAF
NF1
RAS
Triple WT

B C
BRAF mutation RAS mutation

58% 22%

Mutation Mutation

K601E HRAS
VB00E KRAS
V600K NRAS

V60OR

Figure 11. Genomic landscape of Skin Cutaneous Melanoma TCGA dataset.

A | Genomic classification, B | BRAF mutations distribution and C | R4S mutations
distribution of the SKCM-TCGA dataset
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Figure 12. Exon-exon junction analysis across BRAF in the TCGA melanoma
dataset. A | Total number of reads of each EEJ in the BRAF gene. Yellow bars
indicate canonical EEJ and purple bars alternative non-canonical EEJ. B |
Distribution of EEJ reads according to the TCGA genomic subtype (BRAF, RAS,
NF[-mutant and triple wild type). Two BRAF-mutant samples harbored 3-9 EEJ
reads (indicated with a black arrow). C | Both of the samples displaying BRAF3-9
isoform samples harbored the BRAFX!E mutation (Adapted from
cBioportal®!292),
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The distribution of EEJ reads in the BRAF gene showed again that all
canonical EEJs could be identified and, similarly to the previous
dataset, the coverage of the different EEJs was not evenly distributed
across the length of the gene BRAF (Figure 12A). We found
alternative EEJs, including BRAF3-9 (related to resistance), and also
other alternative EEJs of unknown biological significance. In this
dataset, however, the diversity of alternative EEJ was lower,
probably due to the shorter average length of reads. We identified the
EEJ corresponding to the alternative isoform BRAF3-9 in 2
melanoma metastatic samples, and both belonged to the BRAF-
mutant subtype (Figures 12B and 12C), specifically BRAFX6OE,
Unfortunately, clinical information on further treatments received, if

any, for these two cases was not available.

To date, resistance-associated BRAF isoforms have been exclusively
detected in BRAF-mutant melanomas after treatment with
BRAFi+MEKi. In this Part I, we have detected, for the first time,
BRAF isoforms (i.e., BRAF1-11 and BRAF3-9) in non-V600 BRAF-
mutant melanomas (BRAFX®'E) and in wild-type BRAF melanoma
tumors, which therefore were not exposed to BRAFi+MEKi. On the
other hand, although the datasets were either heterogeneous (our
custom dataset) or treatment-naive (the SKCM-TCGA dataset) —
and thus limiting to draw robust conclusions—, we found a lower

frequency of AS of BRAF than previously reported.
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3.2 PARTIL Cellular models to study
BRAF mRNA isoforms in melanoma

We collected a number of paired melanoma cell lines (pairs of
parental line and its resistant counterpart) and performed RT-PCR to
detect the different isoforms. We also studied the emergence of these
isoforms as a consequence of BRAFi exposure, as previously

reported334’340’339.

We used the melanoma cell lines described in Table 4. Mutation
information was retrieved from publicly available databases such as
Cellosaurus®®*  (https://www.cellosaurus.org) and  Cosmic®®?

(https://cancer.sanger.ac.uk/cosmic).

BRAF Other BRAF

Cell line status mutations Phenotype isoform Provider
UACC62 V600E PTEN Sensitive -
c.741dup
(p.Pro248fs)
SKMEL94 VB00E NR Sensitive - Eiigﬁé
SKMEL147 Wild NRAS®®R - Spain) ’
type CDKN2A
c.341C>T
(p.Pro114Leu)
SKMEL293 V600E NR Sensitive - Solit and
C3 V600E NR Resistant 3-9 Rosen
labs
(MSKCC,
USA)
M397 V600E NR Sensitive Ribas lab
M397AR V600E NR Resistant 1-11 (UCLA,
USA)
1205Lu V600E CDK4 Sensitive - Hartsough
c.64A>C lab
p.Lys22GIn (Drexel,
PRT#3 V600E NR Resistant 2-11 USA)
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Cell line BRAF Oth_er Phenotype . BRAF Provider
status mutations isoform
PRT#4 V600E NR Resistant 1-9

Table 4. Summary of the different melanoma cell lines used in this study.
NR, not reported.

3.2.1 BRAF mRNA isoform profile of
melanoma cell lines

We analyzed the transcript isoform profiles of BRAF of the different
cell lines, guided by their described BRAF isoforms (Table 4). After
RNA extraction, RT-PCR was performed using different

combinations of primers, designed for specific isoform detection.

The different alternative BRAF isoforms were successfully detected
in the expected cell lines (Figure 13), the parental cell lines not
expressing the alternative BRAF mRNA isoform associated with
resistance in their resistant counterparts. Interestingly, each resistant
cell line harbored the described alternative resistance-associated
BRAF isoform, but we were not able to detect other alternative (also
resistance-associated) BRAF transcript isoforms in the same cell line.
We conclude that each resistant cell line exclusively expresses only
one specific alternative BRAF isoform. This finding was not in line
with the concept that a general alteration of splicing would lead to
the generation of multiple aberrant BRAF transcripts in resistant cell

lines.
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Figure 13. RT-PCRs for detection of different BRAF mRNA isoforms. A | RT-
PCR for the detection of any transcript isoform encompassing exons 1 to 11 in
RNA isolated from the indicated melanoma cell lines (parental cell lines in dark
blue, resistant cell lines in red). The position of forward and reverse primers is
indicated, as well as the electrophoretic mobility of the different spliced isoforms.
B | RT-PCR with primers designed for detection of the full BRAF isoform (FWS)
and primers to specifically detect alternative exon-exon junctions (EEJ). Parental
cell lines are in dark blue, resistant cell lines in red. SKMEL94AR corresponds to
a cell line generated during the work of this Thesis as explained below. On the right
side, schematic diagrams of the expected transcript isoforms and position of
primers are indicated: light blue exon indicates exon 15, red exons indicate exons
involved in alternative EEJ, green exon indicates exon 8 (which is only present in
full BRAF isoform and never included in any of the alternative mRNA isoform
depicted in the figure). RT-, negative control without reverse transcriptase; NTC,
non-template control of the PCR.
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3.2.2 Generation of resistant cell lines
harboring alternative mRNA isoforms
of BRAF

In order to validate that the alternative isoforms of BRAF emerge
upon BRAFi exposure, we treated different parental melanoma cell
lines and performed RT-PCR at different time points during the

treatment, to assess the presence of alternative isoforms.

For this purpose, we continuously exposed SKMEL94, UACC62,
M397 and SKMEL293 cell lines to vemurafenib 1 uM and analyzed
the presence of BRAF mRNA isoforms from total RNA. Previous
studies exposed parental cells to increasing concentrations of BRAFi
up to 6 months or treated cells with high concentrations of BRAFi (2
uM) for at least 2 months***-84 Unlike those studies, we limited
exposure 3-6 weeks and we isolated RNA at a different range of time
points, that included 10 3-week replicates, 3 4-week replicates and 3
6-week replicates of each treated cell line. In these short-term
experiments, we found a low frequency of alternative BRAF
isoforms (6% in SKMEL94 [1 of 16], and 12% in M397 [2 of 16] cell
lines) (Table 5), although we cannot rule out that a longer exposure
to BRAFi could have increased the frequency, either by facilitating
the underlying mechanism or by clonal selection of resistant cells

(given that we did not select single-cell derived clones).

Cell line Sublines, n  Alternative BRAF

SKMEL94 16 1 (BRAF1-9)
UACC62 16 0

M397 16 2 (BRAF1-11)
SKMEL293 16 0

Table 5. Identification of alternative mRNA isoforms of BRAF after short-
term (3-6 weeks) exposure to vemurafenib.
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Two of the melanoma cell lines that we treated with vemurafenib,
M397 and SKMEL293, were previously reported to generate
alternative isoforms of BRAF (BRAF1-11 and BRAF3-9,
respectively) (Figure 14A). We were able to recapitulate the
emergence of BRAF1-11 after BRAFi treatment of M397, but not of
BRAF3-9, nor any other non-canonical isoform, after treatment of
SKMEL293 cells. Interestingly, BRAF1-11 was once again observed
in resistant M397 cells (M397AR), as previously observed3,
suggesting some form of predisposition of this parental cell line to

generate a specific alternative BRAF isoform.

At the same time, not all the emerging sublines showed the presence
of alternative BRAF isoforms (not even those sublines derived from
parental cell lines that had previously demonstrated emergence of
BRAF AS, ie., SKMEL293 and M397), probably due to the
development of different resistance mechanism/s. This finding is in
line with the variety of mechanisms of resistance observed in

different relapsed metastatic samples even from a single patient>*’.

On the other hand, exposure to vemurafenib of SKMEL94 cell line
revealed the emergence of the BRAF1-9 isoform. No alternative
BRAF isoform was previously described to emerge during the
process of acquisition of resistance in this cell line. The SKMEL94
subline at week 4 (hereafter SKMEL94AR), which displayed the
BRAF1-9 isoform, was then expanded, and the presence of BRAF1-
9 was confirmed in 2 different biological replicates (W4 1 and
W4 2) (Figure 14B). Sanger sequencing of the PCR product also
confirmed the EEJ 1-9 (Figure 14C). Besides, cell viability assay at
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72 hours after vemurafenib treatment demonstrated that the subline
was indeed resistant (IC50 24 uM vs 0.02 uM for the parental cell
line) (Figure 14D).
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Figure 14. De novo generation of BRAF1-9 in a resistant subline from
SKMELY4. A | Alternative BRAF mRNA isoforms screening by RT-PCR using
primers complementary to exon 1 and exon 11 of four parental BRAF-mutant
melanoma cell lines (SKMEL94, UACC62, M397 and SKMEL293) after 4 and 6
weeks of continuous exposure to 1 uM vemurafenib. B | Confirmation of
emergence of an alternative BRAF isoform upon vemurafenib treatment in 2
biological replicates of SKMEL94 subline at week 4 (W4 1 and W4 2). BRAF1-
9 which was absent in the parental SKMEL94 (P) and in SKMEL94 subline at
week 6 (W6). C | Sanger sequencing confirming the exon-exon junction of BRAF1-
9. D | Cell viability assay in the presence of vemurafenib (72 h) for parental
SKMEL94 and the resistant subline SKMEL94AR (BRAF1 9 SK94). w, weeks;
P, parental; RT-, negative control of reverse transcription.
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In this Part II, we used 4 melanoma models (pairs of cell lines
consisting of a parental cell line and its resistant counterpart
harboring alternative BRAF mRNA isoforms) to investigate the
presence and emergence of BRAF mRNA isoforms. We observed
that each resistant cell line exclusively expressed only one specific
alternative BRAF isoform, a finding that goes against a general mis-
regulation of splicing —which would more likely generate several
BRAF mRNA isoforms within the same resistant cell line.
Furthermore, apart from successfully establish our own resistant cell
line SKMEL94AR —which displayed BRAFI1-9 after 4-week
exposure to 1 pM vemurafenib—, our attempts to recapitulate the
acquisition of alternative mRNA isoforms as a resistance mechanism
—in melanoma cell lines that previously developed specific
alternative mRNA isoforms— suggested some form of
predisposition of each cell line to consistently develop only one

specific isoform, and not any other.

85






RESULTS

3.3 PART Ill. Contribution of pre-mRNA
sequences to the generation of the
BRAF3-9 isoform

A previous publication®>® argued that a C-to-G mutation located -51
nucleotides upstream of the 3’SS of intron 8 contributes to the
generation of the BRAF3-9 isoform This conclusion was based on
results obtained using a reporter BRAF minigene that included
genomic sequences spanning 3, 4, 8, 9 and parts of introns 3 and 8.
Introduction of the C-to-G substitution at position -51 resulted in
increased accumulation of the BRAF3-9 transcript, regardless of
whether the reporters were introduced into parental or resistant
melanoma cell lines, arguing for an autonomous effect of this

nucleotide change.

Based on this publication, we tried to further dissect potential cis
elements involved in the generation of alternatively spliced BRAF

isoforms linked to the acquisition of resistance to BRAFi.
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Figure 15. An intronic mutation responsible for alternative splicing BRAF3-9
(reprinted from3*®). A | Sanger sequencing of BRAFYS"E galleles from parental
SKMEL293 (above) and the resistant C3 (below), which displayed the C-to-G
mutation at nucleotide -51 of 3* SS of intron 8. B | Design of the reporter minigene
and the expected spliced transcripts. C | Splicing pattern of the reporter minigene
transcripts in U20S cell line. The position of expected RNA isoforms is indicated.
wtBRAF and mutBRAF refers to whether a C or a G is present at position -51 from
the 3’SS of intron 8.

3.3.1 A BRAF minigene spanning exons 3, 4
and 9 did not recapitulate the reported
effect of intron 8 -51 C-to-G nucleotide
substitution

We decided to first test the simplest minigene possible to easily
address how the selection of the 3°SS of exon 3 (intron 3 vs intron 8)
is made. To do this, we constructed a minigene that contained exons

3, 4 and 9 with shortened/chimeric introns. The shortened intron
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between exons 3 and 4 consisted of the 5’-most 250 nucleotides and
the 3’-terminal 296 nucleotides of intron 3. The chimeric intron
flanked by exons 4 and 9 consisted of the 5’ 302 nucleotides of intron
4 and the 3’ terminal 250 nucleotides of intron 8. We generated
versions of this minigene with the wild type C (WT) or with the
variant G (-51MT) at position -51 upstream the 3°SS of intron 8
(Figure 16A).

First, we transiently transfected the HEK293 cell line with our
minigene MG349 using different amount of the plasmid (100 and 200
ng). The results showed a small level of exon 4 skipping, leading to
BRAF3-9 isoform, but no difference in the splicing pattern of the
wild-type and the -51 nt-mutant minigene (-51MT), particularly in
the amount of the skipping isoform that would mimic the production
of the BRAF3-9 isoform (Figure 16B). Second, we used different
BRAF-mutant melanoma cell lines, including the vemurafenib-
resistant C3 which was derived from SKMEL293 and produces the
BRAF3-9 isoform, to explore a possible cell-dependent effect (such
as the presence or regulated expression of a trans-acting splicing
factor) (Figure 16C). Again, we observed no differences in the
splicing profiles in the presence of the C-to-G -51 nucleotide
mutation using our minigene. We conclude that the effect of the C to
G -51 substitution in enhancing splicing between exons 3 and 9 of

358

BRAF reported in a previous study’>® was not recapitulated in our

minigene system (see also below).
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Figure 16. Splicing assays using a simple minigene to assess the production of
BRAF3-9 isoform. A | Design of MG349 minigene, which contains exons 3, 4
and 9 and two shortened/chimeric introns: a shortened intron 3 with 250 and 296
nucleotides from the 5° and 3’ ends of the intron, and a downstream chimeric intron
harboring the 5° 302 nucleotides of intron 4 and 250 nucleotides of the 3’end of
intron 8. The latter harbored (or not) the -51 nt position C-to-G substitution
(indicated with the red cross). PT1 and PT2 primers (arrows) were used. B |
Splicing pattern analysis of the wild-type (WT) and the -51 nt mutant (-51MT)
MG349 minigenes when transfected in HEK293 cells. C | Splicing pattern analyses
of WT and -51MT MG349 when transfected in the indicated BRAF-mutant
melanoma cell lines. The position of the expected splicing products is indicated.
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3.3.2 A putative re-splicing event involving
a 5’SS regenerated upon splicing of
exons 3-4 does not play a role in the
generation of BRAF 3-9

Given the large genomic distance between the 5’SS of intron 3 and
the 3°SS of intron 8§ (47 Kb), we hypothesized that BRAF3-9 might
emerge due to a re-splicing event. In this hypothetic scheme, after
regular removal of introns 1 to 7 (in the case of BRAF3-9),
regeneration of a 5° SS in the junction between exons 3 and 4 (which
reconstitutes a sequence TG/GTAC, which resembles a 5°SS) might
lead to splicing between this newly-formed 5° SS and the 3°SS of
intron 8, thus generating the BRAF3-9 isoform by competing with

the canonical 5’SS located in intron 8.

To test this hypothesis, we carried out mutagenesis of the 5’
nucleotides of exon 4 in our simple minigene system described
above. We mutated the dinucleotide GT (GTAC > GAAC) (Figure
17A), thus disrupting the hypothetical 5°SS. We also tested
additional mutations (GTA>GAAA; GTA>GGA and GTA>GTAA).
We tested these minigenes (in the two versions of intron 8 position -
51, C or G) by transfection in SKMEL293 as well as in the C3

resistant melanoma cell lines (Figure 17B).

Our results showed no decrease in the generation of the skipping (3-
9) isoform in any of the putative 5’SS mutants, regardless of the
presence of the -51-nucleotide mutation and the cell line (parental
SKMEL293 and its resistant counterpart C3 BRAF3-9) (Figure 17B).

We conclude that a re-splicing event involving the junction between
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exons 3 and 4 is unlikely to be responsible for the production of the

BRAF3-9 isoform.
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Figure 17. Minigene assays exploring the possible use of a 5° splice site
generated upon splicing between BRAF exons 3 and 4 in the generation of the
BRAF3-9 isoform. A | Scheme of the hypothetical two-step process for the
generation of the BRAF3-9 isoform: splicing between exons 3 and 4 regenerates a
newly-formed putative 5’SS which is then in competition with the 5’SS of intron 8
to generate the 3-9 isoform. The 5’ first nucleotides of exon 4 are represented in
green and the -51-nucleotide mutation in red. PT1 and PT2 primers were used for
RT-PCR. B | Splicing pattern analysis of the indicated minigenes transfected in
SKMEL?293 and C3 BRAF3-9 melanoma cell lines was analyzed by RT-PCR as in
Figure 16. The status of the -51-nucleotide position (WT and -51MT) is also
indicated. The position of the expected splicing products is indicated.
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3.3.3 A variety of minigene designs did not
recapitulate the reported effect of
BRAF intron 8 -51-nucleotide mutation

Given the unsuccessful attempts to recapitulate the effects of the
intronic mutation located nearby the 3°SS of intron 8, we decided to
introduce the following modifications in the minigene design,

summarized in Figure 18.

MG349

R
MG389

EmSS . o

MG3489

Figure 18. Diverse minigene architectures, including the designs of MG349,
MG389 and MG3489. The -51 and -435 position in intron 8 are indicated in red
and orange, respectively.

First, we replaced exon 4 and its flanking intronic sequences present
in our MG349 minigene by exon 8 and its flanking intronic
sequences, to generate the MG389 minigene. In this minigene, exon
8 is flanked by the 3 300 nucleotides of the preceding intron 7 and
the 5’ 300 nucleotides of the downstream intron 8. In this design,
competition for 5’SS usage involves the 5’SS of intron 3 and the 5°SS
of intron 8, which would be the 5’SS in competition in the
endogenous pre-mRNA for production of BRAF3-9 isoform.

Transfection of this minigene in HEK293 (not shown), parental
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SKMEL293 and resistant C3 BRAF3-9 melanoma cell lines showed
a small level of exon 8 skipping, but no difference in the splicing
pattern was observed depending on the presence or not of the C-to-G
mutation at the -51 position, nor depending on the cell line phenotype
(parental or resistant) in which the MG389 minigene was transfected

(Figure 19B).
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Figure 19. Splicing assays using a variety of minigene designs to explore the
reported effect of the -51 mutation in intron 8 on the production of the
BRAF3-9 isoform. Wild-type (WT) and -51 nucleotide mutant in intron 8 (-51MT,
position in the minigenes indicated in red) versions of the MG349 (A), MG389 (B)
and MG3489 (C). Parental SKMEL293 (blue) and resistant C3 BRAF3-9 (red) cell
lines were transfected. PT1 and PT2 primers were used. The position of the
expected splicing products is indicated.
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Next, we designed a minigene that incorporated both exons 4 and 8
between exons 3 and 9 (MG3489), thus further mimicking the
competition between native splice sites involved in the generation of
BRAF3-9 in the endogenous pre-mRNAs. In this minigene, a longer
piece of the 3’ end of intron 8 (500 nucleotides) was included to
encompass yet another mutation located at the -435-nucleotide
position (C>A), which according to the aforementioned study>>® has
no impact on the alternative splicing of BRAF3-9. In this design,
shortened intron 3 contains 250 and 296 nucleotides of the 5* and 3’
ends of intron 3, respectively. Chimeric intron 4-8 contains 302
nucleotides of the 5 end of intron 4 and 300 nucleotides of the 3’ end
of intron 7. And shortened intron 8 contains 300 and 500 nucleotides
of the 5’ and 3’ ends of intron 8, respectively. Transfection of this
minigene in HEK293 (not shown) and in the SKMEL293 and C3
melanoma cell lines resulted in the production of a small proportion
of transcripts skipping exons 4 and 8, but no differences in the
splicing pattern were observed regardless of the status of the -51-
nucleotide mutation (Figure 19C), the -435-nucleotide mutation or

the phenotype of the cell line used for the transfection (Figure 20).
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Figure 20. Splicing assays using the MG3489 minigene to assess the production
of BRAF3-9 and the effect of -435 and -51 nucleotide mutations. A | Design of
the MG3489 minigene, which contains exons 3, 4, 8 and 9, a shortened intron 3
and intron 8, and a chimeric intron 4-8. Intron 8 harbors the -435 nucleotide
(indicated in orange) and the -51 nucleotide mutations. PT1 and PT2 primers were
used for detection of the transcripts. B | Splicing patter analysis of the different
combinations of MG3489 mutants (SIWT/435WT, 5IMT/435WT, SIWT/435MT
and 51MT/435MT) when transfected in HEK293, parental SKMEL293 and
resistant C3 BRAF3-9. Mutations of MG3489 are indicated with colored squares
(orange when -435 nucleotide was mutated; red when -51 nucleotide was mutated).
The position of the expected splicing products is indicated.

3.3.4 Intron 8 -51-nucleotide mutation does
not impact BRAF3-9 splicing using
published minigenes

Considering our failure to recapitulate the reported effects of the C-
to-G substitution at position -51 of BRAF intron 8 using various
minigenes, we requested the reporter minigene created and described
in the previously cited article3*8. This reporter minigene consisted of
the entire exons 3, 4, 8 and 9, 300 nucleotides of the 5” and 3’ ends
of intron 3, and 300 nucleotides and 500 nucleotides of 5’ and 3’ ends
of intron 8, respectively (Figure 21A). The intermediate exon was a

chimeric sequence containing exons 4 and 8, and the ORF of the
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fluorochrome mStrawberry inserted between these exonic sequences.
We prepared versions of this minigene containing wild type or
mutant versions at positions -51 and -435 in intron 8, in all possible
combinations, and carried out transfections in HEK293 as well as the
melanoma cell lines SKMEL293 and its resistant subline C3 BRAF3-
9. Splicing patterns of minigene-derived transcripts were detected
using different set of primers for the RT-PCR: first, primers
encompassing the entire minigene (Figure 21B), and secondly, using

primers located in exon 8 and spanning the EEJ3-9 (Figure 21C).
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Figure 21. Analysis of splicing profiles of transcripts derived from the
minigene reporter originally used to describe the effect of the BRAF intron 8
-51 nucleotide mutation on splicing of BRAF3-9 isoform. A | Schematic
representation of the reporter minigene design. The -435 (orange) and -51 (red)
nucleotides in intron 8§ are indicated. B | RT-PCR analysis of splicing isoforms
derived from transfection of the minigene shown in A in cell lines HEK293,
SKMEL293 and C3 BRAF3-9 using complementary primers to exon 3 and the
ORF sequence of GFP. C | Same analysis using different set of primers for RT-
PCR: FW8, complementary to exon 8 (skipped in the BRAF3-9 isoform); EEJ3-9,
complementary to the junction 3-9; and one located in the ORF sequence of GFP
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(RV_GFP). Mutations at position -435 is indicated with an orange square and the
-51, with a red square. Native sequences are represented with a white square.
mStrw, mStrawberry; GFP, green fluorescent protein. FW3, primer complementary
to exon 3; FW8, complementary to exon 3; EEJ3-9, primer complementary to exon-
exon junction 3-9; RV-GFP, primer complementary to the ORF of GFP.

Once again, we did not observe any changes in the splicing patterns,
regardless the -435 or the -51-nucleotide mutation status or the cell
type transfected. Therefore, we were not able to recapitulate the
previously described effect of the -51-nucleotide mutation, which
was presented by the authors as the “molecular basis for a RNA

splicing-mediated RAF inhibitor resistance mechanism”.

3.3.5 Whole genome sequencing of
SKMEL293 and C3 BRAF3-9 does not
reveal additional nucleotide
differences in the BRAF gene

In view of the negative results of the minigene assays testing the
effect of the -51-nucleotide mutation, we decided to sequence the
whole genome of SKMEL293 and C3 BRAF3-9 cells to explore
possible intronic mutations differing between the two cell lines and
that could potentially explain the generation of the alternative

BRAF3-9 isoform in the C3 melanoma cell line.

For this purpose, we obtained whole genome sequencing (WGS)
results with a 30x coverage, using paired-end short reads of 150
nucleotides. Quality control data after the alignment to reference

bwa.hsapiens.hs37d5 is summarized in the Table 6.
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Ml ielg Avg % Coverage
Sample read-

pairs (Gb) uniq. unmap. dupl. Mean Median
SKMEL  283.8
293 37 85.719 90.51 2.70 11.67 2646  25.00
C3 182.4
BRAF3-9 85 55110 95.45 0.07 11.42 18.05 17.00

Table 6. Summary of WGS quality control data. Mill., million; Avg, average;
uniq., unique; unmap., unmapped; dupl., duplicate

Briefly, after alignment to genome reference and cleanup, variant
calling was performed using freebayes (a haplotype-based, Bayesian,
variant detector)®®>. Then, we used SnpEff for variant annotation
and prediction, and maftools for visualization®®” (see Materials and

Methods) .

Considering exclusively the BRAF locus, we carried out variant
calling analysis and we were able to identify a total of 46 genomic
variants: 34 single-nucleotide variants (SNV), 1 multi-nucleotide
variant (MNV), 3 insertions and 8 deletions. Of the 230 events that
were observed across BRAF, 222 (96.5%) were located in introns, 6
(2,6%) in exons and 2 (0.87%) in the 3° UTR. Four of the six variants

observed in exons were missense variants.

The comparative analysis of the variant calling of the 2 melanoma
cell lines, the parental SKMEL293 and the resistant C3 BRAF3-9,
yielded the following results (Figure 22):

e T>A mutation located in exon 15 (T1799A, p.V600E) was
detected in both samples with a similar read frequency
(>50%), in agreement with the mutation being present in

heterozygosis.
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e in SKMEL293, only one of the variants detected was
restricted to the parental cell line: an intronic SNV located in

intron 16 (A>C).

e in C3 BRAF3-9, we found 2 variants restricted to this
resistant cell line: a T>C SNV located in intron 5 and, as
expected, the C>G SNV located at in the -51-nucleotide
upstream the 3’SS of intron 8, which was previously

described?8.

Remarkably, the 2 de novo SNVs identified in both the parental and
resistant cell lines were located in introns (intron 16 and intron 5,
respectively) but at very long distances from the competing splice
sites in introns 3 and 8 involved in the generation of BRAF3-9
isoform, making it unlikely that these variants are involved in the

alternative pattern of splicing.

Taking together the negative results of the minigene assays and the
intronic sequencing described in this Part III, we considered the
hypothesis that an intronic mutation is responsible for the generation
of alternative isoforms of BRAF unlikely. This results are also
consistent a previous publication analyzing intron 8 of BRAF in
patients harboring the BRAF3-9 mRNA isoform after acquisition of
resistance to BRAFi1, which did not detect the -51 nucleotide mutation

in any of the patients samples*®®,
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RESULTS

3.4 PART IV: Association between BRAF
V600E mutation and BRAF alternative
splicing

Previous studies linked the V60OE mutation (located in exon 15) with
the alternative BRAF isoforms in different ways: first, the isoforms
were detected solely after treatment with BRAFi+MEKi (and
therefore only in BRAF-mutant melanoma samples or patients);
second, it was suggested that all the alternative BRAF isoforms
retained the V60OE mutation®*33%°, However, considering i) the long
genomic distances between exon 15 and the 5’SS of intron 3 (81
kilobases) and between exon 15 and the 3’SS of intron 8 (34
kilobases), and 2) the related fact that exon 15 -containing the V60OE
mutation- is transcribed long after the competing splice sites between
exons 3 and 9 have been transcribed, it is intriguing how the
mutational status of exon 15 might influence the pattern of splicing
between exons 3 and 9 (Figure 23A). Such a “retrograde” remote

modulation of an alternative splicing event would be unprecedented.

We therefore decided to further investigate the association between
the production of alternative BRAF isoforms and the presence of the
V600E mutation. We therefore wondered whether the alternative
BRAF transcripts were generated in cells displaying a general mis-
regulation of splicing (cell-intrinsic model) —which should affect
both mutant and native BRAF alleles—, or if, in contrast, the aberrant
transcripts were produced only from one of the alleles (allele V60OE-
specific) —the V600E mutated one, which would affect somehow

the pattern of splicing— (Figure 23B).
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Figure 23. Two models for generation of BRAF3-9 isoform. A | Schematic
representation of the splicing pattern leading to BRAF3-9 mRNA, indicating the
genomic distances between intron 3 5°SS and intron 8 3’SS and between the
T1799A (V600E) mutation located in exon 15. Exon 15 is indicated in light blue.
B | Hypothetic models for the generation of BRAF3-9. In the allele-specific model,
all the transcripts displaying the BRAF3-9 pattern of exon skipping are generated
exclusively from the mutant allele. In the cell-intrinsic model, alternative BRAF
isoforms are generated from both mutant and native alleles due to a general
dysregulation of the splicing machinery in these cells.

3.4.1 Analysis of single cell-derived clones
of C3 BRAF3-9

To assess the possible heterogeneity in splicing decisions, we carried
out splicing pattern analyses from clonal populations derived from
single cells from the melanoma cell lines SKMEL293 and the C3
BRAF3-9. Briefly, DAPI (4',6-diamidino-2-phenylindole, a blue-
fluorescent DNA stain)-negative melanoma cells were single sorted
into a 96-well plate containing complete growth medium (including
vemurafenib 1 uM for resistant clones). Single cell colonies were
visually screened to ensure their clonogenicity and expanded for 3-4
weeks to allow enough number of cells for RNA extraction. Then,
RNA was extracted and analyzed by RT-PCR to assess BRAF

transcripts splicing.



RESULTS

We sorted and seeded 96 single cells from each cell line. From each
96-well plate, we obtained 36 clones from SKMEL293 and 12 clones
from C3 BRAF3-9 (from which only 11 could be screened by RT-
PCR) (Figure 24). As expected, all 36 SKMEL293 clones harbored
the full BRAF transcript, and no traces of BRAF3-9 transcripts could
be detected in any of them (Figure 24A).

A | Single cell-derived clones from SKMEL293 |
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B | Single cell-derived clones from C3
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Figure 24. Analysis of the patterns of BRAF splicing in populations derived
from single clones of SKMEL293 and C3 BRAF3-9 cell lines. Primers
complementary to exon 8 (FW8), to the exon-exon junction 3-9 (EEJ3-9) and to
exon 11 (RV11) were used to detect full length (FWS8 and RV11) and BRAF3-9
mRNA isoforms (EEJ3-9 and RV11). Position and scheme of expected isoforms
are indicated. A | RT-PCR results of 12 SKMEL293 clones (from a total of 36
generated clones). All clones expressed exclusively the full BRAF transcript
(expected amplification product of 346 bp). B | RT-PCR results of 11 C3 BRAF3-
9 clones. BRAF3-9 transcript was detected in 2 clones, clone #3 and #7,
corresponding to lanes 3 and 7, respectively. Notice that the ratio of BRAF3-9/full
length isoform is 50% for these two clones, while the proportion is much lower in
the “bulk” cell population (lane 14). RT-, negative control without reverse
transcriptase; NTC, non-template PCR control.

Regarding the C3 BRAF3-9 clones, all 11 clones also harbored the
full BRAF transcript. Importantly, the BRAF3-9 transcript was only
detectable in 2 of the 11 C3 BRAF3-9 single cell-derived clones

(clones #3 and #7). In these clones, the relative abundance of the full
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length and BRAF3-9 isoform was approximately 50%, far higher
than the proportion observed in the “bulk” C3 BRAF3-9 population
(Figure 24B). We interpreted these results to mean that only a
fraction of the “bulk” C3 BRAF3-9 population expresses the
BRAF3-9 isoform, but those cells that do, they do it in amounts
similar to the full-length isoform. We then considered the possibility
that the transcripts exhibiting the BRAF3-9 pattern of splicing could

be generated specifically from one of the alleles in these cells.

3.4.2 Association between V600E mutation
and the BRAF3-9 isoform

To investigate the possible association between the BRAF"'E
mutation (T1799A) and the different BRAF transcript isoforms,
PCRs were designed for specific amplification of the full BRAF
transcript (using a forward primer annealing to exon 8) and the
BRAF3-9 isoform (using a forward primer spanning the exon 3-9
junction —EEJ3-9— that, under the conditions of the PCR, requires
annealing to the spliced junction for priming and cannot anneal exons
3 or 9 if they are not spliced together), and using a reverse primer
annealing with sequences in exon 15 3’ to the 1799 position (mutated
from T to A in BRAF V600E). The resulting RT-PCR products from
clones #3 and #7, derived from C3 BRAF3-9 cell line, were then
sequenced by the Sanger method.

Interestingly, while the full BRAF transcript did not harbor the T>A
substitution, the BRAF3-9 transcript of clones #3 and #7 did harbor
the T>A mutation (Figure 25A and 25B). The absence of a

background trace corresponding to another nucleotide at this locus in
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the electropherogram of each amplification product suggested that

each PCR product corresponded to a single allele.
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Figure 25. Sanger sequencing of full BRAF and BRAF3-9 mRNA isoforms
from RT-PCR products amplified from single cell-derived clones of C3
BRAF3-9 cell line. A | Sequences from full-length BRAF (RT-PCR from exon 8
to exon 15) and BRAF3-9 (RT-PCR from EEJ3-9 to exon 15) amplification
products from C3 BRAF3-9 clone #3 and B | Same for C3 BRAF3-9 clone #7.
Notice that full-length amplification products contain a T at position 1799 (arrow),
while BRAF3-9 amplification products contain an A at this position (corresponding
to the V60OE mutant allele, in red). C | Examples of Sanger sequencing of
individual clones obtained by ligation and transformation of BRAF3-9 PCR
amplification products in bacteria for clones #3 and #7. Adenosines in red
correspond to the T1799A mutation in exon 15.

BRAF3-9

To confirm that each isoform (the full BRAF or BRAF3-9) is always
generated from the same specific allele (the native T1799 and mutant
T1799A, respectively), we ligated the PCR products from clones #3
and #7 in a pGEM vector, transformed the ligation products in E. coli,
amplified the plasmids from isolated bacterial colonies and
sequenced the plasmid inserts by the Sanger method. As predicted,

sequencing of these colonies from single PCR molecules confirmed
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that all the BRAF3-9 transcripts were generated from the V600E
(T1799A) allele (Figure 25C).

3.4.3 Association between V600E mutation
and other BRAF mRNA isoforms

To further explore the association between the V60OE mutation and
other BRAF mRNA isoforms associated with the acquisition of
resistance to vemurafenib, we used a similar approach for additional
melanoma cell lines. To do this, we carried out RT-PCR assays using
specific primers that spanned the different EEJ of interest: EEJ 1-9,
EEJ 1-11, and EEJ 2-11, followed by Sanger sequencing of the PCR

products.

Consistent with the concept emerging from the results shown above,
all PCR products corresponding to the alternative BRAF isoforms —
including BRAF1-9 from 2 different cell lines (PRT#4,
SKMEL94AR), BRAF1-11 (M397AR), and BRAF2-11 (PRT#3)—
displayed the T1799A mutation. Besides, all the electropherograms
(except for PRT#4) were clearly compatible with having only
adenosine at position 1799 (Figure 26). This finding indicates again
that the alternative BRAF transcripts are generated from the mutant
(T1799A) allele, regardless of the alternative BRAF isoform made
by each of the cell lines.
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Figure 26. Mutational status at BRAF position 1799 of alternative BRAF
mRNA isoforms. Sanger sequencing in the region of exon 15 (position 1799 is
indicated with an arrow) of the different amplification products corresponding to
alternative BRAF transcripts in the indicated BRAFi-resistent melanoma cell lines.
The previously described alternative BRAF isoforms in each cell line are indicated.
Adenosines in red correspond to the T1799A mutation in exon 15.

In this Part IV, analysis of single cell-derived clones of the C3
BRAF3-9 cell line indicated, not only that the “bulk” C3 resistant cell
line was heterogeneous, but also that the production of BRAF3-9 is
T1799A (p.V600E) allele-specific. This finding pointed towards the
participation of a frans-acting factor in the generation of BRAF3-9
that might be acting as a link between the T1799A mutation and the
splicing choices involving the 5* SS of intron 3 and 8 and the 3’SS of
intron 8, which are more than 80, 35 and 30 kilobases away from

exon 15, respectively.
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3.5 PART V: Searching for trans-acting
factors involved in the generation of
alternative BRAF isoforms

After the analysis of potential mutations in the BRAF gene that could
eventually explain the activation of alternative splicing isoforms
associated with resistance to BRAF inhibitors, using minigenes,
WGS and characterization of allele-specific transcripts, we turned
our attention to the identification of trans-acting factors that could be

involved in this event.

To do so, we first used the data generated from WGS of both
melanoma cell lines, SKMEL293 and “bulk” C3 BRAF3-9, to
identify differential mutations between the two cell lines, with a
special focus on RNA Binding Proteins (RBPs). In addition, we
performed a genome-wide CRISPR-Cas9 knockout screen to identify
genotype-associated vulnerabilities related to the resistant phenotype
(which depends on the production of specific alternative BRAF
mRNA isoforms) that ultimately might be responsible for the
generation of these specific splice site choice decisions, for instance

because of alterations in particular splicing factor(s).

3.5.1 Genome-wide variant analysis of
SKMEL293 and “bulk” C3 BRAF3-9

WGS data from melanoma cell lines SKMEL293 and its resistant
“bulk” counterpart C3 BRAF3-9 was analyzed. As mentioned before,
freebayes®> was used for the variant calling and SnpEf*%¢ and VEP3*°

387

for variant annotations, then maffools’®’ were used for data

visualization. Overall, a total of 7,412 genes were identified that
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contained at least one variant compared to reference genome (hg38),
and a total of 27,003 annotated variants (according to VEP) were
identified. The most common class of variant was missense
mutations (24,186), followed by mutations affecting splice sites
(1,559). The resistant C3 BRAF3-9 cell line accumulated a higher
number of alterations across all variant classes (Table 7) (Figure

270).

SKMEL293 C3 BRAF3-9

(parental) (resistant)

Frame Shift Deletion 64 71
Frame Shift Insertion 52 58
In Frame Deletion 175 178
In Frame Insertion 143 151
Missense Mutation 11521 12665
Nonsense Mutation 134 137
Nonstop Mutation 18 19
Splice Site 754 805
Translation Start Site Mutation 28 30

Total 12889 14114

Table 7. Summary of the genomic variants detected in the indicated melanoma
cell lines, relative to the reference genome (hg38)

Single-nucleotide variants were the most frequent variant type
(Figure 27A); and among them, C>T mutations accounted for the
most common class of SNVs (Figure 27B). The high frequency of C-
to-T mutations might be related to UV-induced DNA damage, which
principally induces C>T transitions. Among the genes that
accumulated the higher number of variants in both cell lines, we
identified several genes from the Mucin family (such as MUC34,
MUCI16, MUC4,MUC6 and MUC12), AHNAK? (that encodes a large
nucleoprotein), HLA-DRBI, OBSCN (Obscurin, Cytoskeletal
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Calmodulin and Titin-Interacting RhoGEF), FCGBP (Fc Gamma
Binding Protein) and F'SIP2 (Fibrous Sheath Interacting Protein 2).
The complete list of the mutated genes and their variant class can be

found in Supplementary Table S1.

A B
TNV G I 587128
ow [ o s
ONV | >C 2333890
INS C>T - 2672707
DNV C>G I 623719
DEL C>A I 610551

0.25 o

0.50

0.75 o
00

U
8
S

15000 —
20000 —
25000 -

0
5000 —
10000 —

14114
Variant Class

. Missense mutation
. Splice Site mutation

In Frame deletion

. In Frame insertion
4704 . Nonsense mutation
. Frame Shift deletion

. Frame Shift insertion

C3 BRAF3-9 SKMEL293

Figure 27. Genome-wide nucleotide variant analysis of SKMEL293 and
“bulk” C3 BRAF3-9, compared to reference genome (hg38). A | Total number of
each variant type detected in both cell lines. Single-nucleotide variants (SNP) were
the most frequent type of variant. B | Proportion of the different classes of SNV
detected, being the C>T mutations the most frequently observed. Total number of
SNV detected are indicated. C | Distribution of the different classes of variants per
sample, in “bulk” C3 BRAF3-9 and in parental SKMEL293. Missense mutations
were the most frequent variant class detected in both cell lines. TNV, tri-nucleotide
variant; SNV, single-nucleotide variant; ONV, oligo-nucleotide variant; INS,
insertion; DNP, di-nucleotide variant; DEL, deletion.
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3.5.2 Variant analysis of splicing-related
genes in SKMEL293 and “bulk” C3
BRAF3-9 cell lines

We first focused our analysis on 1110 genes encoding spliceosome-
associated proteins or encoding RBPs, either identified in purified
splicing complexes or reported to interact with spliceosome
components, determined by mass spectrometry analyses from a

public database®! (Supplementary Table S2).

Overall, we observed variants in 254 genes (22.8%), the most
common variant class being missense mutations (88.2%, 705 events)
followed by splice site mutations (5.7%, 46 events). The distribution
of the variant classification across the samples is summarized in

Table 8 (Figure 28A).

SKMEL293 C3 BRAF3-9

(parental) (resistant)

Frame Shift Deletion 2 1
Frame Shift Insertion 2 2
In Frame Deletion 9 9
In Frame Insertion 7 8
Missense Mutation 333 372
Nonsense Mutation 3 3
Splice Site Mutation 21 25
Translation Start Site Mutation 1 1

Total 378 421

Table 8. Summary of genomic variants detected in the indicated melanoma
cell lines relative to the reference genome (hg38) in 1110 genes encoding
spliceosome-related proteins and RBPs involved in splicing

The distribution of the variant types and classification was similar to

the genome-wide analysis, being the SNVs the most commonly
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observed variant type, and the C>T mutations the most frequent SNV
class. Among the top 20 mutated genes, we found SLC2545 (Solute
Carrier Family 25 Member 5), TTN (Titin), SYNEI (Spectrin Repeat
Containing Nuclear Envelope Protein 1), NUP210 (Nucleoporin 210)
and RNF213 (Ring Finger Protein 213) (Figure 28B).
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Figure 28. Genome-wide nucleotide variant analysis of SKMEL293 and
“bulk” C3 BRAF3-9 compared to reference genome (hg38) focused on splicing-
related genes. A | Number and class of variants affecting splicing-related genes
per sample. The number of variants in the resistant “bulk” C3 BRAF3-9 was higher
compared to the parental SKMEL293. Missense mutations were the most common
variant class in both cell lines. B | Top 20 genes based on the number of variants
per gene (x axis). Both cell lines (100% of samples analyzed, as indicated at the
right side of each bar) displayed at least one variant in each of these top 20 genes.
Color code in the different panels indicate the variant classes.
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The resistant “bulk” C3 BRAF3-9 cell line accumulated 43 more
variants compared to the parental SKMEL293 (Table 8).
Furthermore, we identified 34 genes that were differentially affected
between the two cell lines, i.e., in which we detected a mutation in
one sample while in its counterpart the same gene showed no variant
(Figure 29A). We also identified 27 genes that, being affected in both
samples, displayed different variants, for instance SRSF4 (Serine and

Arginine Rich Splicing Factor 4) (Figures 29B and 29C).
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oSOk — B oo nseron NUP210 AEBP1 SMCHD1
DIS3 I Not detected RNF213 ATAD3B SNED1
EBNA1BP2 — KRT75 CAMK2B XRN1
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Figure 29. Comparative analysis of splicing-related gene variants in
SKMEL293 and “bulk” C3 BRAF3-9 melanoma cell lines compared to the
reference genome (hg38). A | Genes containing variants exclusive to one of the cell
lines and their corresponding variant class. Color code indicate the variant class.
Grey color indicates no variant detected in the indicated cell line. B | List of genes
displaying at least one variant in both cell lines, although harboring at least one
different variant among them (either class, location, or a different number of
variants). C | Variants of SRSF4 were detected in both cell lines, and one missense
mutation (indicated with an arrow) was detected only in the resistant C3 BRAF3-9
cell line (lower part of the lollipop plot).

Next, we further focused our analysis on a selection of 305 genes

encoding core spliceosomal components and auxiliary regulatory
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factors involved in splicing as well as other RNA-processing steps,
including RNA stability, export, or polyadenylation, previously used
in our lab for functional network reconstruction of splicing

regulation®’ (see Materials and Methods for the gene list).

Of the 305 genes involved in splicing and other RNA processes, 56
genes (18.3%) harbored at least one variant in any of the 2 cell lines
analyzed. The most common variant class was again missense

mutations, followed by mutations located in splice sites (Table 9).

SKMEL293 C3 BRAF3-9
(parental) (resistant)
In Frame Deletion 2 2
In Frame Insertion 5 5
Missense Mutation 46 51
Splice Site Mutation 9 10
Total 62 68

Table 9. Summary of genomic variants detected in genes related to splicing
and other RNA metabolism processes in the indicated melanoma cell lines

The resistant cell line, “bulk” C3 BRAF 3-9, displayed a higher
number of variants were identified: specifically, we detected 6
variants that were not present in the parental. These additional
variants included 5 missense mutation and 1 splice site mutation
(Table 9). The additional variants encompassed 4 differentially
affected genes: CCARI (Cell Division Cycle and Apoptosis
Regulator 1), KAT2B (Lysine Acetyltransferase 2B), SNRNP48
(Small Nuclear Ribonucleoprotein U11/U12 Subunit 48) and SPEN
(Spen Family Transcriptional Repressor). These genes harbored
missense mutation variants in the resistant C3 BRAF3-9 —except for
CCARI, that harbored a splice site mutation— and no variants were

detected in the parental cell line (Figure 30). Conversely, we found a
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missense mutation in DIS3 (DIS3 Homolog, Exosome
Endoribonuclease and 3'-5' Exoribonuclease) in the parental cell line,

that was not present in the resistant C3 BRAF3-9 cell line.

Genes that accumulated > 1 variants included CRNKL! (Crooked
Neck Pre-MRNA Splicing Factor 1), TETI (Tet Methylcytosine
Dioxygenase 1), SRSF4, SNW1 (SNW Domain Containing 1), HFM1
(Helicase for Meiosis 1), CACTIN (Cactin, Spliceosome C Complex
Subunit) and ADAR (Adenosine Deaminase RNA Specific) (Figure
28). TETI and SRSF4 harbored more missense mutations in the
resistant “bulk” C3 BRAF3-9 than in the parental SKMEL293 cell
line (Figures 30A and 30B).

SKMEL293 C3 BRAF3-9
CRNKL1 BN  100% TET! EEE—— 100% ~ VorantClass
TET1 N  100% CRNKL1 I 100% " .
SRSF4 W 100% SASF4 NN 100% I vissense mutation
SNw1 I 100% SNw1 100% In Frame deletion
HFM1 _— 100% HFM1 BN 100%
CACTIN 100% CACTIN W 100% lice Si i
ADAR WEEEE  100% ADAR NN  100% | spice Site mutation
ACIN1 100% ACIN1 Wl 100%
DHX35 WM 100% DDX46 W 100% B i Frame insertion
DDX46 WM 100% DDX3X 100%
DDX3X 100% DDX31 Wl 100%
DDX31 W 100% DDX2gs WM  100%
DDX28 = 100% cwc27 W 100%
cwczz 100% cwczz Wl 100% .
o o % of samples with a
Cwcz2 Wl 100% CLK3 100% variant in a given gene
CLK3 100% CHD1 100%
CHD1 100% CCAR1 100%
ASCL1 Wl 100% ASCL1 Il 100%
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T T T T
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Figure 30. Top 20 mutated genes in the SKMEL293 and “bulk” C3 BRAF3-9
melanoma cell lines focused on splicing-related genes. Top 20 genes based on
the number of variants per gene (x axis) in the parental SKMEL293 (A) and in the
resistant “bulk” C3 (B) cell lines. The % on the right side of each bar indicates the
number of samples affected among the total analyzed (which in our case is only
one cell line, either the parental or the resistant). Color code in the different panels
indicate the variant classes.
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Our genome-wide variant analysis is a highly valuable source of
information that merits further exploration. In our search for key
players in the production of BRAF3-9 isoform leading to BRAFi-
resistance, we focused on a limited number of genes with functions
in splicing. We have shown some differences between the parental
SKMEL293 and the resistant “bulk” C3 BRAF3-9 melanoma cell
lines. First, the resistant cell line displayed a higher number of
genome-wide variants, which was also observed in the analysis
focused on splicing-related genes. Although this analysis did not take
into account other factors such as regulation of expression or post-
translational modifications, the comparisons of the variant calling
profiles of these genes in the 2 cell lines identified tramns-acting
factors potentially contributing to the generation of splicing variants
that warrants further investigation (Figures 29 and 30). Our
comparative analyses demonstrated the presence of 34 genes that
were differentially affected, 27 of which were only affected in the
resistant cell line, while 7 were only affected in the parental (Figure
29A). No frameshift variants, indicating a strong functional impact,
were detected. Instead, missense mutations and splice site mutations
of unclear functional effect were identified. For instance, the two
RNA recognition motifs (RRM) of SRSF4 did not harbor any of the
two shared missense mutation nor the one acquired upon resistance.
Likewise, the arginine—serine-rich (RS) domain hosted a G356S
mutation in both cell lines, and a G338 A mutation in the resistant cell
line (Figure 29C). Whether these missense mutations in the RS

domain, specially the detected exclusively in the resistant cell line,
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can influence the activity of the domain requires further

investigation.

In an attempt to elucidate whether any of these mutations might be
clinically relevant, we also screened the tumor samples harboring the
BRAF3-9 isoforms included in the TCGA dataset, for the presence
of any mutation in any of the most frequent mutated genes (i.e.,
TETI, ADAR, SRSF4, CRNLKI, SNWI1, CACTIN, HFMI) in the
cBioportal database?!?*2, None of the two samples displayed a
mutation in any of these genes. This finding downplayed the
hypothesis of a mutation in a frans-acting factor from our selected

gene list, being responsible for the production of BRAF3-9.
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3.5.3 Genome-wide CRISPR knockout
screening reveals vulnerabilities
associated to the resistant phenotype

Previous studies have demonstrated the value of high-throughput
forward genetic screening approaches to reveal molecular
mechanisms associated with specific phenotypes, including drug

resistance in human cancers®?-403

. Inspired by these successes, we
performed a genome-wide CRISPR (Clustered Regularly Interspaced
Short Palindromic Repeats)/Cas9 knockout screening to unravel
potential trans-acting factors involved in the maintenance of the

BRAF3-9 isoform.

Briefly, Cas9 mediates a doble-strand DNA break at a target locus,
specified by a single-guide RNA (sgRNA), that would eventually
lead to a loss-of-function perturbation of the genome locus. Some
sgRNA libraries designed for CRISPR knockouts screening included
GeCKO (Genome-Scale CRISPR Knock-Out)*** or TKO (Toronto
KnockOut)***, The enrichment/depletion of sgRNAs over time in
these knockout screenings reveal lethal or essential genes, genetic

dependencies, and drug-mediated cell vulnerabilities.

The experimental design

The experimental design is schematized in Figure 31 (see further
details in Materials and Methods). Briefly, after amplification of the
sgRNA library, large scale production of lentivirus containing the

genome-scale sgRNA TKOv3 library was achieved. The TKOv3
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library contains 70,948 sgRNA targeting 18,053 protein coding genes
(4 sgRNAs/gene) with 142 control non-targeting guides (EGFP,
LacZ and luciferase) for a total library size of 71,090. Then, the
lentiviral library was transduced at a low multiplicity of infection
(MOI) in inducible Cas9 expressing melanoma cells, that we
previously produced (see Materials and Methods). This low MOI is
necessary to ensure that most cells received only one sgRNA, thus
allowing the independent interrogation of different genes. After 48
hours of selection with puromycin, followed by 48 hours of Cas9
induction with doxycycline, the screening was conducted
maintaining an appropriate number of cells to ensure a coverage of at
least 200-fold of each sgRNA, and under vemurafenib pressure in the
case of the resistant cell lines (see below). Finally, sequencing data
of the sgRNAs, amplified by PCR from extracted genomic DNA
(gDNA) at different time points of the procedure, was analyzed to
identify changes in sgRNAs distribution, for instance
enrichment/depletion of particular sgRNAs, pointing to potential
non-essential/essential genes, respectively, given the knockout nature

of the screen.
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Figure 31. Overview of the experimental design of our genome-scale CRISPR
knockout screening. First, inducible-Cas9 melanoma cell lines were established
(left bottom figure), from the parental SKMEL293 and resistant “bulk” C3 cell
lines. A single cell-derived clone BRAF3-9 from “bulk” C3 was also generated.
After large scale production of sgRNA lentivirus (left upper figure), the 3 cell lines
were transduced at low MO, selected with puromycin and the Cas9 was induced
for 48 h with doxycycline. Resistant cell lines (C3 “bulk”- and C3 BRAF3-9-
iCas9/mCherry) were screened under 10 pM vemurafenib. Cells were harvested at
d+4 (T1) and at d+8 (T2) for amplified sgRNA sequencing and analysis. sgRNA,
single-guide RNA; TKOv3, Toronto KnockOut version 3; iCas9, inducible Cas9;
FACS, Fluorescence-activated cell sorting; MOI, multiplicity of infection; gDNA,
genomic DNA. Created with www.BioRender.com.

Regarding the design of our screening (Figure 31), here we highlight

some particular aspects that were important to optimize the results:

1. We decided to use previously transduced melanoma cell lines
harboring an inducible Cas9-mCherry system, which we
established (see Materials and Methods), to avoid off-target
effects related to a stable expression of Cas9. For this reason,
we used the vector without Cas9 (pLCKO2::TKOv3), instead
of the one-component library that also express Cas9. Thus,
after the selection of sgRNA-expressing cells, we induced the

Cas9 with doxycycline during 48 hours (Figure 31).

2. We screened 3 different cell lines in parallel: the parental
SKMEL293, the resistant “bulk” C3 cell population and a
single cell-derived C3 clone expressing the BRAF3-9 isoform
(approximately 50% of BRAF transcripts were BRAF3-9 in
this clonal line). As our objective was to identify essential
genes involved specifically in the generation or maintenance
of the BRAF3-9 isoform, we hoped to use the SKMEL293

and C3 “bulk” screenings as references for the discrimination
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of genes involved in BRAF3-9 production vs genes generally
required for proliferation (parental cell line) and genes
required for growth in the presence of vemurafenib by a
variety of mechanisms (“bulk” cell population, as observed in

Part IV).

. Vemurafenib was added to the medium of both of the resistant

cell lines: C3 “bulk” and C3 BRAF3-9 clone. However, while
usual vemurafenib concentrations are in the 1 uM range, we
increased the dose to 10 uM, fitting with the approximately
IC50 observed for different C3 BRAF3-9 clones analyzed
(Figure 32C). We opted for a higher concentration of
vemurafenib also to avoid the emergence of other resistance
mechanism due to cell plasticity, and at the same time, to

select those genes with greater effects in the BRAF3-9 model.

. We verified the dependence of the clonal resistant C3 cell line
on the BRAF3-9 isoform in a colony formation assay
performed using siRNAs targeting exons 5 and 6, and siRNA
complementary to the EEJ3-9, which clearly impaired the
colony formation capacity in the clonal C3 BRAF3-9 (Figure
32A and 32B).

. We analyzed sgRNA abundance at earlier time points than
usual in this type of screens: at day 4 and at day 8§ after Cas9
induction. Given the dependency referred to in point 4) and
the expected half-life of both mRNA and translated protein,
we reasoned that short-term analyses would preferentially

identify genes with immediate effects on cell survival under
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vemurafenib selection, e.g. those involved in the generation
of the BRAF3-9 isoform, thus hypothetically reducing the
chances of the cells developing other mechanisms of

resistance over longer periods of time.
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Figure 32. Effect of transfection of siRNAs targeting either full BRAF or
BRAF3-9 transcripts on colony formation and vemurafenib sensitivity of the
parental SKMEL293 and the clonal resistant cell line C3 BRAF3-9 clone #3.
siRNA pools (40 nM) targeting exons 5 and 6 (siEx5-6) or the exon junction 3-9
(s1JC3-9) were transfected in SKMEL293 and C3 BRAF3-9 clone #3. A | Colony
formation assay and B | quantification of number of colonies (color codes indicate
each experimental group). C | Cell viability assay of C3 BRAF3-9 clone #3 at 72
hours after treatment with vemurafenib at the indicated concentrations. The results
show that BRAF3-9 knockdown (siJC3-9) led to a decrease in IC50, while full-
length  BRAF knockdown (siEx5-6) using siRNAs targeting sequences
corresponding to the skipped exons 5 and 6 had no effect on vemurafenib
sensitivity.

Bioinformatic analyses

For bioinformatic analyses we used both MAGeCK (Model-based
Analysis of Genome-wide CRISPR-Cas9 Knockout)*** and BAGEL
(Bayesian Analysis of Gene EssentiaLity)** tools. Briefly,
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MAGeCK prioritizes and identifies genes as “essential” —negatively
selected sgRNAs— using a binomial distribution-based algorithm,
either through a modified robust ranking aggregation (RRA) method
or through a maximum-likelihood estimation (MLE) method. This
basically assumes that if a gene has no effect on selection, their
targeting sgRNA should be uniformly distributed through the ranked
list of all the sgRNAs. On the other hand, BAGEL evaluates the
likelihood that the observed fold changes in sgRNA targeting of a
specific gene were drawn from either the essential or from the

nonessential calculated distributions of a training set>*4.

Quality control analyses were performed using both tools for the 18
samples, which included triplicates of 3 time points (T0, T1 d+4, T2
d+8) for each of the 3 different cell lines (SKMEL293, “bulk” C3,
C3 BRAF3-9 single cell-derived clone). The observed Gini index
(which measures read depth evenness within samples) was low
(Figure 33A), which —reassuringly— suggests low probability of
unevenness in the oligonucleotide synthesis, low-quality viral library
packaging or poor efficiency during viral transfection. The number
of missed sgRNAs was homogeneous across samples (Figure 33B),
as were the number of reads and the proportion of mappable reads
across samples for each time point (Figure 33C). Reference TO
samples were sequenced at higher read depth of 400-500-fold library
coverage, to ensure an optimal library representation that would
allow efficient determination of sgRNA fold changes over time.
Additionally, we calculated precision-recall (PR) curves of Bayes
Factors (BFs) using the provided reference sets (see Materials and

Methods). As expected, later time points displayed better recall
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(Figure 33D). However, the screen of the “bulk™ C3 cell line failed
in yielding fitness genes (no genes at 5% false discovery rate [FDR])
(Figure 33D). Hereafter, “bulk” C3 cell line was thus excluded for
further analyses, and we focused our analyses on T2 (d+8) due to

better performances in PR outcomes.
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Figure 33. Quality control assessment of CRISPR screen data using MAGeCK
and BAGEL. Distribution of A | the Gini index, B | the number of missed sgRNAs
and C | read counts and the mapping percentages (calculated with MAGeCK)
across samples and time points. The Gini index measures the evenness of the
sgRNA read counts, namely the log scaled read count distribution. A Gini index <
0.2 is considered optimal in a negative selection experiment. D | Precision-recall
plots of fitness genes for each time point and cell line (calculated with BAGEL).
Dashed line indicates the 5% FDR threshold.

MAGeCK RRA analysis
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Using MAGeCK RRA, the results of the screen at day 8 (T2) revealed
a significant number of depleted sgRNAs, but no significant
enrichment of any sgRNA or gene (Figure 34A and 34D). A total of
211 genes with a FDR < 10% were identified in SKMEL293 cells
and 197 in the C3 BRAF3-9 cell line. Of these, 116 and 136 genes
showed a fold change (FC) < 1.5, respectively (Figure 34C and 34F).
The top rank genes in both cell lines were plotted in Figure 34B and
34E and the top 20 essential genes listed in Table 10 and Table 11
(full list available in Supplementary Table S3).

Rank Gene RRA score p value FDR ‘;3;?“(:
1 RRM1 1.84x10°¢  2.74x10* 0.000215 4
2 SMU1 1.90x10®¢ 2.74x10* 0.000215 4
3 HSPAS5 5.90x10® 2.74x10* 0.000215 4
4 PSMC6 3.81x10%  2.74x10* 0.000215 4
5 RPL12 1.19x10* 2.74x10* 0.000215 4
6 GGPS1 2.92x10“  2.74x10* 0.000215 4
7 SS18L2 2.60x10° 2.74x10* 0.000215 3
8 WBP11 2.62x10° 2.74x10* 0.000215 3
9 PSMA5 2.79x10°  2.74x10* 0.000215 4
10 PLK1 2.82x10°% 2.74x10* 0.000215 4
11 NXF1 3.95x10° 2.74x10* 0.000215 4
12 RPSA 7.02x10° 2.74x10* 0.000215 4
13 CCT5 9.73x10° 2.74x10* 0.000215 4
14 POLR1B 9.98x10° 2.74x10* 0.000215 4
15 INTS8 1.18x102 2.74x10* 0.000215 3
16 TCP1 1.28x102  2.74x10* 0.000215 4
17 BUB3 1.42x102  2.74x10* 0.000215 4
18 RAN 1.58x102 2.74x10* 0.000215 3
19 COPB2 1.69x102  2.74x10* 0.000215 3
20 TPX2 1.77x102  2.74x10* 0.000215 4

Table 10. Top 20 essential genes identified by CRISPR knockout screen in
SKMEL293 cells (d+8). Robust ranking aggregation (RRA) scores, p value and
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False Discovery Rates (FDR) for each gene are shown. “Good” sgRNAs indicates
the number of sgRNAs for a given gene hit that fall below a default FDR of 0.25.

Rank Gene RRA score p value FDR ;:g%‘x’
1 RRM1 2.24x10®  2.74x10° 0.00015 4
2 PLK1 4.08x10®%  2.74x10° 0.00015 4
3 HSPA5 4.24x10®%  2.74x10° 0.00015 4
4 RPL12 3.00x107  2.74x10° 0.00015 4
5 INTS6 2.63x10%  2.74x10° 0.00015 4
6 SOX10 4.13x10°  2.74x10° 0.00015 4
7 SMU1 4.49x10°  2.74x10° 0.00015 4
8 NXF1 1.52x10*  2.74x10° 0.00015 4
9 WEE1 4.58x10*  2.74x10° 0.00015 3
10 COPA 5.21x10%  2.74x10° 0.00015 4
11 CKAP5 8.31x10*  2.74x10° 0.00015 3
12 SF3B3 1.36x10*  2.74x10° 0.00015 4
13 CCND1 1.44x10°  2.74x10° 0.00015 4
14 PCF11 2.26x10°  2.74x10° 0.00015 4
15 SNRNP200  2.65x10*  2.74x10 0.00015 3
16 ETF1 4.81x10°  2.74x10° 0.00015 3
17 FBX0O5 5.11x10°  2.74x10° 0.00015 4
18 MCL1 5.54x10°  2.74x10° 0.00015 3
19 CCNA2 6.06x10°  2.74x10° 0.00015 4
20 RNF113A 6.71x10°  2.74x10° 0.00015 3

Table 11. Top 20 essential genes identified by CRISPR knockout screen in C3
BRAF3-9 cells (d+8). Robust ranking aggregation (RRA) scores, p value and False
Discovery Rates (FDR) for each gene are shown. “Good” sgRNAs indicates the
number of sgRNAs for a given gene hit that fall below a default FDR of 0.25.
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Figure 34. Essential genes in SKMEL293 (top figures) and C3 BRAF3-9 (bottom figures) cell lines identified by the CRISPR-Cas9
knockout screen at day +8 using MAGeCK RRA. A | and D | Volcano plots of sgRNA enrichment revealed no significant positively selected
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blue dots represent gene hits with FDR < 10% and fold change < -1.5. A, B and C correspond to SKMEL293 cell line and D, E and F to C3
BRAF3-9 cell line. FDR, false discovery rate; Score, RRA score; FC, fold-change.
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When comparing the essential genes identified in the 2 cell lines
(filtered by FDR < 10% and FC < -1.5), we observed 49 common
essential genes and 67 essential genes exclusively identified in
SKMEL293 cells and 87 exclusive of the C3 BRAF3-9 cell line.
Among them, the list of exclusive essential genes of C3 BRAF3-9
with a FDR < 5%, and their protein function according to the

PANTHER knowledgebase**®#%7 are showed in Table 12.

Gene ID Gene Name PANTHER Protein Class

POLA1 DNA polymerase alpha catalytic

! DNA metabolism protein
subunit

TOP2A DNA topoisomerase 2-alpha DNA metabolism protein

non-receptor
AURKA  Aurora kinase A serine/threonine protein
kinase

CENPI Centromere protein |

CcDC45 Cell division control protein 45 repllqatlon origin binding
homolog protein

CRTC3 CREB-regulated transcription

coactivator 3 transcription cofactor

non-receptor
PRKCA  Protein kinase C alpha type serine/threonine protein
kinase

CCNB2  G2/mitotic-specific cyclin-B2 kinase activator

PSMC4 26S proteasome regulatory

subunit 6B protease
PPP1R15 Protein phosphatase 1
B regulatory subunit 15B

RAD21 Doublle-strand-break repair
protein rad21 homolog

EIF2S1 Eukaryotic translation initiation

factor 2 subunit 1 translation initiation factor

ETF1 Eukaryotic peptide chain

. translation release factor
release factor subunit 1

Zinc finger CCCH domain-
ZC3H13 containing protein 13

ccTs T-complex protein 1 subunit

theta chaperonin

26S proteasome non-ATPase
PSMD6 regulatory subunit 6
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Gene ID Gene Name PANTHER Protein Class
SMC4 Structural mamtenar_we of
chromosomes protein 4
CCNA2  Cyclin-A2 kinase activator
SF3B1 Splicing factor 3B subunit 1 RNA splicing factor
Eukaryotic peptide chain
GSPT1 release factor GTP-binding translation factor
subunit ERF3A
U5 small nuclear
g(l)\l RNP2 ribonucleoprotein 200 kDa scaffold/adaptor protein
helicase
Anaphase-promoting complex I -
ANAPC1 subunit 1 ubiquitin-protein ligase
Nuclear pore complex protein
NUP205 Nup205
MCL1 Induced myeloid leukemia cell
differentiation protein Mcl-1
DYNCA1I2 Cytoplasmic dynein 1 microtubule or microtubule-
intermediate chain 2 binding cytoskeletal protein
LRR1 Leucine-rich repeat protein 1 scaffold/adaptor protein
Ribonucleoside-diphosphate
RRM2 reductase subunit M2 reductase
CCND1  G1/S-specific cyclin-D1 kinase activator
Cell division control protein 6 replication origin binding
CDC6
homolog protein
'I\B"QDZU MAD2L1-binding protein
CENPT  Centromere protein T
RPS3 408 ribosomal protein S3 ribosomal protein
ATP-binding cassette sub-family ATP-binding cassette (ABC)
ABCC6
C member 6 transporter
Lims1  LIMand senescent cell antigen- ., « 1 tion protein
like-containing domain protein 1
CENPN  Centromere protein N
non-receptor
CDK1 Cyclin-dependent kinase 1 serine/threonine protein
kinase
MITE M|crop_hthalmla-aSSOC|ated
transcription factor
DNA-directed RNA polymerase DNA-directed RNA
POLR3E .
[l subunit RPC5 polymerase
. L L non-receptor
SMG1 Serine/threonine-protein kinase serine/threonine protein

SMG1

kinase
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Gene ID Gene Name PANTHER Protein Class
POLR2E DNA-directed RNA polymerases DNA-directed RNA
I, Il, and 11l subunit RPABC1 polymerase
VARS1 Valine--tRNA ligase aminoacyl-tRNA synthetase
XPO1 Exportin-1 transporter
SUMO-specific isopeptidase .
USPLA1 USPLA1 cysteine protease
TFAP2A  Transcription factor AP-2-alpha general transcription factor
RBM48 RNA-binding protein 48
) L non-receptor
PRKACA g'ab\tl\aﬁllptiiespuebnudneitn ’[alp rr:);eln kinase serine/threonine protein
y P kinase
CENPW  Centromere protein W
NEDD1 Protein NEDD1
Heterogeneous nuclear
HNRNPU ribonucleoprotein U
NAASO N-alpha-acetyltransferase 50 acetyltransferase
DBF4 Protein DBF4 homolog A kinase activator
CDC5L  Cell division cycle 5-like protein
HSPA9 Stress-70 protein, mitochondrial Hsp70 family chaperone
Kinetochore protein NDC80 -
NDC80 homolog transcription cofactor
IL1RN Interlguk|n-1 receptor antagonist interleukin superfamily
protein
TEX29 Testis-expressed protein 29
Voltage-dependent anion- i .
VDAC2 selective channel protein 2 voltage-gated ion channel
Nuclear pore complex protein
NUP98 Nup98-Nup96 transporter
ELP5 Elongator complex protein 5
TUBB Tubulin beta chain tubulin
CD300L CMRF35-like molecule 9 |mmunogl_obuI|n receptor
G superfamily
Uncharacterized protein
C30rf38 C30orf38
Small nuclear ribonucleoprotein- -
SNRPB associated proteins B and B' RNA splicing factor
Hydroxymethylglutaryl-CoA
HMGCS1 synthase, cytoplasmic
Nuclear pore complex protein
NUP153 Nup153 transporter
FBXO5 F-box only protein 5
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Gene ID Gene Name PANTHER Protein Class
TMEM16 .
7A Protein kish-A
ATP-dependent RNA helicase .
DHX8 DHX8 RNA helicase
KPNB1 Importin subunit beta-1 transporter

Table 12. Essential genes identified exclusively in C3 BRAF3-9 cells by the
CRISPR knockout screen at day +8, using MAGeCK RRA.

Enrichment analyses, using hypergeometric tests and the biological
process and cellular components terms, were performed with the
essential genes with a FDR < 10% and a FC < -1.5 in both cell lines
(Figure 33). Interestingly, essential genes of SKMEL293 cells were
enriched for proteasome-related processes and ribosomal
components, whereas essential genes of C3 BRAF3-9 were mostly
related to spindle formation and chromosome segregation as well as
to splicing components (mainly of the catalytic and pre-catalytic
steps). Considering essential genes exclusively in C3 BRAF3-9 cells
with a FDR < 5% (Table 12), 6 genes belonged to catalytic step 2
spliceosome functional group (SF3BI, SNRNP200, HNRNPU,
CDCS5L, SNRPB and DHXS8) and 7 genes to the spindle assembly
group, including AURKA, CCNB2, NDCS80, FBXO5, RPS3, TUBB
and KPNBI.
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Figure 35. Gene ontology enrichment analysis of essential genes identified by
the CRISPR-Cas9 knockout screen in SKMEL293 cell line. Top 20 gene
ontology biological process terms (A) and cellular component terms were used.
Essential genes were identified with MAGeCK and then filtered by FDR > 10%

and a fold-change < -1.5. NES, normalized enrichment scores.
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Figure 36. Gene ontology enrichment analysis of essential genes identified by
the CRISPR-Cas9 knockout screen in C3 BRAF3-9 cell line. Top 20 gene
ontology biological process terms (A) and cellular component terms were used.
Essential genes were identified with MAGeCK and then filtered by FDR > 10%
and a fold-change < -1.5. NES, normalized enrichment scores.

How essential is BRAF?

Not surprisingly, BRAF was identified as a significant essential gene

in the SKMEL293 screen with a FDR < 10% and FC < -1.5 (Figure
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34C). Surprisingly, however, this appeared not to be the case in the
C3 BRAF3-9 screen, despite the survival of this cell line being
dependent on the production of the BRAF3-9 isoform, as shown
above (Figure 32). A deeper analysis of the effect of each sgRNA
targeting BRAF and their distribution on the BRAF locus showed
that, while all 4 sgRNAs were depleted at d+8 in the SKMEL293 cell
line, 2 sgRNAs did not change over time in C3 BRAF3-9 cells,
leading to BRAF not being scored as a reliable hit in the screen.
While the sgRNA with the greater depletion in the resistant cell line
targets BRAF exon 1, the remaining sgRNAs target exons 5, 6 and 7
—which are sequences not present in the mature mRNA of the
BRAF3-9 isoform—, thus explaining their lack of depletion despite
the essentiality of the BRAF gene in this cell line as well (Figure 34).
Therefore, the absence of BRAF among the essential gene hits of our
screen in C3 BRAF3-9 cells can be explained by the distribution of
the sgRNAs used in the screen across the BRAF exons.
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Figure 37. Depletion of BRAF-targeting sgRNAs in the CRISPR-Cas9
knockout screen of SKMEL293 and C3 BRAF3-9 cell lines and their
distribution in the BRAF locus. A | Fold change of BRAF-targeting sgRNAs in
the CRISPR-Cas9 knockout screen for the indicated cell lines. Blue lines represent
negative fold changes and red lines, positive fold changes. B | Schematic
representation of BRAF exon-intron architecture, the splicing pattern of the
BRAF3-9 isoform and location of the sgRNAs target sequences. Blue arrow
indicates sgRNA targeting exon 1, white arrows the position of sgRNA against
exon 5, 6 and 7.

MAGeCK MLE analysis

MAGeCK MLE can be used to analyze data from more complex
experimental designs —for instance, screens with multiple
conditions—, as opposed to MAGeCK RRA, which only allows
comparison between two experimental conditions —for instance our
previously described analysis of TO versus T2 (d+8)— (see Materials
and Methods). Similarly, MAGeCK MLE also provides a “beta

score” for each targeted gene, which basically measures a degree of
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selection upon gene perturbation but, unlike MAGeCK RRA, is

calculated with a maximum-likelihood estimation (MLE) method.

Using MAGeCK MLE, we compared SKMEL293 and C3 BRAF3-9
at day +8 and recapitulated some of the hits identified with MAGeCK
RRA (Supplementary Table S4). To focus our selection, we filtered
hits with a beta score > |0.5|. Genes related to the proteasome (e.g.,
PSMC6, PSMA3), transcription (e.g., POLR1B) or ribosomal activity
(e.g., RPL34) were again identified as essential for the SKMEL293
cell line. Similarly, genes encoding splicing or transcription factors
(such as SF3BI or SOX10) and genes encoding cell cycle regulators
(such as CCNA2) were identified as essential for the C3 BRAF3-9
cell line. Other genes consistently identified as essential for the
resistant cell line using both methods were PLK/ (Polo Like Kinase
1), FBXO5 (F-Box Protein 5) and INTS6 (Integrator Complex
Subunit 6) (Figure 38A).

Functional enrichment analyses of these negatively selected genes in
the C3 BRAF3-9 cell line revealed an enrichment of similar
biological process and molecular function terms as those described
with MAGeCK RRA. Some of these biological processes included
terms related to chromosome dynamics (i.e., anaphase-promoting
complex binding, regulation of DNA replication, spindle assembly
and chromosome segregation involved in female meiosis), splicing
factor binding and cell cycle (e.g.., regulation of mitotic cell cycle or

cyclin A2-CDK2 complex).

We then selected hits whose [ score range between T2 (d+8) of
SKMEL293 and C3 BRAF3-9 was > 0.5 —that is, genes with the
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most changing or divergent effects between the two cell lines—
(Figure 38B). While some of these hits (HISTIH3G, ANP32D, C4B,
SNRPE, NPM1, RBMXL1) were identified as essential despite relying
on the effect of only 1 of the 4 sgRNAs, several genes are repeatedly
identified as essential mainly for the resistant C3 BRAF3-9, such as
CCNA2, XPOI or FBXO5 (Figure 38B). Other genes such as NXF1,
PLK1 and INTS6 are consistently found among the genes negatively

selected in both cell lines.
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Figure 38. Comparative analysis of essential hits in SKMEL293 and C3
BRAF3-9 cell lines identified by CRISPR knockout screen at day +8 using
MAGeCK MLE. A | Nine-square plot showing calculated 3 scores of genes from
SKMEL293 and C3 BRAF3-9 cell lines at day +8. B scores for the parental
condition (SKMEL293) are represented in x-axis and for resistance due to BRAF3-
9 (C3 BRAF3-9) in the y-axis. Purple dots indicate hits that are unchanged in the
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C3 BRAF3-9 but show changes in the parental SKMEL293: light purple dots
correspond to hits that are depleted (“essential””) and dark purple dots to hits that
are enriched (“non-essential”). Orange and green dots indicate hits that changed
only in the resistant C3 BRAF3-9: green dots correspond to hits enriched (“non-
essential”), and orange dots correspond to hits depleted (“essential”’). B | Heatmap
of hits with the most divergent 3 scores between SKMEL293 and C3 BRAF3-9.
Genes selected showed a 3 score range > 0.5 (that is for a given gene, [Bscore in
C3 BRAF3-9] — [Bscore in SKMEL293] > 0.5). False discovery rate <5% is
represented as <0.05 in each cell. SAMMS0 showed a different effect on each cell
line (depleted in the SKMEL293, as shown in green; and enriched in the C3
BRAF3-9, as shown in pink, according to the fscore color code in the legend), and
this was identified as an essential gene in the SKMEL293 cell line with a FDR <
5%. Conversely, PPP6C was identified as having opposing effects, but enriched in
the C3 BRAF3-9 cell line.

BAGEL analysis

The BAGEL tool recapitulated most of the essential hits previously
identified in the SKMEL293 and C3 BRAF3-9 cell lines screens at
day 8. The top 20 essential genes, ordered by BFs —a log Bayes
factor where more positive scores indicate higher confidence that a
given gene’s knockout causes a decrease in cell fitness—, are listed
in Table 13 for SKMEL293 cell line and in Table 14 for C3 BRAF3-
9 cells. Once again, we observed genes related to proteasome (e.g.,
PSMC6, PSMAS5 or PSMA3), transcription (e.g., POLRIB or
POLR2L) and splicing (e.g., SMUI, SF3B3) among the top fitness
gene hits identified in the parental cell line (Table 13). On the other
hand, in the resistant cell line we identified again INTS6, PLKI or
FBXO5, among other essential genes (Table 14).

Gene BF Recall Precision FDR
SMU1 27.043 0.002 1.000 0.000
HSPAS 24.409 0.002 1.000 0.000
RAN 24.021 0.003 1.000 0.000
PSMC6 23.490 0.005 1.000 0.000
RPL12 23.196 0.006 1.000 0.000
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Gene BF Recall Precision FDR
RRM1 22.759 0.008 1.000 0.000
PSMA5 21.516 0.009 1.000 0.000
PSMA3 21.174 0.011 1.000 0.000
WEE1 20.502 0.012 1.000 0.000
COPA 20.413 0.014 1.000 0.000
PDE1B 20.178 0.014 1.000 0.000
SF3B3 19.008 0.015 1.000 0.000
PLK1 18.951 0.017 1.000 0.000
POLR1B 18.626 0.019 1.000 0.000
POLR2L 18.350 0.020 1.000 0.000
SNRPD2 17.794 0.022 1.000 0.000
HMGCR 17.734 0.022 1.000 0.000
ETF1 17.322 0.022 1.000 0.000
NXF1 17.202 0.023 1.000 0.000
PSMB7 16.957 0.025 1.000 0.000

Table 13. Top fitness effect genes identified by the CRISPR-Cas9 knockout
screen in SKMEL293 cells at day +8, calculated using BAGEL. BF, Bayes
factor; FDR, false discovery rate.

Gene BF Recall Precision FDR
INTS6 38.664 0.000 1.000 0.000
PLK1 35.762 0.002 1.000 0.000
RPL12 34.491 0.003 1.000 0.000
NXF1 33.003 0.005 1.000 0.000
HSPAS 30.305 0.005 1.000 0.000
RAN 27.167 0.006 1.000 0.000
ETF1 25.748 0.006 1.000 0.000
RRM1 23.989 0.008 1.000 0.000
HMGCS1 23.592 0.008 1.000 0.000
FBX0O5 23.206 0.008 1.000 0.000
RRM2 23.068 0.008 1.000 0.000
SF3B1 22.856 0.009 1.000 0.000
BORA 22.445 0.009 1.000 0.000
CCNA2 21.749 0.011 1.000 0.000
SF3B3 21.398 0.012 1.000 0.000
SOX10 21.160 0.012 1.000 0.000
MCL1 20.268 0.012 1.000 0.000
TPX2 20.178 0.014 1.000 0.000
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Gene BF Recall Precision FDR
SMU1 19.453 0.015 1.000 0.000
CIB3 18.993 0.015 1.000 0.000

Table 14. Top fitness effect genes identified by the CRISPR-Cas9 knockout
screen in C3 BRAF3-9 cells at day +8, calculated using BAGEL. BF, Bayes
factor; FDR, false discovery rate.

The BAGEL analysis of the CRISPR-Cas9 knockout screen
identified a total of 951 gene hits in the SKMEL293 cell line (BF
range: 2.937-27.043) and 304 genes in the C3 BRAF3-9 (BF range:
4.89-38.664) with a FDR < 5% (Supplementary Table S5 contains
the complete gene list) (Figure 39).

A SKMEL293 B C3 BRAF3-9
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Figure 39. Top rank fitness gene hits of CRISPR-Cas9 knockout screens at
day 8 in SKMEL293 (A) and of C3 BRAF3-9 (B) cell lines, calculated using
BAGEL. Rank plots represent Bayes Factor scores of gene hits. Genes represented
in color —green for SKMEL293 (A) and orange for C3 BRAF3-9 (B) screens—
correspond to fitness gene hits with FDR < 5%.

We observed a total of 164 common hits between the screens in the
SKMEL293 and C3 BRAF3-9 cell lines at day 8 using BAGEL; and
137 hits that were identified as essential only in the resistant C3

BRAF3-9 cell line. The fitness gene hits list is shown in Table 15.
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PANTHER Protein

Gene ID Gene Name
Class

BORA BORA aurora kinase A activator

Calcium and integrin-binding family
CIB3

member 3

Protein phosphatase 1, regulatory
PP1R15B subunit 15B

general transcription

TFAP2A Transcription factor AP-2-alpha
factor

MAD2L1BP MAD2L1-binding protein

CRTC3 CREB-regulated transcription

coactivator 3 transcription cofactor

AKIP1 A-kinase-interacting protein 1

SKA1 Splnd[e and klne_tochore-
associated protein 1

Katanin p80 WD40 repeat-

KATNB1 containing subunit B1

FAM124A  Protein FAM124A

CCT8 T-complex protein 1 subunit theta  chaperonin

HSD17B6 | /-beta-hydroxysteroid

dehydrogenase type 6 dehydrogenase

CENPW Centromere protein W

SCL24A1  Solute carrier family 24

MARC1 Mitochondrial amidoxime-reducing

component 1
Table 15. Essential genes with a FDR < 1% identified exclusively in C3
BRAF3-9 cells by the CRISPR knockout screen at day +8, using BAGEL. The
essential gene hits are shown in decreasing order of BF magnitude.

Validation of hits

From the essential gene hits identified in our screen, we selected 20
hits for independent validation. This selection was made on the basis
of the gene hits having a greater (or an exclusive) effect on the
resistant C3 BRAF3-9 cell line (i.e., INTS6 or BORA), but also
including potential genes hits related to splicing (i.e., PRPF§ or
SF3B1I) that could be particularly relevant for the generation of the
alternative BRAF3-9 isoform.
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We carried out knockdown using transfection of small interfering
RNA (siRNA) pools (4 siRNAs/gene) at 40 nM in a C3 BRAF3-9
clonal population (clone #3) in triplicates. 72 hours after siRNA
transfection, RNA was extracted, reverse transcribed using oligodT
and the patterns of BRAF splicing analyzed by semi-quantitative PCR
(Figure 40A). The target genes included: SNRPB, SMUI, PRPFS,
SF3B1, SNRNP200, INTS6, RRM1, RRM2, MCLI1, XPOI, CDCS5L,
CLK3, SNW1, RBM39, RBM48, BORA, SNRPE, FBX0OS5, AURKA
and NFX1.

Quantification of the proportion of the BRAF transcripts showed that
BRAF3-9 accounted for approximately 50% of BRAF transcripts
across the different knockdowns and controls. Statistical analysis
detected significant, albeit minor differences in the proportion of
BRAF3-9 detected between the control non-targeting siRNA and
siRNAs targeting the core splicing factor PRPF8 (56% versus 51%,
p value 0.04), and between the control siRNA and knockdown of the
Ribonucleotide Reductase Regulatory Subunit M2 (RRM2) (58%
versus 51%, p value 0.0067) (Figure 40B). However, we
acknowledge that, although statistically significant, these slight
differences are unlikely to contribute in major ways to the generation

of BRAF3-9 isoforms.
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Figure 40. Knockdowns of selected essential gene hits and their effect on the
proportion of BRAF 3-9 isoform in C3 BRAF3-9 cells. A| Some examples of
RT-PCRs monitoring expression of BRAF full length and BRAF3-9 isoform from
in knockdowns experiments using the non-targeting control (siNT), and siRNAs
targeting RRM2, PRPF8, SF3B1 and INTS6. Experiments were carried out in
biological triplicates. B | and C | Bar plots indicating the mean proportion of the
BRAF3-9 isoform across the different knockdowns. One-way ANOVA was used
for statistical analysis.
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Therefore, we conclude that our CRISPR-Cas9 screen in two
melanoma cells has identified a number of genes important for the
proliferation and viability of these cell lines, including hits of
particular relevance for survival of melanoma cells that rely on the
production of the BRAF3-9 isoform for proliferation in the presence
of vemurafenib at 10uM. However, our screen has not led to the clear
identification of genes that are essential to promote the production of

the pattern of splicing of the BRAF3-9 isoform.
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3.6 PART VI: BRAF isoforms are
generated due to allele-specific
intragenic deletions

A number of results presented in this Thesis made us reconsider the
possibility that genomic alterations could be behind the production
of BRAF3-9 mRNA isoforms, and potentially other alternatively
spliced isoforms related with the acquisition of resistance. First, we
observed that alternative BRAF isoforms were always associated
with the presence of the V60OE mutation, i.e., various patterns of
BRAF alternative splicing involving exons 1 to 11, associated with
the acquisition of resistance to vemurafenib, were linked to the
presence of a mutation in exon 15 that is necessary for BRAF
susceptibility to the drug. This suggests that the decision to make
resistance-associated isoforms is likely linked to allele-specific
sequences rather than to cell-intrinsic properties of the splicing

machinery of resistant cells.

Second, we were unable to recapitulate the postulated alternative
splicing event induced by nucleotide differences in intron 8 -51
position, using a variety of minigene designs mimicking BRAF3-9
splicing decisions, nor to modulate the generation of the alternative
BRAF3-9 isoform in endogenous transcripts through knockdowns of
a variety of splicing factors, including some that were found

important for viability of vemurafenib-resistant melanoma cells.

While genomic deletions of BRAF genomic sequences were ruled out
in previous studies®*’, we considered the possibility that cellular

heterogeneity in the mechanisms of acquisition of resistance may
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have hidden the presence of genomic deletions in a subpopulation of
cells. This possibility seemed likely after we observed that, upon
expansion of single clones from the “bulk” C3 BRAF3-9 cell line,
while the majority of clones did not produce the BRAF3-9 isoform,
in those which did the BRAF3-9 isoform represents approximately
50% of all BRAF transcripts, suggesting again production of

alternatively spliced transcripts exclusively from one allele.

Therefore, we decided to revisit whether genomic rearrangements in
the BRAF gene could be behind the generation of BRAF alternative

1soforms.

3.6.1 WGS of “bulk” C3 BRAF3-9 cell line
was compatible with an intragenic
deletion in BRAF

First, we examined the coverage reads of the entire BRAF locus. We
observed a slight but clear decrease in the reads aligned to the region
within exons 3 and exon 9, which might be explained by an intragenic

deletion affecting a subpopulation of cells (Figure 41).
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Deletion

Figure 41. Coverage plot of BRAF genomic reads from WGS analyses of
SKMEL293 parental (green) and SKMEL293-C3 “bulk” resistant (red) cell
lines. The double arrow indicates the region displaying a drop in the number of
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reads in the C3 resistant cell line, consistent with an intragenic deletion between
introns 3 and 8 affecting a subset of the cells in the cell line population.

Then, we made a close-up examination of aligned reads across these
regions within the BRAF locus (Figures 42 and 43). Intriguingly, we
observed a clear drop in the coverage track spanning from a region in
intron 3 and a region in intron 8§ in the C3 BRAF3-9 sample (Figures
42B and 43B). These drops were not detected in the parental
SKMEL293 cell line (Figure 42A and 43A) and were accompanied
by reads that aligned partially to the reference sequence, and that
were in fact spanning sequences from these two introns, consistent
with the possibility of the presence of a genomic deletion occurring
between intron 3 and intron 8. The 5’ breakpoint was located 20,091
nucleotides downstream of the 5’SS of intron 3 and the 3’ breakpoint

at 5,219 nucleotides upstream the 3’SS of intron 8 (Figure 44).

We confirmed the presence of an intragenic deletion of 21,714
nucleotides by detecting the amplification of a PCR product from
genomic DNA of the C3 BRAF3-9 cell line, which upon Sanger
sequencing confirmed the presence of the mentioned intragenic

deletion (Figure 44).
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Figure 42. Intragenic deletion of BRAF revealed by WGS of C3 BRAF3-9 cell
line (intron 3). Snapshots of IGV (Integrative Genomics Viewer) using sequencing
reads from WGS of parental SKMEL293 cell line (A) and the C3 BRAF3-9 cell
line (B) in the intron 3 region. Schematic representation of partial BRAF gene locus
(in the negative strand) indicating the region of intron 3 displayed with IGV. Red
alignments indicate reads compatible with the presence of a genomic deletion.
Coverage track of C3 BRAF3-9 reads illustrate a sharp decrease in read density
after the breakpoint of intron 3.
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Figure 43. Intragenic deletion of BRAF revealed by WGS of C3 BRAF3-9 cell
line (intron 8). Snapshots of IGV (Integrative Genomics Viewer) using sequencing
reads from WGS of parental SKMEL293 cell line (A) and the C3 BRAF3-9 cell
line (B) in the intron 8 region. Schematic representation of partial BRAF gene locus
(in the negative strand) indicating the region of intron 8 displayed with IGV. Red
alignments indicate reads compatible with the presence of a genomic deletion.
Coverage track of C3 BRAF3-9 reads illustrate a sharp decrease in read density
before the breakpoint of intron 8.
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Figure 44. Schematic representation and detection of the BRAF intragenic deletion and breakpoints in introns 3 and 8 determined by
PCR from genomic DNA of the C3 BRAF3-9 cell line. A| Schematic representation of the genomic length and structure the BRAF gene and
representation of the intragenic deletion and the de novo generated intron and its breakpoint. B | PCR using genomic DNA extracted from
SKMEL?293 and C3 BRAF3-9 cell lines using primers spanning the breakpoint identified by WGS (BP i3, BP_i8) and primers for the detection
of intron 8 as a control. Arrows indicate the expected position of each amplification product. A schematic representation of primer pairs design
is shown. C | Sanger sequencing of the PCR amplification product in B (left panel) confirmed the presence of an intragenic deletion between
intron 3 and intron 8.
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3.6.2 Production of the BRAF1-9 isoform in
the SKMEL94AR cell line is also due
to an allele-specific genomic deletion

After identifying the mechanism behind the generation of BRAF3-9
in the C3 melanoma cell line, we aimed to test whether a genomic
rearrangement within BRAF is also responsible for the production of
other transcript isoform and chose BRAF1-9 as another case study.
For this purpose, we performed WGS of the SKMEL94AR cell line,
a cell line that expresses the BRAF1-9 mRNA isoform and was
generated by us from the SKMEL94 cell line after a 4-week treatment
with 1 uM vemurafenib. Although the cell line was not clonal, the
BRAFI1-9 mRNA isoform was expressed at approximately 50% of
all BRAF transcripts.

The examination of aligned reads across the BRAF locus
demonstrated a drop in the coverage track in a region spanning from
intron 1 to intron 8, that was accompanied by reads spanning the
flanking sequences in these introns and displaying neat breakpoints.
These results again suggested the presence of an intragenic deletion
as responsible for the production of BRAF1-9 mRNA (Figure 45).
The 5° breakpoint was located 56,695 base pairs downstream of the
5’SS of intron 1 and the 3’ breakpoint was located 710 base pairs
upstream the 3’SS of intron 8 (Figure 46). Interestingly, while
BRAF1-9 and BRAF3-9 share deletion of intron 8, the exact location

of the breakpoints was different for each of them.
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Figure 45. Intragenic deletion of BRAF revealed by WGS of SKMEL9%4AR
cell line (intron 1 and 8). Snapshots of IGV (Integrative Genomics Viewer) using
sequencing reads from WGS of parental SKMEL94AR cell line, which displays
the BRAF1-9 isoform. Schematic representation of BRAF gene locus (in the
negative strand) indicating the region of intron 1 and intron 8§ displayed with IGV.
Red alignments indicate reads compatible with the presence of a genomic deletion.
Coverage track of C3 BRAF3-9 reads illustrate a sharp decrease in read density
after the breakpoint of intron 3.
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Figure 46. Schematic representation of the BRAF intragenic deletion and
breakpoints in introns1 and 8 determined by WGS from genomic DNA of the
SKMELY94AR cell line. Schematic representation of the genomic length and
structure the BRAF gene and representation of the intragenic deletion (A) and the

de novo generated intron and its breakpoint (B).

In this Part VI, we provide conclusive evidence that generation of the
BRAF3-9 mRNA isoform in the C3 BRAF3-9 melanoma cell line is

due to a genomic deletion of over 21 Kb spanning from intron 3 to
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intron 8 and therefore it is not the result of an alternative splice site
choice decision involving competing 5’ and 3’ splice sites in introns
3 and 8. Likewise, WGS of gDNA from the SKMEL94AR cell line,
which harbors the BRAF1-9 isoform, also demonstrated the presence
of a large intragenic deletion of more than 75 Kb from intron 1 to
intron 8. Therefore, genomic rearrangements within BRAF are most
likely the mechanism underlying the generation of resistance-

associated BRAF mRNA isoforms.
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DISCUSSION

The acquisition of resistance to cancer therapies remains one of the
most important hurdles for the long-term success of cancer
treatments*®4%°, A better knowledge of the mechanisms of resistance
to cancer therapies, together with an understanding of the underlying
biological process leading to them, can ultimately materialize in the
development of novel drugs or different approaches to cancer
treatment. Although this thesis has been focused on melanoma,
activating mutations in BRAF —among which the most common is
V600E— have also been described across a variety of other tumor
types?!!. While for some of them, such as NSCLC, thyroid or
colorectal cancer, MAPK inhibitors (MAPKi) —namely BRAF and
MEK inhibitors— have been recently included in their therapeutic

armamentarium?’27-32°

, melanoma is by far the tumor type in which
resistance to these inhibitors has been investigated in greater depth.
Nevertheless, recent studies hint that the spectrum of the resistance

mechanism to MAPKi overlaps with those described in melanoma®6%-

362 __including the generation of aberrant BRAF alternatively spliced
mRNA isoforms®*$—, and thus the findings of this thesis may be

extrapolated in the future to other tumor types.

In 2011, alternative splicing of BRAF primary transcripts was
described for the first time as a mechanism of resistance to BRAFi*#°.
After in vitro exposure to vemurafenib, BRAF-mutant melanoma cell
lines became resistant through the generation of BRAF3-9, an
aberrantly spliced isoform of BRAF lacking exons 4 to 8 (and thus,
lacking the RAS-binding domain of the protein). These shortened

isoforms were more prone to dimerization and, leading to
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reactivation of the MAPK pathway. Moreover, not only was
alternative splicing of BRAF also observed in human tumors resistant
to vemurafenib, but also a variety of alternatively spliced variants of
BRAF were identified, such as BRAF3-11, BRAF2-11, BRAF1-9, or
BRAF1-11340-352,351,347.333.355 © T the following years, growing
evidence pointed to alternative splicing of BRAF as one of the key
mechanisms of resistance to BRAFi £+ MEKi. At the same time,
alternative splicing of BRAF was thereafter considered a
paradigmatic example of how splicing plays an important role at
different stages of cancer biology, including the development of

resistance to therapies’?>,

Initial, and apparently successful, efforts were made to
mechanistically explain the generation of BRAF3-9 mRNA isoforms
(discussed below, together with our results) and even to modulate
splicing as a viable therapeutic strategy to re-sensitize cells to
BRAFi*8, However, major questions remained open, in particular
regarding the identification of a common molecular mechanism
behind the generation of a diverse subset of BRAF mRNA isoforms
associated with the acquisition of resistance to vemurafenib, and also
how to translate this knowledge into patient care —including, for
instance, robust in vitro evidence that drugs targeting the splicing

process warrant clinical investigation.

Based on these foundations, the objectives of this thesis were to
document the frequency with which alternative splicing of BRAF
emerges in larger subsets of melanoma samples and, at the same time,

to unravel the underlying mechanism behind the generation of these

164



DISCUSSION

alternatively spliced variants of BRAF, potentially leading to the

development of novel therapeutic strategies.

Our transcriptomic landscape outlines unique features of BRAF

alternative splicing

In this thesis, we described in detail the distribution of exon-exon
junctions (EEJ) along the BRAF transcripts. VAST-TOOLS®*78, a
toolset for profiling alternative splicing events, was used to analyze
RNA-seq data from 2 different datasets: a custom dataset with
melanoma samples from tumors and cell lines —some of which had
previously received BRAFi+tMEKi— and, the SKCM (Skin
Cutaneous Melanoma) dataset from the TCGA (The Cancer Genome

Atlas) project.

However, we must acknowledge two major limitations in our dataset
design: the quality of the RNA-seq data and an insufficiently
enriched population. First, there was a considerable heterogeneity
across samples in our custom dataset, not only related to the sample
origin (tumor or cell line) but also regarding sequencing features such
as the wide variety of the read lengths (ranging from 48 to 200 base
pairs), the inclusion of both types of reads (paired- and single-end
reads) as well as variable coverage of BRAF across the samples. We
expected to solve this problem using the SKCM TCGA dataset; but
unfortunately, a homogeneous but short read length of 49-nt is likely
insufficient for an optimal detection of EEJ reads. Furthermore,
although 30.7% of samples from our custom dataset were labelled as

MAPKi-resistant, eligible patients participating in the SKCM TCGA
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dataset were MAPKi-naive, as they received no previous systemic
therapy, thus, preventing us from assessing the acquisition of
resistance in this dataset. It is nevertheless uncertain the extent to
which an enriched dataset with a greater number of samples
previously exposed to MAPKi, together with more homogenous and
high-quality sequencing reads, would have increased the observed

frequency of our EEJs of interest.

Nevertheless, with our pipeline, we were able to detect 2 different
alternative EEJs that had been previously related to MAPKi-
resistance: BRAF3-9 and BRAF1-11 isoforms. We confirmed the
presence of these alternative EEJ in samples in which they had been
previously reported, both in cell lines such as the M397AR that
harbors BRAF1-11, and in patients’ tumors such as those included in
the analysis published by Hugo et al**3. All these cases, together with
another BRAF-mutant melanoma cell line treated with MAPKi,
belonged to BRAF-mutant and MAPKi resistant group.

Previous publications?®39-340-347.351,355,353.356 concluded that the BRAF
variants generated through alternative splicing were always produced
in response to BRAF/MEK targeted therapies, a conclusion
supported by matched samples analyses (prior to therapy and at
relapse). Likewise, the fact that only patients with (activating) BRAF
V600E/K/R received treatment with MAPKI, together with the
observation that alternatively spliced variants of BRAF were
associated with the presence of the BRAF-mutation (usually V60OE),
led to the general assumption that alternative splicing of BRAF only
occurred in the presence of activating BRAF-mutations. In contrast,

we have been able to also detect alternatively spliced isoforms of
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BRAF in 5 treatment-naive tumor samples from patients: 3 BRAF-
wild type melanomas expressing BRAF1-11 and 2 BRAFX6!
melanomas expressing BRAF3-9. Yet, in line with previous
publications, we were not able to detect the alternative EEJ in
parental matched sample (when available) of the resistant samples,
for instance in the parental cell line M397 or in patients’ samples

from Hugo et al**>.

In view of this striking finding 2 main questions arise. First, what is
the effect of expressing an alternatively spliced BRAFY6% isoform on
the melanoma cell? While it is known that mutant BRAF variants can
reactivate the MAPK pathway due to an increased tendency to
dimerization, the activation state of the MAPK pathway in
alternatively spliced, wild-type BRAF melanoma remains unclear.
And, on the other hand, another key question is the timing of
emergence of these BRAF isoforms in BRAF-mutant and wild type
BRAF melanoma. Our findings suggest that BRAFi+MEKi exposure
may not be as indispensable for the generation of BRAF variants as
previously thought —BRAF isoforms were only expressed after
acquisition of MAPKi resistance—. A possible scenario would be
that MAPKI trigger the generation of a BRAF rearrangement by an
unknown molecular mechanism. Other possible scenario would be
that a BRAF rearrangement occurred early during tumor evolution,
and MAPKi simply exert a selective pressure that favors the
accumulation of BRAF mRNA isoforms, especially if the allele
harboring the activating BRAF-mutation, which is the protein on

which resistance to vemurafenib can confer a survival advantage.
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Profiling BRAF mRNA isoforms in in vitro models of BRAF
alternative splicing does not support an overall splicing perturbation

as the main cause of BRAF alternative splicing

We first built a collection of paired BRAF-mutant melanoma cell
lines, kindly provided by different labs. This collection consisted of
parental cell lines and their resistant sublines isolated after exposure
to BRAFi. These resistant cell lines were of particular interest
because resistance was associated with the generation of BRAF
alternatively spliced mRNA isoforms. The cell lines included
parental SKMEL293 and resistant SKMEL293-C3 (BRAF3-9),
M397 and M397AR (BRAF1-11) and 1205Lu and its 2 resistant
sublines, PRT#3 (BRAF2-11) and PRT#4 (BRAF1-9). While the
resistant lines in C3 and M397AR were generated in vitro, the PRT#3
and #4 cell lines were established after inoculating the 1205Lu cell
line in mice, from xenografts tumors relapsing after BRAFi

treatment.

As a starting point, we systematically performed RT-PCR analyses
with primers designed for the detection of each specific alternative
BRAF EEJ, as well as with primers spanning from exon 1 until exon
11 to detect any other possible BRAF isoforms. As expected, we
unequivocally recognized every predicted specific BRAF isoform for
each resistant cell line. Besides, whereas each parental cell line
exclusively displayed the full BRAF isoform, the resistant cell lines
harbored both the full BRAF and the alternatively spliced variant, in
line with previous publications. Our RT-PCR analyses did not detect
other alternatively spliced isoforms in each of the samples, arguing

against the hypothesis a general mis-regulation of splicing is behind
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the generation of BRAF alternatively spliced isoforms, but rather that,
once settled, each cell line kept generating one specific alternative

splicing variant of BRAF in an exclusive and consistent manner.

Furthermore, we also sought to reproduce the in vitro acquisition of
resistance in the provided cell lines. Among our resistant sublines, 6-
12% of them displayed BRAF alternative splicing, which is a lower
rate compared with to estimated 20-30% of patients relapsing after
BRAFi that harbored a BRAF spicing variant®>. Because we treated
parental cell lines for 3, 4 and 6 weeks in our experiments, we cannot
rule out that a longer exposure (more alike to the clinical scenario)
might have increased the frequency at which we would have detected
alternatively spliced BRAF variants. There is however no consensus
about the exposure time to a given drug which is required for a cell
line to develop resistance (e.g., previous studies about BRAFi
resistance in melanoma reported an exposure times of 2 and 6
months*#*340) nor about the drug dosage and schedule (e.g.,
increasing concentrations, higher concentrations than estimated in
vivo). In addition, the relation between the emergence of BRAF
isoforms and time to clinical failure to BRAFi=MEKi is not known

either.

On the other hand, these results are consistent with the prevailing idea
that a variety of mechanisms can contribute to the acquisition of
resistance, as well as evidence that different mechanisms of
resistance can operate in different metastases from the same

patient347’333’355

. Remarkably, despite the low numbers observed,
each parental cell line developed the same BRAF mRNA isoform that

had been reported previously for that cell line: SKMEL293 originated
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BRAF3-9 and M397 originated BRAF1-11. This predetermination
of the alternatively spliced BRAF variant could be due either to
distinct properties of the cellular machineries of the different cell
lines (allowing only —or preferably— the generation of particular
isoforms) or, more likely, due to selection by the drug of pre-existent
cells in the culture that expressed the alternatively spliced isoform.
However, the fact that BRAF isoforms are not identified prior to
MAPKI in matched samples argues against the hypothesis of a clonal
selection upon drug exposure, unless there is a technical limitation to
detect such low levels of alternative BRAF isoform expression (from

very few cells in a population prior to BRAFi).

Concurrently, we established a new biological model for the study of
BRAF isoforms in vemurafenib-resistant melanoma. The
SKMEL94AR subline was derived from the SKMEL94 cell line —a
BRAF-mutant melanoma cell line, in which resistance mechanisms
were not studied previously and expressed no BRAF isoforms— after
4 weeks exposure to 1 uM vemurafenib. This resistant subline
harbored the BRAF1-9 mRNA isoform and displayed lower
sensitivity to vemurafenib compared to its parental counterpart.
While BRAF1-9 isoform was identified as a resistance-associated
BRAF isoform in patient samples and other cell lines in previous
reports, this was the first report that a SKMEL94 subline can acquire

resistance through the expression of the BRAF1-9 isoform.

Contrary to previous reports, intron 8 mutations are not responsible

for the generation of BRAF3-9 isoforms
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An intronic mutation -51 nucleotides upstream of the 3’ splice site
(SS) of intron 8 was identified in the resistant cell line C3 BRAF3-
9338, Through minigene-based experiments, this mutation was shown
to promote the accumulation of the BRAF3-9 isoform. Moreover,
this study showed that splicing modulators (such as spliceostatin A
or meayamycin B) caused not only a significant decrease of the
BRAF3-9 isoform relative to full length transcripts but also a re-

sensitization to vemurafenib?>8.

Inspired on these captivating results, we hypothesized that a common
molecular mechanism might underly the generation of the various
mRNA isoforms of BRAF. To start addressing this, we aimed to
recapitulate the observation of the effects of the -51 mutation using
minigenes. In our first approach, we designed a simple minigene, in
which the 3 exons involved in the decision (namely, exons 3, 4 and
9) flanked by reduced size / chimeric introns, containing 250
nucleotides from each splice site. In contrast with the design of Salton
et al>>®, we did not include reporter sequences (e.g. fluorochromes
such as GFP or Strawberry), to avoid interference of external
sequences that might alter splicing regulation. We generated versions
of this minigene wild type or mutated at position -51. As transfection
of this minigene in different cell lines —including HEK293, and
melanoma cell lines SKMEL293 and the resistant subline C3, that
endogenously produce BRAF3-9— did not recapitulate the effects of
the -51 mutation on the accumulation of BRAF3-9 mRNA isoform,
our minigene designs were stepwise modified to generate over 3
additional designs —such as MG349, MG389, MG3489—, but none

of them showed any effect of the nature of nucleotide at the -51
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position on splicing of the minigene. Moreover, the effects of
different nucleotides at the -435 position upstream to the 3’SS in
intron 8 were also tested, along with the different versions of position
-51, with the same result. Meanwhile, we ruled out another possible
hypothesis, i.e., that splicing between exons 3 and 4 regenerates a

5’SS that could then be used for splicing to the 3’SS of intron 9.

Given our inability to reproduce the published results using our
minigene designs, we kindly requested the reporter minigene used in
the mentioned publication. We were however unable to recapitulate
the effects of the intron 8 -51 mutation on the production of the

alternatively spliced event mimicking BRAF3-9 mRNA production.

Although our results were clearly disappointing, they were consistent
with data published by Pupo et al’®® few years after the discovery of
the -51 mutation. In this publication, 3 melanoma samples from
patients with acquired resistance to BRAFi through the production of
BRAF3-9 mRNA isoform were not associated with the presence of
the -51nt intronic mutation. Therefore, the hypothesis that mutation
of intron § position -51 is associated with the production of BRAF3-
9 mRNA was restricted to the melanoma cell line SKMEL293 C3.

To investigate the contribution of additional genomic sequences,
whole-genome sequencing (WGS) was performed with the parental
SKMEL293 cell line as well as with its resistant subline SKMEL293-
C3. Aside from the expected single-nucleotide variants (SNV) —
namely, the T1799A mutation corresponding to the V600E and the
C>G substitution located at the -51-nucleotide upstream the 3°SS of

intron 8—, only 2 intronic SNVs were found to differ between the 2
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samples. These intronic SNVs —in intron 16 and in intron 5 in the
parental and resistant cell line, respectively— are at considerably
distances from the competing splice sites, separated from them by
other intervening splice sites and therefore do not immediately
suggest a mechanism by which they might be involved in the

generation of the BRAF3-9 mRNA isoform.

Taking into account our findings using minigene assays and the
analysis of WGS, we consider the contribution of intronic mutations
to the generation of the alternative isoform BRAF3-9 highly unlikely,
despite the exciting previously published results which were

unfortunately unable to reproduce.

Single-cell clonal expansion analyses revealed heterogeneity of the
resistant SKMEL293-C3 cell line and confirmed co-occurrence of
V60OE and alternative isoforms in BRAF

To decipher whether cells of the SKMEL293 C3 cell line generate
full length and BRAF3-9 isoforms in uniform or variable proportions,

we analyzed single-cell derived clones.

Our results clearly showed that the SKMEL293-C3 cell line was
composed of approximately 20% of cells that express the BRAF3-9
isoforms, the remaining 80% of the cells were also resistant but did
not express BRAF3-9, and therefore resistance arose in these cells
through a mechanism unrelated to the generation of BRAF3-9. We
cannot exclude, however, that cells harboring BRAF3-9 survived or

grew worse than the rest of the cells during the single-cell cloning
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process and therefore that the proportion of cells expressing BRAF3-
9 in the “bulk” culture is actually higher than 20% (but see below).

Moreover, our results showed that clonal sublines from SKMEL293-
C3 expressing the BRAF3-9 isoform produce approximately 50% of
each transcript. This finding is in line with our observation that all
BRAF3-9 transcripts were BRAFV69E —and, conversely, all full
BRAF transcripts were BRAFY®— also consistent with the fact that
the V60OE mutation is heterozygous. Thereafter, taking advantage of
other resistant cell lines harboring different alternative isoforms of
BRAF, we verified the co-occurrence of V600E and BRAF
alternative splicing, suggesting that the production of alternatively
spliced transcripts occurs always in transcripts derived from the

V600E mutated allele.

However, the presence of the V600E mutation is not always
associated with the production of BRAF alternative splicing
isoforms, given the fact that BRAFV®%E cells with no alternative
isoforms exist. In addition, our analysis of RNA-seq data
demonstrated that we could also detect reads spanning these
alternative EEJ in samples without V60OE (or other activating BRAF

mutations).

Two main observations pushed us to consider the contribution of
other genomic factors: the consistency in the isoform produced by
different cell lines, and the stability and coherence between
expression of BRAF isoforms and the presence of the V600E
mutation. An allele-specific splicing event (in the absence of any

alteration of nearby cis-elements) would be extremely extraordinary
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in the absence of other contributing factors such as genomic
aberrations or changes in the spatial conformation of the DNA during

transcription.

Genome-wide  CRISPR  knockout  screens uncover early
vulnerabilities related to splicing and chromosome dynamics, but no

evidence of modulation of BRAF3-9 mRNA isoform production

With the aim of identifying trams-acting factors contributing to
BRAF3-9 isoform production, we performed a genome wide

CRISPR knockout screening.

This high throughput, “forward genetics” approach has been widely
used to discover genetic vulnerabilities of a specific phenotype. An
example of successful application of this methodology is the
identification of RBM39 as a crucial RNA binding protein (RBP) for

survival and RNA splicing in acute myeloid leukemia3®.

With the intention of optimizing the outcomes of the screening, we
decided to sequence data generated after 8 days of induction of
CRISPR-Cas9-mediated genome editing and to treat resistant cells
with 10x higher concentration of vemurafenib (around the calculated
IC50), compared to usual concentration of growth media for resistant
sublines. Both measures were applied to avoid the emergence of a
different mechanism of resistance as an adaptative response to the
induced genetic stress in the presence of vemurafenib, while at the
same time to try to capture those genes with an immediate and
stronger effect in the cell viability. Having said that, we recognize
that the analysis of later time points might have provided more robust

information regarding the essentiality of determined genes, not yet
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enriched at such earlier time point. This is reflected in the precision-
recall curves calculated with BAGEL, where better performances are

obtained at later time points.

Also regarding the design, we overestimated the potential value of
including in the screen the resistant “bulk” C3 cell line, which we
conceived as a way to better compare vulnerabilities induced by
dependance on the expression of the BRAF3-9 isoform (clonal C3
line) and dependances caused by other molecular mechanisms
present in the “bulk” C3 cell line population. Unfortunately, the
resistant “bulk” C3 screening was not informative at all, which may
be due to the very same heterogeneity factor that we wanted to take
advantage of, i.e., the variety of mechanisms underlying resistance in
this cell line made it very difficult to obtain robust results for any
particular set of sgRNAs / targets. Whether, also in this case, a longer

time point might have helped in elucidating hits, remains unclear.

Despite the design caveats mentioned above, a considerable number
of essential hits were identified with the different bioinformatic tools
used. Importantly, most of them were recapitulated across the
different tools, although their position in the gene rank occasionally
varied. Notably, the functional enrichment analysis of the essential
genes argued that splicing-related and chromosome dynamics-related
processes were particularly important for survival/proliferation of the

C3 BRAF3-9 cell line.

Focused on factors that might regulate the production of the BRAF3-
9 via splicing, we selected top essential genes with known functions

in the regulation of splicing. However, the results of the validation
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assays through individual knockdowns of 20 genes did not succeed
in modulating the splicing of BRAF, as shown by the rather uniform
ratios between the BRAF3-9 and full isoform. We cannot rule out,
however, that in none of these instances we achieved enough levels
of protein depletion or decreased activity (which we have not
independently determined) as to recapitulate the effects of the
knockout achieved in the screen by CRISPR-Cas9 genome editing.
It is worth mentioning that the measured outcome of the screen
(sgRNA depletion or enrichment, secondary to cell viability) and of
our validations (proportion of BRAF3-9 mRNA isoform) are distinct.
Yet, we expected that the proportion of BRAF3-9 mRNA would be
a surrogate marker with an impact on cell viability, in agreement with
our results confirming that an siRNA against the EEJ 3-9 decreased

colony formation capacity and increased vemurafenib sensitivity.

At least 2 previous publications have reported essential gene hits in
BRAF-mutant melanoma. However, differences in the design and
objectives make these screens hard to compare between them.
Shalem et al*** screened the BRAF-mutant melanoma cell line A375
after transducing the GeCKO sgRNA library with the aim to identify
genes involved in the acquisition of vemurafenib resistance, without
taking into account any resistance mechanism in particular. For this
purpose, vehicle-treated vs vemurafenib-treated A375 cells were
compared at day 7 and 14.0n the other hand, Li et al*® screened a
resistant BRAF-mutant melanoma cell line (M238R1), whose
resistance mechanism was unknown, although BRAF alterations
such as alternative splicing or mutations were rule out. In that case, a

custom-made sgRNA library, containing 6000 cancer-related genes
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was transduced, and the cells were treated with DMSO or 1 uM
vemurafenib until day 14. Despite the mentioned heterogeneity in
methods and design, cell-cycle genes (e.g., CDK6, CCNDI) are
identified as essential across experiments, including ours. The
different experimental conditions (for instance, Shalem et al screened
parental cells under vemurafenib) and the different resistant
mechanisms (e.g., M238R1 does not harbor BRAF isoforms) can
explain the absence of other common essential hits between the

SCreens.

Despite our original focus on identifying genes involved in the
generation of BRAF3-9, data from our CRISPR knockout screen can
likely be of great value. Remarkably, the identification of splicing-
related genes as essential genes in C3 BRAF3-9, albeit not involved
in the production of BRAF3-9 splicing, may reveal a general mis-
regulation of splicing relevant for tumor progression or
aggressiveness. On the other hand, we also identified as essential a
subset of essential genes involved in spindle assembly and
chromosome segregation, some of which may contribute to BRAF
genomic rearrangements as an indirect consequence of chromosome

mis-segregation processes (see below).

A large intragenic deletion can explain the mechanism of the

generation of alternative BRAF isoforms

The collective results discussed above increasingly forced us to
reconsider the potential contribution of genomic alterations in the

generation of BRAF mRNA isoforms. Previous genomic
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characterization of the parental SKMEL293 and SKMEL293-C3
resistant cell lines ruled our genomic alterations, based on results of
Comparative Genome Hybridization (CGH) analyses®**. Given the
relatively limited quantitative resolution of this technique, we
decided to search for genomic alterations in WGS data from the
SKMEL293 and the resistant “bulk™ C3 cell lines. Although the tools
designed for SNV calling are typically suboptimal to detect large
genomic rearrangements, we observed a slight decrease in the
number of reads aligned in the coverage track in a large region
between introns 3 and 8. While in a clonal C3 BRAF3-9 cell line a
drop in the coverage of at least 50% should have been noticeable the
heterogeneity of the “bulk” SKMEL293-C3 cell line led to a decrease

of only approximately 30% of the total surrounding number of reads.

Our subsequent findings are consistent with a large intragenic
deletion, from intron 3 to intron 8, being behind the generation of the
BRAF3-9 isoform in this cell line model. This means that the
generation of this isoform is not the consequence of a choice between
alternative splice sites in competition but rather the natural
consequence of the absence of all intervening annotated splice sites
between the 5°SS of intron 3 and the 3’SS of intron 8 that
consequently undergo “canonical” splicing. Moreover, we extend our
findings to the SKMEL94AR cell line, which expresses the BRAF1-
9 isoform, and for which WGS revealed a large intragenic deletion,
this time from intron 1 to intron 8, as likely responsible for the

production of BRAF1-9 mRNA isoform.

After the first publication describing the BRAF alternative splicing

did not report an intragenic somatic deletion within the BRAF gene
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(by array CGH?¥), every article exploring resistance mechanisms
that detected any alternative isoform of BRAF used whole-exome
sequencing?39347355356 by RT-PCR37:348.351355357411 and/or RNA
sequencing®**3%3, Since these methods ignore intronic regions, the

intragenic deletion has been systematically neglected.

Recently, whole-genome sequencing studies have shed light on the
genomic alterations of BRAF, consisting mainly of fusions, kinase
duplications and deletions. Indeed, among all kinases, BRAF fusions
are one of the most common across different tumor types®*’. Fusions
containing the BRAF kinase domain have been described in several
tumor types®®, such as pilocytic astrocytoma®$4, non-small-cell lung
cancer (NSCLC)?”> and melanoma?®66-368369412:413 - BRAF fusions
have been also related to resistance to therapies; in particular,
Kulkarni et al’’® identified an AGAP3-BRAF fusion gene in a

vemurafenib-resistant tumor.

Somatic deletions in BRAF have been described also in different
tumor types, including melanoma, NSCLC, prostate cancer,
colorectal cancer and bladder cancer?®37>, These deletions consisted
of multiexonic deletions that encompassed exons 1 to 11 in different
combinations (Figure 47). At the transcriptomic level, some of these
deletions clearly mimicked what was previously described as

alternatively spliced variants of BRAF.
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Ras binding Protein kinase
5 [ [ N > 5RAF
1 155 227 457 717 766
5 [ [T 3' Exon 1—exon 9  Bladder cancer
5 e[ 2] EEJJJBE 3 Exon 1-exon 9 Colorectal cancer
5[] I 3’ Exon 1—exon 11 Prostate cancer
5 RN 3 Exon 2—exon 11 Prostate cancer
5 [T 3° Exon 2—exon 9  Non-small-cell lung cancer
5 [T 3* Exon 3—exon 9 Melanoma
5 [ 3 Exon 5-exon 11 Melanoma
RB domain
B aa 155-227 Kinase domain aa 457-717
N terminus [ T ) S N S N T I I O § 1C terminus
Exons 8-18
Deletedexons 2- 9 O T T 1T T T 71 ]
Deletedexons 2-8 I T 1T 1T T T 7T 1
Deleted exons 3-8 I | ) N N I Y N I |
Deleted exons 4-8 [ 1 1) I I S I I N | 1
Deleted exon 8 [ 1 ) I I N ) I | T 1T 1 1 ]
Deleted exon 7 [ 1 | N I S 1 I | T 1T 1T 1 ]

Figure 47. Schematic representations of reported BRAF deletions. A | BRAF
deletions across different tumor types from the MSK-IMPACT dataset (adapted
from Zehir et al*°). B | BRAF deletions in non-small-cell lung cancer (adapted
from Sheikine et al’”).

Moreover, three case reports have associated BRAF deletions to
resistance to MAPKi. Tung et al*’* identified a BRAF deletion from
exon 2 to exon 10 (then, producing the BRAF1-11 isoform) in a
patient with BRAF-mutant colorectal cancer who underwent
irinotecan, cetuximab plus vemurafenib treatment. Similarly, Yaeger
et al’” also described a patient with BRAF V600E colorectal cancer
that developed acquired resistance to encorafenib, cetuximab plus
alpelisib through a deletion spanning from exon 2 to exon 8 of BRAF'
(mimicking the BRAF1-9 isoform). Lastly, Johnson et al*’? identified
a BRAF deletion involving exons 2 to 8 (BRAF1-9) in a BRAF-
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mutant melanoma patient that progressed on dabrafenib plus
trametinib treatment. Despite the similarities in the exons that are
affected, the deletions occurring in BRAF have been always
understood as a distinct mechanism from that leading to alternative

splicing of BRAF isoforms associated with drug resistance.

We propose that our results can be generally relevant to understand
the molecular alterations leading to the generation of BRAF mRNA
isoforms involved in the acquisition of resistance to BRAF inhibitors.
The results of our minigene assays, our examination of intron
mutations and their effects on alternative splice site choice, and the
limited effects on BRAF3-9 mRNA production of the knockdown of
transcripts encoding splicing factors, even those found relevant for
the survival/proliferation of a melanoma cell line that strictly depends
on the production of the BRAF3-9 isoform cast doubts on the
contribution of splicing alterations to the generation of resistance-
associated BRAF mRNA isoforms, at least in the model of the
melanoma cell lines SKMEL293 and C3. On the other hand, WGS
and direct PCR analyses, along with the V600E allele-specific
expression of BRAF mRNA isoforms all point to the presence of an
intragenic deletion of BRAF as the molecular mechanism for
expression of the alternative mRNA isoforms. In addition, similar
findings affecting BRAF1-9 makes the genomic deletions the likely
common mechanism behind the production of different resistance-

associated BRAF mRNA isoforms.
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We believe that the data generated from the genome-wide CRISPR
knockout screening can be enriched with the incorporation of later
time points (i.e., at day 14 and at day 28). Moreover, this valuable
data might be useful to better understand the mechanism behind the
genomic rearrangements in BRAF and, at the same tame to elucidate
potential targets to overcome resistance in this scenario. In line with
this, regulating those genes identified in our screen that are related to
chromosome dynamics, either once resistance is established or
during its acquisition, may help to identify the crucial hits involved
in these deletions. Obviously, to perform the screening in resistant
cell lines harboring other alternative isoforms of BRAF will also be
of interest to identify common genes that might be involved in the

same mechanism.

By the time we hand in this thesis, genomic experiments are being
carried out to identify deletions in other cell lines and their

breakpoints.

On the other hand, the fact that alternative isoforms can be detected
in wild-type and treatment-naive melanoma, together with the
evidence that BRAF deletions also occur in other tumor types (with
or without activating mutations), suggests that there is a clonal
selection exerted by BRAFi. Accordingly, BRAFV6%E cells are
sensitive to MAPKi until they acquire a deletion that make them more
prone to dimerization, and consequently resistant to currently

approved BRAFi.

The detection of these deletions in patients would be useful in the

clinical practice as they could guide some treatment decisions.
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Unfortunately, the most widely used molecular tests in clinical
practice are focused on target regions and/or whole exome
sequencing, but ad hoc tests to detect the most common genomic
reorganizations in the introns of the BRAF locus could be envisioned.
Furthermore, a detailed description of clinical and tumor features
from patients with BRAF deletions will also be of special interest.
For instance, the presence of a predisposition to genomic
rearrangements (e.g., mismatch repair deficiency) could be
interpreted as cancer vulnerabilities and therefore become potential

targets of novel therapeutic approaches.

In summary, we believe that our results shed light on the molecular
mechanisms by which resistance-associated BRAF mRNA isoforms
are generated, thus challenging the classical views of a paradigmatic
example on how splicing can contribute to the emergence of
resistance to cancer therapies. We have identified intragenic deletions
in BRAF that would be responsible for the generation of these
alternative isoforms, similar to deletions previously described that
were considered anecdotal and not embodying the molecular events
in most cases of acquired resistance through expression of alternative
mRNA isoforms. Additionally, our genome scale CRISPR knockout
screen undoubtedly represents a rich source of information to
generate novel hypotheses related to resistance to therapy in

melanoma and/or genomic rearrangements of BRAF.

184



5 CONCLUSIONS

185






CONCLUSIONS

We provide the first evidence for the presence of alternatively
spliced mRNA isoforms of BRAF, previously associated with
the acquisition of resistance to BRAFi+MEKi, in MAPKi-

naive melanomas and/or without activating BRAF mutations.

Acquisition of resistance to vemurafenib treatment in
melanoma is achieved by a variety of mechanisms, even in
established cell lines (unless clonally derived); thus, only a
fraction of the cells in resistant C3 melanoma cell line
generate alternative mRNA isoforms of BRAF associated

with the acquisition of resistance

We established a new vemurafenib-resistant subline
(SKMEL94AR) derived from SKMEL94 cells that harbors
the BRAF1-9 mRNA isoform.

Minigene studies do not recapitulate the activation of
BRAF3-9 mRNA isoform by intron 8 mutations that differ
between the parental SKMEL293 melanoma cell line and the
vemurafenib-resistant SKMEL293-C3 cell line. WGS of the

two cell lines did not identify other candidate mutations.

Clonal analyses of vemurafenib-resistant cell lines showed
that resistance-associated BRAF mRNA isoforms are
invariably produced from the allele harboring the V600E
mutation, while full-length transcripts are generated from the

wild type allele.
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e Genome-wide CRISPR knockout screens revealed
vulnerabilities of melanoma cell lines associated with
splicing and chromosome dynamics, but not specifically with
the generation of the BRAF3-9 mRNA isoform. Further

investigations and validations are warranted.

e Large intragenic deletions have been detected in resistant
melanoma cell lines harboring BRAF3-9 (SKMEL293-C3
cell line) and BRAF1-9 (SKMEL94AR), which explain the
mechanism underlying the production of these BRAF mRNA

1soforms.
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MATERIALS AND METHODS

6.1 RNAseq analysis

Samples and datasets
RNA sequencing data of melanoma patients and cell lines was
downloaded from the Sequence Read Archive (SRA), Gene
Expression Omnibus (GEO) or BioProject repository. The
publication reference, accession number and number of samples
included in each publication are provided in Table 16. Our custom
melanoma dataset consisted of a total 270 RNAseq samples, and the

phenotype or clinical characteristics are summarized in Table 17.

GEO or BioProject Number of Reference
Accession samples

GSE65186 62 Hugo et al.333
GSE112509 57 Kunz et al.38
GSE80829 62 Tsoi et al.38"
PRJEB21553 33 Caltech (not published)
GSE99867 12 Sanlorenzo et al.4'#
GSE61544 14 Muller et al.#'®
GSE122041 27 Paudel et al.#'®
GSE75313 8 Song et al.3™®
GSE73738 7 Kemper et al.3%3

Table 16. List of RNA-seq datasets collected for our custom melanoma
dataset. Caltech, The California Institute of Technology

SAMPLE Reads Status Treatment Mutation Origin Time Lesion
A875 BRAF 217 S V600E CL

AV1 590 S BRAFi V600E CL Pre
AV1 RM 556 R BRAFi V600E CL Post
AV4 383 S BRAFi V600E CL Pre
AV4 RM 446 R BRAFi V600E CL Post
AV5 470 S BRAFi V600E CL Pre
AV5 CHREXP 395 S BRAFi V600E CL On
B518A2 BRAF 144 S V600E CL
BLM_NRAS 183 S NRAS CL

D04 418 S MEKi NRASQ61 CL Pre
D04 6H 557 R MEKi NRASQ61 CL On
D04 RM 724 R MEKi NRASQ61 CL Post
D10 BRAF 114 S V600E CL

MO005 7 S BRAFi V600E CL Pre
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SAMPLE Reads Status Treatment Mutation Origin Time Lesion
MOO5AR 36 S BRAFi V600E CL On
M016X1 _NRAS 132 S NRAS CL

M019 79 R BRAFi V600E CL Pre
MO19AR 134 R BRAFi V600E CL Post
M026 117 S BRAFi V600E CL Pre
M026AR 104 R BRAFi V600E CL Post
M029AR 53 R BRAFi V600E CL Post
M202 b 29 none NRASQ61 CL

M207 b 270 none NRASQ61 CL

M229 a 1317 S none V600E CL Pre
M229 b 240 none V600E CL

M229 C 95 S none V600E CL Pre
M229 d 98 S none V600E CL Pre
M229 d D21 79 S BRAFi V600E CL On
M229 d D3 118 S BRAFi V600E CL On
M229 d D60 103 S BRAFi V600E CL On
M229 d D90 38 R BRAFi V600E CL Post
M229 D21 79 S BRAFi V600E CL On
M229 D3 115 S BRAFi V600E CL On
M229 D90 54 R BRAFi V600E CL On
M229 TNF 100 S none V600E CL

M229AR a 311 R BRAFi+MEKi V600E CL Post
M229AR b 175 R BRAFi V600E CL Post
M229AR b 175 R BRAFi V600E CL Post
M230 b 74 none CL

M233 b 31 none V600E CL

M233 C 24 R none V600E CL Pre
M233 D21 20 R BRAFi V600E CL On
M233 D3 78 R BRAFi V600E CL On
M238 a 653 S none V600E CL Pre
M238 b 175 none V600E CL

M238AR a 617 R BRAFi V600E CL Post
M238AR b 58 R BRAFi V600E CL Post
M243 b 298 none CL

M244 b 48 none CL

M245 b 133 none CL

M249 b 382 none V600E CL

M249 C 47 S none V600E CL Pre
M249 D21 39 S BRAFi V600E CL On
M249 D3 59 S BRAFi V600E CL On
M249AR b 66 R BRAFi V600E CL Post
M255 b 139 none V600E CL

M255 C 43 R none V600E CL Pre
M255 D21 46 R BRAFi V600E CL On
M255 D3 77 R BRAFi V600E CL On
M257 b 146 none WT CL

M262 b 92 none V600E CL

M262 C 72 S none V600E CL Pre
M262 D21 69 S BRAFi V600E CL On
M262 D3 79 S BRAFi V600E CL On
M263 b 135 none V600E CL

M263 C 55 S none V600E CL Pre
M263 D21 46 S BRAFi V600E CL On
M263 D3 55 S BRAFi V600E CL On
M263 TNF 45 S none V600E CL

M285 b 106 none CL

M296 b 230 none CL

M297 b 230 none V600E CL

M308 b 156 none V600E CL

M311 b 41 none CL

M318ib 325 none CL
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SAMPLE Reads Status Treatment Mutation Origin Time Lesion
M368 b 85 none CL

M370 b 62 none V600E CL

M375 b 241 none CL

M376 b 265 none CL

M381 b 195 none CL

M381 C 49 R none BRAF CL Pre
M381 D21 47 R BRAFi BRAF CL On
M381 D3 65 R BRAFi BRAF CL On
M395 b 139 S none V600E CL Pre
M395AR b 135 R BRAFi V600E CL Post
M397 b 47 S none V600E CL Pre
M397 b 2D 51 S BRAFi V600E CL On
M397 b AR 80 R BRAFi V600E CL Post
M397 b DTP 59 S BRAFi V600E CL On
M397 ¢ 250 S none V600E CL Pre
M397 C 44 S none V600E CL Pre
M397 d 46 S none V600E CL Pre
M397 d D11 48 S BRAFi V600E CL On
M397 d D21 66 S BRAFi V600E CL On
M397 d D3 70 S BRAFi V600E CL On
M397 d D73 80 R BRAFi V600E CL Post
M397 D21 65 S BRAFi V600E CL On
M397 D3 68 S BRAFi V600E CL On
M397 D73 77 R BRAFi V600E CL On
M397 TNF 36 S none V600E CL

M397AR ¢ 63 R BRAFi V600E CL Post
M398 DMOS b 196 none CL

M399 b 165 none V600E CL

M402 b 130 none CL

M403 b 394 none V600E CL

M406 b 82 none V600E CL

M407 b 120 none V600E CL

M408 b 244 none CL

M409 b 94 none V600E CL

M409 C 80 S none V600E CL Pre
M409 D21 75 S BRAFi V600E CL On
M409 D3 74 S BRAFi V600E CL On
M409AR b 300 R BRAFi V600E CL Post
M410 b 175 none V600E CL

M411 b 99 none V600E CL

M412 b 403 none CL

M416 b 70 none V600E CL

M417 b 87 none V600E CL

M418 b 60 none CL

M420 b 367 none V600E CL

M421 b 109 none V600E CL

M423 b 333 none CL

MEL008 BRAF 141 S V600E CL

MEL112 NRAS 185 S NRAS CL

MEL888 BRAF 163 S V600E CL
MEL9007 NRAS 269 S NRAS CL
MEL9523 BRAF 61 S V600E CL
MEL9908 NRAS 171 S NRAS CL

MM415 407 S MEKi NRASQ61 CL Pre
MM415 6H 334 S MEKi NRASQ61 CL On
MM415 RM 395 R MEKi NRASQ61 CL Post
MZ2MEL_NRAS 229 S NRAS CL

PB 2 560 none CL

PM 1 543 none NRAS Pt T
PM_10 32 none WT Pt T
PM_11 324 none NRAS Pt T
L
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SAMPLE Reads Status Treatment Mutation Origin Time Lesion
PM 12 361 none NRAS Pt T
PM 13 114 none NRAS Pt T
PM 14 806 none BRAF Pt T
PM 15 263 none NRAS Pt T
PM 16 148 none NRAS Pt T
PM 17 738 none WT Pt T
PM 18 352 none BRAF+NRAS Pt T
PM 19 161 none NRAS Pt T
PM 2 145 none NRAS Pt T
PM 20 410 none BRAF Pt T
PM 21 604 none BRAF Pt T
PM 22 234 none BRAF Pt T
PM 23 85 none WT Pt T
PM 24 95 none WT Pt T
PM 25 811 none BRAF+NRAS Pt T
PM_26 72 none WT Pt T
PM 27 61 none NRAS Pt T
PM 28 272 none BRAF Pt T
PM 29 96 none WT Pt T
PM 3 190 none NRAS Pt T
PM 30 111 none BRAF Pt T
PM 31 81 none NRAS Pt T
PM 32 188 none WT Pt T
PM 33 123 none WT Pt T
PM_34 82 none WT Pt T
PM 35 185 none WT Pt T
PM 36 91 none BRAF Pt T
PM 37 209 none BRAF Pt T
PM 38 96 none BRAF Pt T
PM 39 195 none WT Pt T
PM 4 118 none BRAF+NRAS Pt T
PM 40 233 none BRAF Pt T
PM 41 98 none BRAF Pt T
PM 42 187 none BRAF Pt T
PM 43 33 none BRAF Pt T
PM 44 213 none WT Pt T
PM 45 39 none BRAF Pt T
PM 46 30 none BRAF Pt T
PM 47 47 none BRAF Pt T
PM 48 160 none WT Pt T
PM 49 154 none WT Pt T
PM_5 174 none NRAS Pt T
PM 50 179 none WT Pt T
PM 51 204 none WT Pt T
PM 52 169 none BRAF Pt T
PM 53 110 none WT Pt T
PM 54 91 none BRAF Pt T
PM 55 367 none BRAF Pt T
PM 56 226 none NRAS Pt T
PM 57 48 none WT Pt T
PM_6 130 none NRAS Pt T
PM 7 505 none BRAF+NRAS Pt T
PM 8 700 none WT Pt T
PM 9 417 none NRAS Pt T
PTO01 a 319 S none V600E Pt Pre M
PTO1AR a 4070 R BRAFi V600E Pt Post M
PT02 a 484 S none V600K Pt Pre M
PT02AR a 563 R BRAFi V600K Pt Post M
PT02AR b 667 R BRAFi V600K Pt Post M
PTO03 a 512 S none V600E Pt Pre M
PTO3ARia 815 R BRAFi V600E Pt Post M
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SAMPLE Reads Status Treatment Mutation Origin Time Lesion
PTO3AR b 706 R BRAFi V600E Pt Post M
PT03AR ¢ 679 R BRAFi V600E Pt Post M
PT04 a 560 S none V600K Pt Pre M
PT04AR a 2113 R BRAFi V600K Pt Post M
PT05 a 116 S none V600E Pt Pre M
PTO5AR a 270 R BRAFi V600E Pt Post M
PTO5AR b 189 R BRAFi V600E Pt Post M
PTO5AR ¢ 243 R BRAFi V600E Pt Post M
PT06 a 503 S none V600K Pt Pre M
PTO6AR a 169 R BRAFi V600K Pt Post M
PTO6AR b 150 R BRAFi V600K Pt Post M
PT08 a 590 S none V600E Pt Pre M
PTO8AR a 341 R BRAFi V600E Pt Post M
PTO8AR b 280 R BRAFi V600E Pt Post M
PTO8AR ¢ 326 R BRAFi V600E Pt Post M
PT09 a 369 S none V600E Pt Pre M
PT09AR a 517 R BRAFi V600E Pt Post M
PT09AR b 312 R BRAFi V600E Pt Post M
PT10 a 170 S none V600E Pt Pre M
PT10AR a 193 R BRAFi V600E Pt Post M
PT10AR b 590 R BRAFi V600E Pt Post M
PT10AR c 28 R BRAFi V600E Pt Post M
PT10AR d 98 R BRAFi V600E Pt Post M
PT10AR e 83 R BRAFi V600E Pt Post M
PT10AR f 220 R BRAFi V600E Pt Post M
PT10AR g 1735 R BRAFi V600E Pt Post M
PT10AR _h 508 R BRAFi V600E Pt Post M
PT10AR i 343 R BRAFi V600E Pt Post M
PT15 a 189 S none V600E Pt Pre M
PT15AR a 517 R BRAFi V600E Pt Post M
PT15AR b 333 R BRAFi V600E Pt Post M
PT16 _a 137 S none V600E Pt Pre M
PT16AR a 286 R BRAFi V600E Pt Post M
PT17 a 241 S none V600E Pt Pre M
PT17AR a 641 R BRAFi V600E Pt Post M
PT17AR b 1472 R BRAFi V600E Pt Post M
PT18 a 28 S none V600E Pt Pre M
PT18AR a 27 R BRAFi+MEKi V600E Pt Post M
PT19 a 211 S none V600E Pt Pre M
PT19AR a 49 R BRAFi+MEKi V600E Pt Post M
PT19AR b 195 R BRAFi+MEKi V600E Pt Post M
PT20 a 351 S none V600E Pt Pre M
PT20AR a 392 R BRAFi V600E Pt Post M
PT20AR b 1020 R BRAFi+MEKi V600E Pt Post M
PT21AR a 283 R BRAFi V600E Pt Post M
PT21AR b 319 R BRAFi+MEKi V600E Pt Post M
PT21AR ¢ 331 R BRAFi+MEKi V600E Pt Post M
PT22 a 222 S none V600E Pt Pre M
PT22AR a 717 R BRAFi+MEKi V600E Pt Post M
PT22AR b 876 R BRAFi+MEKi V600E Pt Post M
PT22AR ¢ 793 R BRAFi+MEKi V600E Pt Post M
PT23 a 185 S none V600K Pt Pre M
PT23AR a 181 R BRAFi+MEKi V600K Pt Post M
PT24 a 196 S none V600R Pt Pre M
PT24AR a 180 R BRAFi+MEKi V600R Pt Post M
SKMEL147 NRAS 117 S NRAS CL

SKMEL28 a 239 S none V600E CL Pre
SKMEL28 ¢ 49 S none V600E CL Pre
SKMEL28 ¢ 2D 65 S BRAFi V600E CL On
SKMEL28 c AR 64 R BRAFi V600E CL Post
SKMEL28éDTP 52 S BRAFi V600E CL On
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SAMPLE Reads Status Treatment Mutation Origin Time Lesion
SKMEL28AR a 222 R BRAFi+MEKi V600E CL Post
SKMEL28AR b 161 R BRAFi V600E CL Post
SKMEL5 PROGRESS a 349 R BRAFi V600E CL Post
SKMEL5 PROGRESS b 436 R BRAFi V600E CL Post
SKMEL5 PROGRESS c 547 R BRAFi V600E CL Post
SKMEL5 REGRESS a 259 S BRAFi V600E CL On
SKMEL5 REGRESS b 225 S BRAFi V600E CL On
SKMEL5 REGRESS c¢ 312 S BRAFi V600E CL On
SKMEL5 STAT a 354 S BRAFi V600E CL On
SKMEL5 STAT b 451 S BRAFi V600E CL On
SKMEL5 STAT c 243 S BRAFi V600E CL On
WM1366 _NRAS 129 R NRAS CL

Table 17. Phenotypic and clinical characteristics of the samples included in
our custom melanoma dataset. Reads: number of reads spanning an exon junction
in BRAF; Status: R= resistant to MAPK inhibitors; S=sensitive to MAPK
inhibitors (MAPKi); Origin: Pt=patient tumor; CL=cell line; Time: time of sample
acquisition relative to initiation of treatment with MAPKi; Pre=prior to MAPKi;
Post=at progression after MAPKi; On=during MAPKi treatment; Lesion:
M=melanoma metastasis; T=primary melanoma.

We also downloaded RNAseq data from the TCGA project

(https://www.cancer.gov/tcga) and analyzed a total of 472 samples

from the Skin Cutaneous Melanoma (TCGA, Firehose Legacy).

Splicing analysis — VAST-TOOLS
First, we run FastQC*'” to carry out quality control checks on raw
sequence data from the samples included in our datasets. None of the

samples had to be discarded due to quality concerns.

We used the toolset VAST-TOOLS v 2.3 (Vertebrate Alternative
Splicing and Transcription Tools)5+378

(https://github.com/vastgroup/vast-tools) for the strand-specific

alignment of reads (genome reference hg38, Hs2). In general, default
settings were used, except for trimming length (--trimLen 48) in the
TCGA dataset. The eej2 output of VAST-TOOLS reported the read
counts for all possible exon-exon junction (EEJ) combinations. We
then obtained from this file the number of EEJ reads mapping to all

the potential donor or acceptor sites from each reference exon of

196



MATERIALS AND METHODS

BRAF. For each EEJ event, a minimum coverage of 5 reads was

required in at least one sample.

Plots for data visualization were generated with ggplot2*'® package

in R (v4).

Sashimi plots
For selected samples and genes, sashimi plots were created to

visualize exon-exon junctions from the aligned RNA-seq data.

First, fastq files were mapped using STAR and the reference genome
GRCh38/hg38 (Genome Reference Consortium Human Build 38).
Indexed and aligned data were then exported to the Integrative

Genome Viewer (IGV)*"? to display the sashimi plots.
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6.2 In cellulo assays and transcriptomic
profiling

Cell lines
Melanoma cells, listed in Table 18, were kindly provided by the
indicated reasearch groups, and cultured in the specified medium.
HEK293 and 293T were grown in GlutaMAX® Dulbecco’s modified
Eagle’s (DMEM, Life Technologies) medium. All growth media
were supplemented with 10% fetal bovine serum (FBS) —except for
the MCDB-modified medium—, and with penicillin (50
U/ml)/streptomycin (50 pg/ml) (Life Technologies). MCDB
modified media consisted of MCDB 153 media containing 20%
Leibovitz-L15 media, 2% fetal bovine serum, 0.2% sodium
bicarbonate, and Spg/mL insulin. Resistant cell lines were

maintained with 1 uM vemurafenib (PLX4032; Selleck, Cat#S1267).

All cells were maintained at 37°C and 5% CO atmosphere. Cells

were routinely tested for mycoplasma (by PCR detection method).

Growth Vemurafenib

Cell line medium 1uM Provider
UACC62 DMEM No
SKMEL94 DMEM No Gebauer lab
SKMEL94AR?* DMEM Yes (CRG, Spain)
SKMEL147 DMEM No
SKMEL293 RPMI No Solit and Rosen
C3 and derived RPMI Yes labs
clones (MSKCC, USA)
M397 DMEM No Ribas lab (UCLA,
M397AR DMEM Yes USA)
1205Lu MCDB mod. No
PRT#3 MCDB mod.  Yes Hartsough lab

(Drexel, USA)

PRT#4 MCDB mod. Yes
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Table 18. Melanoma cell lines, growth medium and providers. DMEM:
Glutamax Dulbecco’s modified Eagle’s medium; RPMI: Roswell Park Memorial
Institute 1640, L-glutamine supplemented (Life Technologies); MCDB mod:
MCDB 153 modified medium. “SKMEL94AR cell line was generated during this
project.

RNA extraction and semi-quantitative
RT-PCR

Cells were harvested, pelleted, and washed with PBS (phosphate
buffered saline). Lysis, DNase treatment and total RNA extraction
was performed using Maxwell simplyRNA kit (Promega), following
the manufacturers’ instructions. RNA was quantified with
SPECTROstar® Nano, a spectrometer-based absorbance microplate
reader. Routinely, 100-500 ng of total RNA were reverse-transcribed
with 1 pl SuperScript™ III (Invitrogen) or RTmax from the Protein
Technologies Unit core facility of the Centre for Genomic
Regulation, 2,5 uM oligo-dT (Sigma or IDT) and 12.5 ng/ul of
random primers (Life Technologies), in a 20 pl final reaction volume.
Reaction buffer (5X) consisted of 250 mM Tris-HCI (pH 8.3 at room
temperature), 375 mM KCIl and 15 mM MgCl. After 5 min of
denaturation at 65°C, the buffer and the enzyme were added. Then,
reactions were prewarmed at 25°C, followed by 60 min at 50°C of

reverse-transcription and 15 min at 70°C for inactivation.

Semi-quantitative PCR reactions were performed using GoTaq
enzyme (Promega) and 1 upl of previously synthesized cDNA.
Routinely, 0.15 pl of GoTaq polymerase, 1 uM of primers and 1.5 pl
of dimethylsulfoxide (DMSO) was used in a 30 pl reaction volume.
PCR cycling parameters were as follows (unless otherwise

specified): initial incubation at 95°C (3’), 30 cycles of 95°C (15”),
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60°C (30™), 72°C (1”) and a final incubation at 72°C (10’). In case of
expected amplicons longer that 1 kb, elongation time (72°C) was

increased up to 90’ or 120°°. Primers used are listed in Table 21.

Routinely, PCR products were separated by vertical electrophoresis
in 6% polyacrylamide gels run in Tris-borate-EDTA (TBE) 1X. Gels
were stained with GelRed stain (Biotium) and visualized with Gel
Doc™ XR+ (BioRad). Alternatively, diluted PCR products were
separated by high throughput capillary electrophoresis using a
Caliper LabChip® GX workstation with HT DNA 5K (Perkin
Elmer). Imaging and isoform quantification were performed with

LabChip GX Reviewer software.

Amplicon analysis
PCR amplicons of interest were Sanger sequenced after DNA
purification from either the corresponding agarose gel or by silica-
membrane-based method of the PCR reaction products. PCR
products were separated by electrophoresis in 1-2% agarose gels run
in TBE 1X and, once the amplicon was sliced, the DNA was
extracted from the gel using the QIAquick® Gel Extraction Kit
(Qiagen), following the manufacturer’s recommendation.
Alternatively, amplified product was directly purified from the PCR
reaction using the QIAquick® PCR Purification Kit (Qiagen), a
silica-membrane-based purification kit, following the manufacturer’s

recommendation.

DNA concentration was measured using SPECTROstar® Nano and
delivered to Eurofins Genomics together with the intended

sequencing primer, according to the company specifications.
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Cell viability assay
1x10° cells were plated in 4 replicates in 96-well plates and, after
overnight incubation, complete medium with different drug
concentrations was added in a final volume of 200 pl/well. A set of
wells included cells treated with DMSO as control, and empty wells
with just medium only for background subtraction. One plate was
prepared for each time point. Plates were incubated for the desired
periods of exposure. Resazurin stock was prepared dissolving 5 mg
of high purity resazurin in 1 ml of PBS and filter-sterilized. Resazurin
stock (5 mg/ml, 20 mM, Sigma-Aldrich) was diluted in fresh
complete medium to a final concentration of 0.15 mg/ml. 40 pl of
resazurin solution was added to each well (final concentration 100
uM) and plates were incubated for 3 hours at 37°C. Absorbance at
560 nm excitation / 590 emission was measured using the plate reader
Infinite® M200 (Tecan). The background of just medium was
subtracted from all measurements. Data was analyzed and visualized
with Prism 9 (v 9.3). In short, dose concentration was log-
transformed, measured signal was normalized to the control, and
IC50 was calculated using nonlinear regression of log(inhibitor) vs.

normalized response (variable slope).

Single cell-derived clones
We generated single cell-derived clones from the “bulk™ C3 cell line.
Low-passaging cells were trypsinized and resuspended in medium.
Alive cells, DAPI-negative, were sorted using a flow cytometer in
sterile conditions into a 96-well plate containing 100 pl of complete

growth medium. The plates were scanned for single-cell colonies and
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small aggregates were visible usually at 7-14 days. Single-cell
colonies were trypsinized and seeded in larger well formats until
enough number of cells (usually a 24-well plate at 70-80%
confluency) could be harvested for RNA extraction and RT-PCR

analysis.

Single PCR molecule analysis
For single molecule PCR Sanger sequencing, we cloned the PCR
product in the TOPO® TA vector (Invitrogen). Blunt-end (without
3’ A-overhangs) PCR products generated by RT-PCR as previously
detailed, were cloned in the TOPO vector, following manufacturer’s
recommendations. The constructs were then transformed into
electrocompetent cells (as described below in Minigenes). Single
colonies were grown, and Sanger sequencing was carried out after
DNA purification to validate the identity of the amplification

products.

Knockdown and mRNA silencing
For siRNA transfection, 2-2.5x10° cells/well were plated in 6-well
plate. After overnight incubation, we transfected 20 pM siRNA using
3 ul of Lipofectamine RNAIMAX (Invitrogen) in a final volume of 1
ml of Opti-MEM® medium. Medium was replaced 6-8 h later and
cells were collected after 72 h of transfection. Unless otherwise
specified, ON-TARGETplus™ SMARTDpool siRNAs
(Dharmacon™), a mixture of 4 siRNA for the specific target gene

were used (Table 19).
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Single-stranded RNA targeting BRAF (both the exon junction 3-9

and exons 5 and 6) were annealed using an RNA-annealing buffer

containing potassium acetate 1M, HEPES-KOH 300mM pH 7.4 and

magnesium acetate 20 mM. For siRNA duplex formation, RNAs
were incubated 5’ at 95°C followed by 2 h at 37°C. Each pair of

siRNAs duplexes targeting the exon-junction 3-9 (JC1 and JC2) and

the exons 5 and 6 (siEXS and siEX6) were pooled before transfection.
RNAs used are listed in Table 20.

Target gene

Reference

Non targeting D-001810-10-05

INTS6
RRM1
RRM2
SMU1
XPO1
MCL1
SNRNP200
SF3B1
RBM48
CDC5L
PRPF8
SNW1
RBM39
SNRPB
CLK3
BORA
SNRPE
FBXO5
NFX1
AURKA

L-012417-00-0005
L-004270-00-0005
L-010379-00-0005
L-021129-01-0005
L-003030-00-0005
L-004501-00-0005
L-014161-00-0005
L-020061-01-0005
L-014780-02-0005
L-011237-00-0005
L-012252-00-0005
L-012446-00-0005
L-011965-00-0005
L-017766-01-0005
L-004802-00-0005
L-014458-00-0005
L-019719-02-0005
L-012434-00-0005
L-006541-00-0005
L-003545-01-0005

Table 19. List of siRNAs used in this study. Target genes and reference number

of ON-TARGETplus™ siRNA pools of Dharmacon™ are specified.
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ID siRNA duplex Sequence
JC1_FW siJC1 GGACAGUGGACUUGAUUAG TT
JC1_RV siJC1 TT CUAAUCAAGUCCACUGUCC
JC2_FW siJC2 AGGACAGUGGACUUGAUUATT
JC2_RV siJC2 TT UAAUCAAGUCCACUGUCCU
SiIEX5_FW SiEX5 ACUGAUAUUUCCUGGCUUATT
SiEX5_RV SiEX5 TT UAAGCCAGGAAAUAUCAGU
SiIEX6_FW SIEX6 CUGUCAAACAUGUGGUUAU TT
SiEX6_RV SIEX6 TT AUAACCACAUGUUUGACAG

Table 20. List of RNAs for siRNA duplex formation used in this study.
Sequences of single-stranded complementary sequences (forward, FW, and
reverse, RV) are indicated for the four siRNAs duplexes targeting the exon-
junction 3-9 (JC1 and JC2) and exons 5 (siEx5) and 6 (siEx6).

Colony formation assays
After 72 h of siRNA transfection, 1x10* cells were seeded in
replicates into 6-well plates with complete growth media. Cells were
incubated and media changed, when necessary, until colonies were
visible. Then, cells were fixed with 1 ml methanol per well at room
temperature for 10 min and stained with 5% Giemsa. After washing,

plates were air-dried and scanned for colony counting using Imagel.
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6.3 Minigenes

Cloning
Genomic DNA (gDNA) extracted from cell lines (using GenElute™
Mammalian Genomic DNA Miniprep Kit, Sigma-Aldrich) or human
genomic DNA (Roche) was used for PCR-mediated generation of
amplicons corresponding to the genomic regions of interest. PCR
reactions were carried out with 20 ng of gDNA, using primers listed
in Table 21 and GoTaq enzyme (Promega). PCR annealing
temperature was adjusted 5 degrees below the melting temperatures
of designed primers. Alternatively, high-fidelity polymerase of
Advantage 2 PCR Kit (Takara) was used according to manufacturer’s
recommendations, especially if long genomic PCR products or
amplification of the vector was desired. PCR products were purified

from agarose gels after electrophoresis as mentioned above.

pCMYV 57 Ai was used as vector for gDNA cloning, flanked by PT1
and PT2 sequences, that allow detection of transcripts from the
expression vector by RT-PCR*?°. Empty vector was generated either
by PCR with high-fidelity polymerase followed by Dpnl digestion
(New England BioLabs) for methylated DNA template removal, or
by restriction digestion using the appropriate buffer and enzymes
(New England BioLabs) according to our cloning strategy, followed

by purification from agarose gel.
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For restriction enzyme cloning, PCR-amplified inserts (with primers
containing the desired restriction site) were purified and then digested
using the appropriate buffer and enzymes (New England BioLabs).
Ligation, usually at insert:vector ratio of 3:1, was carried out using

T4 DNA ligase (New England BioLabs).

For Gibson cloning, 20 ng of vector and inserts at a insert:vector ratio
of 8:1 was incubated at 50°C for 1 hour with a mix of reagents from
the Protein Technologies Unit core facility of the Centre for Genomic

Regulation.

For transformation, CaCly-treated chemically competent cells were
prepared in house, and single colonies from LB Agar supplemented
with ampicillin were grown overnight. DNA was purified using
QIAprep® Spin Miniprep Kit (Qiagen) and Sanger sequenced as

mentioned above.

Mutagenesis
Site-directed mutagenesis of plasmids were carried out using back-
to-back 5’ phosphorylated primers with one of the primers containing
the desired point mutation. The primers used are listed in Table 21.
PCR with high-fidelity polymerase was performed using Advantage
2 PCR Kit (Takara), according to manufacturer’s instructions. The
methylated non-mutated PCR template was removed by Dpnl
digestion (New England BioLabs). The linear product was ligated
using T4 DNA ligase (New England BioLabs). Bacterial
transformation, purification and sequencing were performed as

explained above.
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Transfections
HEK293 and melanoma cells were transfected with 20-500 ng of
DNA plasmid (depending on the cell type, due to their different
transfection efficiency), using Lipofectamine 2000 (Invitrogen).
Routinely, 2.5 x 10° cells were seeded in 6-wells plates and incubated
overnight for cell attachment. Diluted transfection reagent (1 pul per
transfection) in Opti-MEM® medium (Life Technologies) was
mixed with diluted DNA plasmid in Opti-MEM® medium to a final
volume of 300 pl per transfection. Plasmid and reagent mix were
added dropwise to cells plated in wells with Opti-MEM® to a final
volume of 1 ml. After 6-8 hours incubation, medium was replaced.
Routinely, after 48 hours cells were collected, RNA extracted, and

RT-PCR analyses carried out as detailed above.

Primer Sequence Aim
FW_1 GACCCTGCCATTCCGGAG RT-sqPCR
RV_11 CTGCCCATCAGGAATCTCCC RT-sqPCR
FW_8 AATTCCACAGCCCTTCCGAC RT-sqPCR
EJ1_9q GCCATTCCGGAGGAGGACTT RT-sqPCR
EJ1_11 GCCATTCCGGAGGAGAAAAC RT-sqPCR
EJ3-9 ACAAACAGAGGACAGTGgacttga RT-sqPCR
EJ2_11q CCACCATCAATATATCTGGAGAAAAC RT-sqPCR
RV12 AACTGCTGAGGTGTAGGTGC RT-sqPCR
PT1 GTCGACGACACTTGCTCAAC RT-sqPCR
PT2 AAGCTTGCATCGAATCAGTAG RT-sqPCR
FW_3 TCTCTGGGGAACGGAACTGA RT-sqPCR
RV_GFP GGACACGCTGAACTTGTGGC RT-sqPCR
RV16 CTGGTCCCTGTTGTTGATGT RT-sqPCR
S_PT1 aaaGGTACCgtcgacgacacttgctcaacGCCTATG  Cloning
AAGAATACACCAGCAA

AS_PT2 aaaGCGGCCGCaagcttgcatcgaatcagtagAAAA  Cloning
AAACCTGAAATCACTACTTACC

i3_RV aCaaggatccCATGACTGTGGTTCAAGTTTGG Cloning
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i3_FW

i4 RV
i8_FW

i7_FW
i8_RV
FW_plusi8

51mut_FW
51mut_RV
A5SS_FW
A5SS_RV
pLCKO2_FW
pLCKO2_RV

CRISPR_F1

CRISPR_F2

CRISPR_F3

CRISPR_F4

CRISPR_F5

CRISPR_RV

aaaggatccCTGCGTTGGTGGGTATATTGTA
G
aaactgcagGGGAGGGGGGTAAGAGTCTATT

aaatgcagCTGAAATGGACATCAACATTTGAT
TAG
aaactgcagACTTCTTCAGTTGATGGCCAC

aaactcgagAGGGCTTCTATCAGTCCTTTG

ctgcagAAAActcgagCACAGCGGTTTGCCAC
ACA
GTCTGATTATATGCTTGCTTGG

AGTAGCGATAACACTGAATTTTCC
AACCTGCAAGGTGTGGAGTTAC
CCTATGGTATCATAAATATATTGA
GAGGGCCTATTTCCCATGATTC
CAAACCCAGGGCTGCCTTGGAA

ACACTCTTTCCCTACACGACGCTCTTCCG
ATCT NNTTGTGGAAAGGACGAGGTACCG
ACACTCTTTCCCTACACGACGCTCTTCCG
ATCT
NNNTTGTGGAAAGGACGAGGTACCG
ACACTCTTTCCCTACACGACGCTCTTCCG
ATCT
NNNNTTGTGGAAAGGACGAGGTACCG
ACACTCTTTCCCTACACGACGCTCTTCCG
ATCT
NNNNNTTGTGGAAAGGACGAGGTACCG
ACACTCTTTCCCTACACGACGCTCTTCCG
ATCT
NNNNNNTTGTGGAAAGGACGAGGTACCG
GTGACTGGAGTTCAGACGTGTGCTCTTCC
GATCTACTTGCTATTTCTAGCTCTAAAAC

Cloning

Cloning
Cloning

Cloning
Cloning
Cloning

Mutagenesis
Mutagenesis
Mutagenesis
Mutagenesis
CRISPR PCR1
CRISPR PCR1

CRISPR PCR2

CRISPR PCR2

CRISPR PCR2

CRISPR PCR2

CRISPR PCR2

CRISPR PCR2

Table 21. List of oligonucleotide DNA primers used in this study.
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6.4 DNAseq analysis

Sample preparation and sequencing
Genomic DNA extraction was carried out from cell line pellets, using
GenElute™ Mammalian Genomic DNA Miniprep Kit (Sigma-
Aldrich) according to manufacturer’s instructions. DNA sequencing
was performed by the CNAG (National Center for Genomic
Analysis) Sequencing Unit. Strand-specific libraries were built with
the provided aliquots of DNA (2.5 nug, with a concentration 50-200
ng/ul).  Whole-genome sequencing was performed using
NovaSeq600 (Illumina), following 2x150 bp paired-ended protocol,
targeting > 99 Gb of data per sample to achieve 30x genome

coverage.

Variant calling
For reads alignment to genome reference (hg38), we used BWA tool
(Burrows Wheeler Aligner)*?! and the bwa-mem algorithm. We used
the SAMtools*?? program to merge the SAM (sequence alignment
map) files, transform SAM files into BAM (binary alignment map)
files, to sort BAM files by coordinates.

To avoid PCR amplification artifacts, we deduplicated the BAM files
using the Picard tool, MarkDuplicates
(http://broadinstitute.github.io/picard/). Then, the BAM files were

indexed using SAMtools.

Variant calling was carried out using freebayes (a haplotype-based,
Bayesian, variant detector)*®. The detected variations, contained in

the VCF files were next filtered using BCFtools**?: read depth (DP)
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>10 and a QUAL (Phred-scaled probability that the observed variant

exists at this site) > 20. The workflow of the variant calling is

represented in Figure 48.

Reads alignment bwa-mem

v

Merge SAM files

Convert to BAM files | =~ | SAMtools

Alignment cleanup

v

Sort BAM files

Mark duplicates Picard

Variant Calling freebayes

\ 4

VCF filter

BCFtools

Figure 48. Variant calling workflow. Representation of the steps for the variant
calling and the tools used in each step. VCF, variant calling format file; SAM,
sequence alignment map format file; BAM, binary alignment map format file

For the BRAF gene, the proportion (%) of alternative reads (or

variants) for a given locus was calculated as follows: (sample

alternative genotype reads (AD) / DP) x 100.

For the genome-wide variant analysis, SnpEff*3® and VEP**® were

used for variant annotation and functional prediction. We focused our

analysis on splicing-related genes, and for that purpose, we used a

selection of 1110 genes from a public database**! (Supplementary
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Table S2) and a selection of 305 genes used in our lab for functional

network reconstruction of splicing regulation®’ (Table 22).

Plots for visualization data were generated using R (v 4) and the

387

following packages: maftools’®’, ggplot2*'® and trackViewer*>.

Gene name Ensemble ID Class / Family
SNRNP70 ENSG00000104852 U1 snRNP
SNRPA ENSG00000077312 U1 snRNP
SNRPC ENSG00000124562 U1 snRNP
SF3B6 ENSG00000115128 U2 snRNP

SF3A1 ENSG00000099995 U2 snRNP
SF3A2 ENSG00000104897 U2 snRNP
SF3A3 ENSG00000183431 U2 snRNP

SF3B1 ENSG00000115524 U2 snRNP
SF3B2 ENSG00000087365 U2 snRNP
SF3B3 ENSG00000189091 U2 snRNP
SF3B4 ENSG00000143368 U2 snRNP
SNRPA1 ENSG00000131876  SM proteins
SNRPB2 ENSG00000125870  SM proteins
SNRPD1 ENSG00000167088 SM proteins
SNRPD2 ENSG00000125743  SM proteins
SNRPD3 ENSG00000100028  SM proteins
SNRPE ENSG00000182004  SM proteins
SNRPF ENSG00000139343  SM proteins
SNRPG ENSG00000143977  SM proteins
SNRPB ENSG00000125835 SM proteins
CCAR1 ENSG00000060339 A complex
PRPF40A ENSG00000196504 A complex

SF1 ENSG00000168066 A complex
THRAP3 ENSG00000054118 A complex
RBM10 ENSG00000182872 A complex
RBM25 ENSG00000119707 A complex

RBM5 ENSG00000003756 A complex

DDX5 ENSG00000108654 A complex

BUB3 ENSG00000154473 A complex
SMNDC1 ENSG00000119953 U2 snRNP related
U2AF1 ENSG00000160201 U2 snRNP related
U2AF2 ENSG00000063244 U2 snRNP related
DDX46 ENSG00000145833 U2 snRNP related
DHX15 ENSG00000109606 U2 snRNP related
CHERP ENSG00000085872 U2 snRNP related
PUF60 ENSG00000179950 U2 snRNP related
RBM17 ENSG00000134453 U2 snRNP related
U2SURP ENSG00000163714 U2 snRNP related
HTATSF1 ENSG00000102241 U2 snRNP related
IK ENSG00000113141 B complex
MFAP1 ENSG00000140259 B complex
PRPF4B ENSG00000112739 B complex

SMU1 ENSG00000122692 B complex

WBP4 ENSG00000120688 B complex
TFIP11 ENSG00000100109 B complex
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Gene name Ensemble ID Class / Family
CD2BP2 ENSG00000169217 U5 snRNP
EFTUD2 ENSG00000108883 U5 snRNP
PRPF6 ENSG00000101161 U5 snRNP
PRPF8 ENSG00000174231 U5 snRNP
SNRNP200 ENSG00000144028 U5 snRNP
SNRNP40 ENSG00000060688 U5 snRNP
TXNL4A ENSG00000141759 U5 snRNP
DDX23 ENSG00000174243 U5 snRNP
SART1 ENSG00000175467  U4/U6.U5 snRNP
SNRNP27 ENSG00000124380 U4/U6.U5 snRNP
USP39 ENSG00000168883  U4/U6.U5 snRNP
SNU13 ENSG00000100138  U4/U6 snRNP
PPIH ENSG00000171960  U4/U6 snRNP
PRPF3 ENSG00000117360 U4/U6 snRNP
PRPF4 ENSG00000136875  U4/U6 snRNP
PRPF31 ENSG00000105618  U4/U6 snRNP
LSM2 ENSG00000204392  LSm proteins
LSM3 ENSG00000170860 LSm proteins
LSM4 ENSG00000130520  LSm proteins
LSM6 ENSG00000164167 LSm proteins
LSM7 ENSG00000130332  LSm proteins
AQR ENSG00000021776 PRP19 complex
BCAS2 ENSG00000116752 PRP19 complex
BUD31 ENSG00000106245 PRP19 complex
CDC5L ENSG00000096401 PRP19 complex
CRNKLA1 ENSG00000101343  PRP19 complex
CTNNBL1 ENSG00000132792 PRP19 complex
CWC15 ENSG00000150316  PRP19 complex
HSPA8 ENSG00000109971 PRP19 complex
ISY1 ENSG00000240682 PRP19 complex
PLRG1 ENSG00000171566  PRP19 complex
PPIE ENSG00000084072 PRP19 complex
PQBP1 ENSG00000102103  PRP19 complex
PRPF19 ENSG00000110107  PRP19 complex
RBM22 ENSG00000086589 PRP19 complex
SNW1 ENSG00000100603 PRP19 complex
WBP11 ENSG00000084463 PRP19 complex
XAB2 ENSG00000076924 PRP19 complex
YBX1 ENSG00000065978 PRP19 complex
HSPA1A ENSG00000204389 PRP19 complex
BUD13 ENSG00000137656  RES complex
RBMX2 ENSG00000134597 RES complex
SNIP1 ENSG00000163877  RES complex
CCDC12 ENSG00000160799 Bact complex
CDC40 ENSG00000168438  Bact complex
CWC22 ENSG00000163510  Bact complex
cwcar7 ENSG00000153015  Bact complex
PPIL3 ENSG00000240344  Bact complex
PPIL2 ENSG00000100023  Bact complex
ZNF830 ENSG00000198783  Bact complex
FUBP3 ENSG00000107164  Bact complex
DHX16 ENSG00000204560 Bact complex
CACTIN ENSG00000105298  C complex
C9orf78 ENSG00000136819  C complex
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Gene name Ensemble ID Class / Family
CXorf56 ENSG00000018610  C complex
DGCR14 ENSG00000100056 C complex
FAM32A ENSG00000105058  C complex
FAM50A ENSG00000071859  C complex
LENG1 ENSG00000105617  C complex
PPWD1 ENSG00000113593  C complex
PRPF18 ENSG00000165630 C complex
SLU7 ENSG00000164609 C complex
SYF2 ENSG00000117614  C complex
FRG1 ENSG00000109536  C complex
DDX41 ENSG00000183258  C complex
NOSIP ENSG00000142546  C complex
PPIG ENSG00000138398  C complex
DHX35 ENSG00000101452  C complex
DHX38 ENSG00000140829  C complex
DHX8 ENSG00000067596 C complex
CDK10 ENSG00000185324  C complex
FAM50B ENSG00000145945 C complex
ACIN1 ENSG00000100813 EJC / mRNP
EIF4A3 ENSG00000141543 EJC / mRNP
MAGOH ENSG00000162385 EJC / mRNP
RBMS8A ENSG00000265241 EJC / mRNP
RNPS1 ENSG00000205937 EJC / mRNP
ALYREF ENSG00000183684 EJC / mRNP
DDX39B ENSG00000198563 EJC / mRNP
THOC1 ENSG00000079134 TREX
THOC2 ENSG00000125676 TREX
THOC3 ENSG00000051596 TREX
THOC5 ENSG00000100296 TREX
THOC6 ENSG00000131652 TREX
THOC7 ENSG00000163634 TREX
DDX10 ENSG00000178105 helicase
DDX11 ENSG00000013573  helicase
DDX12P ENSG00000214826 helicase
DDX17 ENSG00000100201  helicase
DDX24 ENSG00000089737  helicase
DDX28 ENSG00000182810  helicase
DDX31 ENSG00000125485 helicase
DDX3X ENSG00000215301  helicase
DDX52 ENSG00000278053 helicase
DHX30 ENSG00000132153  helicase
DHX32 ENSG00000089876  helicase
DHX33 ENSG00000005100  helicase
DHX57 ENSG00000163214  helicase
DHX9 ENSG00000135829 helicase
HFM1 ENSG00000162669 helicase
MOV10 ENSG00000155363  helicase
SKIV2L2 ENSG00000039123  helicase
TDRD9 ENSG00000156414  helicase

HNRNPA1 ENSG00000135486  hnRNP

HNRNPAB ENSG00000197451  hnRNP

HNRNPC ENSG00000092199  hnRNP

FUS ENSG00000089280 hnRNP

HNRNPAO ENSG00000177733 hnRNP
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Gene name Ensemble ID Class / Family
HNRNPA2B1 ENSG00000122566 hnRNP

HNRNPA3 ENSG00000170144  hnRNP

HNRNPCL1 ENSG00000179172  hnRNP

HNRNPD ENSG00000138668 hnRNP

HNRNPF ENSG00000169813  hnRNP

HNRNPH1 ENSG00000169045 hnRNP

HNRNPH2 ENSG00000126945 hnRNP

HNRNPH3 ENSG00000096746  hnRNP

HNRNPK ENSG00000165119  hnRNP

HNRNPL ENSG00000104824 hnRNP

HNRNPM ENSG00000099783  hnRNP

HNRNPR ENSG00000125944 hnRNP

HNRNPU ENSG00000153187  hnRNP

HNRNPUL1 ENSG00000105323  hnRNP

HNRNPUL2 ENSG00000214753  hnRNP

HNRNPDL ENSG00000152795 hnRNP

HNRNPLL ENSG00000143889 hnRNP

ILF2 ENSG00000143621 hnRNP

MATRS3 ENSG00000015479  hnRNP

PTBP1 ENSG00000011304 hnRNP

RALY ENSG00000125970  hnRNP

SYNCRIP ENSG00000135316  hnRNP

ILF3 ENSG00000129351  hnRNP

SRSF11 ENSG00000116754 SR proteins

SRSF3 ENSG00000112081 SR proteins

SRSF4 ENSG00000116350 SR proteins

SRSF6 ENSG00000124193 SR proteins

SRSF7 ENSG00000115875 SR proteins

SRSF9 ENSG00000111786 SR proteins

SRSF1 ENSG00000136450 SR proteins

SRSF2 ENSG00000161547 SR proteins

SRSF5 ENSG00000100650 SR proteins

TRA2B ENSG00000136527 SR proteins

SRRM2 ENSG00000167978 SR related

SRRM1 ENSG00000133226 SR related

SRRM3 ENSG00000177679 SR related

RBM6 ENSG00000004534  RNA binding proteins
NSRP1 ENSG00000126653 RNA binding proteins
CIRBP ENSG00000099622  RNA binding proteins
YBX3 ENSG00000060138 RNA binding proteins
ELAVLA ENSG00000066044  RNA binding proteins
ESRP1 ENSG00000104413  RNA binding proteins
ESRP2 ENSG00000103067  RNA binding proteins
EWSR1 ENSG00000182944  RNA binding proteins
PAXBP1 ENSG00000159086  RNA binding proteins
IGF2BP3 ENSG00000136231 RNA binding proteins
KIN ENSG00000151657  RNA binding proteins
LUC7L3 ENSG00000108848 RNA binding proteins
NONO ENSG00000147140  RNA binding proteins
PRPF39 ENSG00000185246  RNA binding proteins
RBM15 ENSG00000162775  RNA binding proteins
RBM39 ENSG00000131051  RNA binding proteins
RBFOX2 ENSG00000100320  RNA binding proteins
SFPQ ENSG00000116560 RNA binding proteins
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Gene name Ensemble ID Class / Family
TIA1 ENSG00000116001  RNA binding proteins
TIAL1 ENSG00000151923  RNA binding proteins
ZNF207 ENSG00000010244  RNA binding proteins
ADAR ENSG00000160710  RNA editing
ADARB1 ENSG00000197381  RNA editing
ALKBH5 ENSG00000091542  RNA metylation
C190rf43 ENSG00000123144  RNA modifying
PABPC1 ENSG00000070756  RNA modifying
PABPN1 ENSG00000100836  RNA modifying
DBR1 ENSG00000138231  RNA modifying
DIS3 ENSG00000083520  RNA degradation
DIS3L ENSG00000166938 RNA degradation
EXOSC4 ENSG00000178896  RNA modifying
FTO ENSG00000140718  RNA metylation
KIAA1429 ENSG00000164944  RNA metylation
METTL14 ENSG00000145388 RNA metylation
METTL3 ENSG00000165819  RNA metylation
WTAP ENSG00000146457 RNA metylation
WDR83 ENSG00000123154  RNA metylation
YTHDCA1 ENSG00000083896 RNA metylation
NCBP1 ENSG00000136937 CBC

NCBP2 ENSG00000114503 CBC

CPSF2 ENSG00000165934 CPSF

CPSF6 ENSG00000111605 CPSF

NUDT21 ENSG00000167005 CPSF

DNAJC8 ENSG00000126698  Other SAPs
CFAP20 ENSG00000070761  Other SAPs
BRINP1 ENSG00000078725  Other SAPs
HSPA5 ENSG00000044574  Other SAPs
CARM1 ENSG00000142453  Other SAPs
PRMT1 ENSG00000126457  Other SAPs
PRMT5 ENSG00000100462  Other SAPs
CLK1 ENSG00000013441  Other SAPs
CLK2 ENSG00000176444  Other SAPs
CLK3 ENSG00000179335  Other SAPs
CLK4 ENSG00000113240  Other SAPs
CDK12 ENSG00000167258  Other SAPs
PPM1G ENSG00000115241  Other SAPs
SRPK1 ENSG00000096063  Other SAPs
SRPK2 ENSG00000135250  Other SAPs
ZNF326 ENSG00000162664  Other SAPs
LPAR1 ENSG00000198121  Minor

PDCD7 ENSG00000090470  Minor

RECQL5 ENSG00000108469  Minor

RNPC3 ENSG00000185946  Minor

SNRNP25 ENSG00000161981  Minor

SNRNP35 ENSG00000184209  Minor

SNRNP48 ENSG00000168566  Minor

ZCRB1 ENSG00000139168  Minor

ZMAT5 ENSG00000100319  Minor

ZRSR1 ENSG00000212643  Minor

ZRSR2 ENSG00000169249  Minor

ASCLA1 ENSG00000139352  chromatin-related
ASH2L ENSG00000129691 chromatin-related
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Gene name Ensemble ID Class / Family

BAZ1B ENSG00000009954  chromatin-related

BRD4 ENSG00000141867 chromatin-related

CBX3 ENSG00000122565  chromatin-related

CHD1 ENSG00000153922  chromatin-related
CTCF ENSG00000102974  chromatin-related

DEK ENSG00000124795 chromatin-related
DICER1 ENSG00000100697  chromatin-related
DNMT1 ENSG00000130816  chromatin-related
EHMT2 ENSG00000204371  chromatin-related
AGO2 ENSG00000123908 chromatin-related
EP300 ENSG00000100393  chromatin-related
HDAC1 ENSG00000116478 chromatin-related
HDAC2 ENSG00000196591  chromatin-related
HDAC3 ENSG00000171720  chromatin-related
HDAC4 ENSG00000068024  chromatin-related
HDAC6 ENSG00000094631  chromatin-related
HMGA1 ENSG00000137309  chromatin-related
KAT2A ENSG00000108773  chromatin-related
KAT2B ENSG00000114166  chromatin-related

KAT5 ENSG00000172977 chromatin-related
KDM1A ENSG00000004487  chromatin-related
KHDRBS1 ENSG00000121774  chromatin-related
MBD2 ENSG00000134046  chromatin-related
MECP2 ENSG00000169057  chromatin-related
MORFA4L1 ENSG00000185787  chromatin-related

NAB2 ENSG00000166886 chromatin-related
RPS6KA5 ENSG00000100784  chromatin-related
SETD1A ENSG00000099381  chromatin-related
SETD2 ENSG00000181555  chromatin-related
SIRT1 ENSG00000096717  chromatin-related
SMARCA2 ENSG00000080503 chromatin-related
SMARCA4 ENSG00000127616  chromatin-related
SPEN ENSG00000065526  chromatin-related
SUV39H1 ENSG00000101945  chromatin-related
TAF15 ENSG00000270647  chromatin-related
TCERG1 ENSG00000113649 chromatin-related
TCERGI1L ENSG00000176769  chromatin-related

TET1 ENSG00000138336 chromatin-related
KDM4B ENSG00000127663  chromatin-related

BMI1 ENSG00000168283 Polycomb Group Genes
EED ENSG00000074266 Polycomb Group Genes
EZH2 ENSG00000106462 Polycomb Group Genes
PHC1 ENSG00000111752  Polycomb Group Genes
PHC2 ENSG00000134686 Polycomb Group Genes

Table 22. Selected genes used for functional network reconstruction of splicing

regulation.

Large deletions visualization

Sorted BAM files (as explained above) were indexed using
SAMtools*?2. Then, indexed BAM files were loaded in IGV#*? for
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mapping and coverage track visualization, using hg38 as reference
genome. For easier handling of data, BAM files were cut for the

BRAF gene using SAMtools view and BRAF coordinates.
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6.5 Genome-wide CRISPR knockout
screen

For the genome-wide CRISPR knockout screen, we used the TKOv3
library (Toronto Knock-Out), a sgRNA library containing 71,090
guides targeting 18,053 protein-coding genes, following the
published protocol***%?3, We screened the melanoma cell lines,

SKMEL293 and C3.

Generation of inducible Cas9/mCherry
cell lines

First, 2.5x10° SKMEL293 and “bulk” C3 cells seeded in 6-well
plates were infected with lentivirus at 5 different dilutions ranging
from 1:5 to 1:500. Lentivirus product was a kind gift from Sergi
Aranda (Di Croce Lab, CRG) and was produced by transfection of
HEK293T cells with lentiviral envelope and packaging plasmids and
the Lenti-iCas9-neo plasmid (Addgene ID# 85400), that contains an
inducible reporter downstream of FLAG-tagged spCas9, separated
by a P2A self-cleavage sequence. The plasmid was previously
modified by inserting the ORF of mCherry as the doxycycline
inducible reported instead of EGFP.

Selection media with 1500 pg/ml of Geneticin™ (Life Technologies)
was added 24 h after lentivirus infection and replaced every 48-72 h
until control wells (not infected) were devoid of live cells. Wells
harboring cells with better morphology at the lowest dilution of

infection were selected for cell expansion.
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Doxycycline tests for iCas9 induction

3x10° SKMEL293- and C3-, both iCas9/mCherry, cells were seeded
in 6-well plates and incubated overnight. Doxycycline at 100, 500,
1000 and 2000 ng/ml was added, and induced cells (DAPI-negative,
mCherry positive [yellow-green laser at 561 nm]) were quantified at
24 h and 48 h by flow cytometry in the CRG/UPF Flow Cytometry
Unit. For doxycycline induction we chose 500 ng/ml during 48 h,
because under these conditions >70% of cells displayes

1Cas9/mCherry induction (Figure 49).

Single-cell derived BRAF3-9 C3-iCas9/mCherry clone

We performed single-cell derived clones, assisted with FACS
(fluorescence activated cell sorting) after 48-hour of doxycycline
induction. Alive (DAPI negative) and induced (mCherry positive)
cells were single-cell sorted and seeded in 96-well plates. We
analyzed by RT-PCR BRAF mRNAs and detected 15 of 27 clones
(55.6%) expressing the BRAF3-9 transcript (Figure 50). We then
selected clones expressing both the full BRAF and BRAF3-9 for cell

expansion.
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A SKMEL293 C3 Resistant
-iCas9/mCherry -iCas9/mCherry
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Figure 49. Tests of doxycycline-mediated induction of iCas9/mCherry in
SKMEL293-iCas9/mCherry and C3-iCas9/mCherry at 48 hours. A |
Schematic representation of flow cytometry analysis of mCherry for both cell lines
without doxycycicline (Control) and with 500 ng/ml of doxycycline. B |
Proportions of the corresponding populations shown in panel A are shown for total
number of cells (grey) and for alive cells (DAPI negative, in dark pink).
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A Single cell-derived clones from SKMEL293-iCas9/mCherry
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Figure 50. Analysis of the pattern of BRAF splicing in single cell-derived
clones from SKMEL293-iCas9/mCherry (A) and C3-iCas9/mCherry (B). RT-
PCR analyses of the individual clones indicated clones were carried out by RT-
PCR using forward primers in exon 8 (full BRAF) / exon-junction 3-9 and a reverse
primer in exon 11. The position expected for the amplification products
corresponding to the full-length transcript (upper 346 bp product) and the 3-9
mRNA isoform (lower 245 bp product) are indicated.

Cell line characterization for
screening

Before screening our cell lines, we characterized the doubling time
of cells and tested the cell lines for hexadimethrine bromide
(Polybrene, Sigma-Aldrich) sensitivity and puromycin sensitivity for

selection of TKOV3 library.

Doubling time

We measured the doubling time of 1x10° cells of the 3 cell lines
(SKMEL293-1Cas9/mCherry, “bulk” C3-iCas9/mCherry and
BRAF3-9 C3-iCas9/mCherry) after seeding them in triplicates in a
6-well plate. After 76 h of incubation, we counted the number of cells
with Countess™ Automated Cell Counter (Invitrogen) after adding
10 pl of trypan blue to 10 pl of cells. Doubling time was calculated
as follows: duration (hours) x log (2) / [log(final concentration) —
log(initial concentration)]. Doubling times of 27 h, 25 h and 25 h
were calculated for SKMEL293-iCas9/mCherry, “bulk” C3-
1Cas9/mCherry and BRAF3-9 C3-iCas9/mCherry, respectively.
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Puromycin and hexadimethrine bromide sensitivity

To determine puromycin concentration for selection and sensitivity
to hexadimethrine bromide, we seeded 1x10° cells in 12-well plates
and, after overnight incubation, we added puromycin and
hexadimethrine bromide at different concentrations. 72 hours later,
cell viability was measured using the resazurin assay (as detailed
above). According to our results (Figure 51), we decided to avoid the
use of hexadimethrine bromide and to select TKOv3-infected cells

with 2 pg/ml puromycin.

Puromycin Polybrene
100 (hexadimethrine bromide)
751 \\ i -e- SK293 iCas9/mCherry
S g = C3"bulk” iCas9/mCherry
z 2 s C3#11 iCas9/mCherry
E 3
= 10 s
8 8
04
S P N Y s 69
o°&
Puromycin (ug/mL) Polybrene (1g/mL)

Control 0.5 pg/ml 1 pg /ml 2 pg /ml I

Figure 51. Puromycin and hexadimethrine bromide sensitivity tests. A | Cell
viability, measured using resazurin assays, at 72 hours after puromycin addition for

SKMEL293
iCas9/mCherry

C3 “bulk”
iCas9/mCherry

C3 clone #11
iCas9/mCherry
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the 3 cell lines. B | Cell viability, measured using resazurin assays, at 72 hours after
hexadimethrine bromide addition for the 3 cell lines. C | Representative images of
the 3 iCas9/mCherry-positive cell lines (rows) after 72 hours of puromycin
selection at different concentrations of the drug (with 0, 0.5, 1 and 2 pg/ml)
(columns).

sgRNA library amplification
pLCKO2::-TKOv3 (Addgene ID# 125517) was electroporated in
Endura electrocompetent cells. 100 ng of TKOv3 library was
electroporated in 25 pl of electrocompetent cells at 10 uF, 600 Ohms,
1800 V using Gene Pulser Xcell™ Electroporation system (BioRad).

Recovered cells were incubated at 37°C for 1 h and then were pooled.

A 40,000-fold dilution of this pool of recovery medium was seeded
in a 10-cm LB carbenicillin supplemented plate and incubated for 16
h at 30°C. As approximately 2,000 colonies were identified,
corresponding to 500-1000 colonies per sgRNA, we proceeded with
library amplification. Recovered cells were plated in 20 15-cm LB
carbenicillin supplemented plates. After incubation as mentioned
above, colonies from 20 plates were harvested in LB supplemented
with carbenicillin, pelleted and DNA plasmid purified using
QIAprep® Spin Maxiprep Kit (Qiagen).

Large-scale CRISPR sgRNA library
lentivirus production

6,5-8x10° cells HEK293-T were seeded in 15-cm plates and
incubated overnight. Transfection plasmids mixtures, at 1:1:1 molar
ratio, were prepared: lentiviral packaging plasmid psPAX (Addgene
ID# 12260) (7 pg/plate), the VSV-G (Vesicular Stomatitis Virus
Glucoprotein) envelope expressing plasmid pMD2.G (Addgene ID#
12259) (4 pg/plate), and the sgRNA library pLCKO2::TKOv3 (5
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ug/plate). Transfections were performed using 48 pl/plate of lipid-
based reagent Lipofectamine 2000 (Invitrogen) at a 3:1 ratio of
transfection reagent: pg of DNA complex. After 18 h of incubation
at 37°C and 5% CO», media was replaced by viral harvest media (500
ml DMEM supplemented with 6.4g of filter-sterilized BSA [bovine
serum albumin] and 1% penicillin / streptomycin). After 24 h of
incubation, lentivirus-containing supernatant was collected and

aliquoted.

Determination of MOI
The MOI (multiplicity of infection) calculation is a critical step in a
genome-scale CRISPR screen. To achieve a single transduction event
(1 sgRNA per cell), the lentivirus library product must be infected at
lower MOI, usually around 0.3. Higher MOIs can result in
transduction of multiple sgRNAs per cell, potentially leading to
misleading outcomes due to the coincidence of multiple genetic

perturbations in the same cell.

For functional titration of the pooled CRISPR sgRNA lentiviral
library, we tested each cell line in triplicate with different volumes of
the virus preparation (0, 0.25, 0.5, 1 and 2 ml) in 15-cm plates with
0.8-1x106 cells. After 24 h of infection, virus media was replaced and
selection media containing puromycin 2 pg/ml was added (calculated
as described above) for 72 h. Cells from each cell line and triplicate
corresponding to infection with different virus volumes were counted
using the Countess™ Automated Cell Counter (Invitrogen), as
previously described, and then the volume of the virus preparation

that led to 30-40% cell survival was considered optimal to achieve
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our desired MOI. These volumes were 0.5 ml, 1 ml, and 1 ml for
SKMEL293-iCas9/mCherry, “bulk” C3-iCas9/mCherry and
BRAF3-9 C3-iCas9/mCherry, respectively (Figure 52).

SK293 iCas9/mCherry C3 “bulk” iCas9/mCherry C3 #11 iCas9/mCherry

100% 100% 100%

50%

Figure 52. Cell survival (%) after 72 hours of puromycin selection. The
percentage of alive cells was related to the volume of virus preparation that was
transduced to cells with no subsequent puromycin selection. The dashed line
represents a 25% of survival. For an approximate MOI <0.3, 0.5 ml, 1 ml and 1 ml
were selected for SKMEL293-, “bulk” C3- and BRAF3-9 C3 (clone #11)-
iCas9/mCherry, respectively.

Primary screen infection, selection,
and cell passaging

Taking into account the MOI calculated using the volume of the virus
preparation and the doubling time of each cell line, together with a
minimum library coverage of 200-fold for each sgRNA and a
recommended 400-fold coverage at time point TO to ensure optimal
sgRNA representation, we seeded 30-35 15-cm plates with 7.5x10°
cells per plate. After 24 h incubation, puromycin selection media was
added for 48 h (after which the control uninfected cell culture showed
no live cells). All the cells from the same cell line were trypsinized
and pooled together. Three replicates of approximately 40x10° cell

were harvested for gDNA extraction at TO. From the pool of each cell
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line, we plated cells into 3 replicates with a total of 15-20x10° cells
(each replicate of each cell line seeded in 3-5 15-cm plates). This high
number of cells ensure a 200-fold representation of each sgRNA, and
that this representation is maintained through different passages.
Then, 500 ng/ml of doxycycline was added at d+1 for an additional
48 h to induce expression of iCas9/mCherry (Figure 53). Cells were
grown in complete media supplemented with vemurafenib 10 uM (in
case of the 2 resistant cell lines). At every passage, cells from all
wells of in the same replicate were pooled together, mixed and plated
again for continuing with the screen. Cells were harvested at d+4
(T1),d+8(T2),d+14 (T3) and d+28 (T4). A minimum of 20x10° cells

were collected by centrifugation for gDNA extraction.

d+1 d+3 d+7

C3 “bulk’
iCas9/mCherry

C3 clone #11
iCas9/mCherry

Figure 53. Representative images of “bulk” C3 iCas9/mCherry (upper row)
and BRAF3-9 C3 clone #11 iCas9-mCherry (bottom row). Images shown
correspond to d+1, d+3 after 48 h of doxycycline induction (mCherry visualized
with specific fluorescence channel) and d+7.

Sample preparation and sequencing

Genomic DNA extraction
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Genomic DNA (gDNA) was purified from thawed pellets of each
replicate at all time points, from the three different cell lines, using
phenol/chloroform/isoamyl alcohol (PCI) solution (25:24:1), pH 7.8-
8.2 (Sigma-Aldrich). First, we washed the pellets with PBS and
resuspended them in a digestion buffer containing 100 mM NacCl, 10
mM Tris pH 8.9, 25 mM EDTA, 0.5% SDS (Sodium Dodecyl
Sulphate) and 0.1 mg/ml proteinase K. Resuspended cells were
incubated overnight in a shaking dry bath at 50°C, 500 rpm. Next, an
equal volume of PCI was added, vortexed vigorously and spined at
15,000 rpm for 5 min. The aqueous solution was removed, and
another PCI extraction was carried out. Prior to precipitation, an extra
wash with chloroform was carried out and then 5M NaCl was added
to a final concentration of 0.1 M, followed by addition of 2.5 volumes
of 100% ethanol for nucleic acid precipitation. After incubation at -
20°C for 4 h, the samples were centrifuged for 20 min at 15,000 rpm
and the DNA pellet resuspended in 720 pl nuclease-free water
(Invitrogen). RNase treatment was carried out with 8 pl of RNase
ONE™ ribonuclease (Promega) and 80 pl of the corresponding
buffer. To remove buffer and enzymes, a PCI extraction was carried

out, followed by a chloroform extraction and ethanol precipitation.

CRISPR sequencing library preparation

First, multiple PCRs using 3.5 pg gDNA in 50 pl volume reaction,
reaching a total of 100 pg of gDNA to be amplified (to achieve a
representative coverage) were set up. For each 50 pl reaction, 25 pl
of Q5® High-Fidelity Master Mix (New England Biolabs) and 2.5 ul
of each 10 mM primers (listed in Table 21) were used. PCR cycles
consisted of an initial incubation at 98°C (30°’), 25 cycles of 98°C
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(10”), 66°C (30”), 72°C (15”) and a final incubation at 72°C (2°). All

individual 50 pl reactions were pooled and mixed thoroughly.

5 ul of previously pooled PCR were used as template to set up a
second 50 pl PCR with 2.5 pul 10 mM of primers (listed in Table 21)
and 25 pl of Q5® High-Fidelity Master Mix (New England Biolabs).
For this second PCR, a mix of forward primers were used. These
forward primers were designed to anneal with an Illumina Adapter
sequence (ACACTCTTTCCCTACACGACGCTCTTCCGATCT), a
frameshift ranging from 2-Ns to 6-Ns was inserted to increase
sequencing diversity followed by the vector-specific sequence
(TTGTGGAAAGGACGAGGTACCG). PCR cycling consisted of
initial incubation at 98°C (30°”), 10 cycles of 98°C (10”), 55°C (307),
65°C (15”) and a final incubation at 65°C (5°). The resulting products
were run in 2% agarose gels and the expected 200-bp amplification
band was excised and DNA was purified from a gel (as previously
detailed). An additional PCR to add unique barcodes combinations
was included. Amplicon sequencing was performed using NextSeq
2000 (Illumina), following 1x50 bp single red protocol, at the CRG
Genomics Facility. 30x10° for TO samples and 15x10° reads for the
remaining samples were requested for optimal sgRNA coverage and

representation.

Data analysis: MAGeCK and BAGEL
Raw sequence data in fastq files were first trimmed with cutadapt**®

tool, to remove the vector-specific sequence and the 2-6(Ns).

First, we performed a computational analysis of the CRISPR screen

using MAGeCK*?’. We run the mageck count command for all
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trimmed fastq files, and reads were mapped against the TKOv3
library. With the read count table, we run the mageck test
subcommand, which uses robust rank aggregation (RRA) method, to
calculate scores by comparing TO versus T2 of each cell line. We
removed sgRNAs whose mean value was zero in control, therefore
corresponding to a non-transduced sgRNA; and normalized the read
counts by counts of sgRNA of non-essential genes. Non-essential
genes were defined as those genes which are rarely expressed across
a panel of cell lines, a set that was established in previous reports for

the application of TKOVv3 library for CRISPR screens*%3428,

We also used the mageck mle subcommand for multiple condition
screening. This subcommand utilizes a maximum-likelihood
estimation for robust identification of hits. A binary matrix must be
provided, indicating which sample (first column) is affected by which

condition (subsequent columns) (Table 23).

For data visualization (including quality control and functional
analyses), MAGeCKFlute**’ package was used in R (v4). Beta scores
from mageck mle calculations were normalized with “loess” method,

based on negative control genes.

Additionally, we also performed computational analysis with
BAGEL (Bayesian Analysis of Gene EssentiaLity)**>#?¥, Before

using BAGEL, sequences were mapped using Bowtie**

using the
TKOvV3 library as reference and the following parameters: -v2
(allowing 2 mismatches) and -m1 (discarding any read that mapped

to more than one sequence in the library). Fold changes and Bayes
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factors were calculated then with the BAGEL algorithm
(https://github.com/hart-lab/bagel).

sample

y
y
y

sensitive_earl

resistant_late

sensitive_late

as_braf_earl
resistant_earl
as_braf_late

baseline

SK1_T0
SK2_T0 |1

-
o
o

(S

SK3_T0 |1

SK1_T1 |1

N

SK2_T1 |1
SK3_T1 |1

N

oo ol o| o

N

SK1_T2 |1

N

SK2_T2 |1

N

SK3_T2 |1

BU1_TO |1

BU2_T0 |1

©Olololojloo|lo|lo|o|o|lOo|g4

BU3_T0 |1

BU1_T1 |1
BU2_T1 1

N

N

N
ojlo oo o o/lo o olo o/lo|o| oo

BU3_T1 |1

N

N

BU1_T2 |1

N

BU2_T2 1

N

BU3_T2 |1

cL1_To |1

cL2_To |1

©Ololojlojlo 0|0l 0]l 0 00|00 0|0 0O O 4

CL3_TO |1
CcL1_T1 1

N

cL2_T1 1

N

ol 0o/l 0 0|l 00|00 O  O|O| O 4

CL3_T1 1

N

cL1_T2 1

N

cL2_T2 |1

N

oOlo o oo oo oo o oo ool o/lol o ol o o
o/l o o o/lo  ojlo o olol o o

oOlo o o/lolojlo o o/lo o o/lo ojlo oo o

oOlo o olol ol oo o

o o o

CL3_T2 |1

N

230



MATERIALS AND METHODS

Table 23. The design matrix file for mageck mle. Each sample replicate (e.g.,
SK1, SK2, SK3 for SKMEL293, BU1, BU2, BU3 for “bulk” C3; and CL1, CL2
and CL3, for BRAF3-9 C3 clone) of each time point (TO, T1 and T2) are distributed
across the rows. Each column represents a condition: baseline for TO; as_braf for
BRAF3-9 resistant; sensitive for parental SKMEL293; resistant for “bulk” C3
resistant; early, for T1; late for T2.

Plots for data visualization from BAGEL analysis were generated

with the ggplor2*!® package in R (v4).
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Appendix

Supplementary Tables

Supplementary tables can be found in the provided link.

Table S1. List of genome-wide mutated genes in SKMEL293 and
C3 BRAF3-9. Relative to Figure 25.

Table S2. List of genes encoding spliceosome-related proteins

and RBPs involved in splicing. Relative to Figure 26

Table S3. Gene summary files of CRISPR screens data of
SKMEL293 and C3 BRAF3-9 at day +8 (MAGeCK RRA). Test
and ranks of genes calculated with MAGeCK RRA.

Table S4. Gene summary files of CRISPR screens data of
SKMEL293, “bulk” C3, and C3 BRAF3-9 (MAGeCK MLE).
Test and ranks of genes calculated with MAGeCK MLE.

Table S5. Gene list and Bayes Factors calculated with BAGEL in
SKMEL293 and C3 BRAF3-9 (d+8) screen
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