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Whole-exome sequencing identifies recurrent SF3B7 R625
mutation and comutation of NF7 and KIT in mucosal

melanoma

Jennifer D. Hintzsche®, Nicholas T. Gorden®, Carol M. Amato?, Jihye Kim®*®,
Kelsey E. Wuensch?, Steven E. Robinson?, Allison J. Applegate?,

Kasey L. Couts®, Theresa M. Medina®, Keith R. Wells?, Joshua A. Wisell®®,
Martin D. McCarter®®, Neil F. Box®', Yiqun G. Shellman’, Rene C. Gonzalez**,
Karl D. Lewis®®, John J. Tentler®®, Aik Choon Tan*®*® and William A. Robinson®®

Mucosal melanomas are a rare subtype of melanoma, arising
in mucosal tissues, which have a very poor prognosis due to
the lack of effective targeted therapies. This study aimed to
better understand the molecular landscape of these cancers
and find potential new therapeutic targets. Whole-exome
sequencing was performed on mucosal melanomas from 19
patients and 135 sun-exposed cutaneous melanomas, with
matched peripheral blood samples when available. Mutational
profiles were compared between mucosal subgroups and sun-
exposed cutaneous melanomas. Comparisons of molecular
profiles identified 161 genes enriched in mucosal melanoma
(P < 0.05). KIT and NF1 were frequently comutated (32%) in the
mucosal subgroup, with a significantly higher incidence than
that in cutaneous melanoma (4%). Recurrent SF3B1 R625H/
S/C mutations were identified and validated in 7 of 19 (37%)
mucosal melanoma patients. Mutations in the spliceosome
pathway were found to be enriched in mucosal melanomas
when compared with cutaneous melanomas. Alternative
splicing in four genes were observed in SF3B71-mutant
samples compared with the wild-type samples. This study
identified potential new therapeutic targets for mucosal
melanoma, including comutation of NF1 and KIT, and recurrent
R625 mutations in SF3B1. This is the first report of SF3B1 R625
mutations in vulvovaginal mucosal melanoma, with the largest

Introduction

Melanomas in mucosal tissue are uncommon and account
for only 1% or less of all melanomas. They are not related to
sun exposure or other known environmental factors and are
not familial. Mucosal melanomas have been shown to have
distinct molecular profiles compared with cutaneous
melanoma arising on sun-exposed sites [1,2]. Unfortunately,
many of the advances made in the understanding and
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whole-exome sequencing project of mucosal melanomas to
date. The results here also indicated that the mutations in
SF3B1 lead to alternative splicing in multiple genes. These
findings expand our knowledge of this rare

disease. Melanoma Res 27:189-199 Copyright © 2017 The
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treatment of cutaneous melanoma in the past 5 years are not
readily applicable to mucosal melanomas [3,4]. Common
molecular drivers identified in cutaneous melanoma, such as
mutated BRAF V600E, have not been identified in mucosal
melanoma. Oncogenic drivers of mucosal melanoma remain
unclear as there have been no consistent molecular targets
described [S]. In addition, the current immunotherapies
targeting C'TLA4 and PD1 for cutaneous melanomas have
had little success in mucosal melanomas [3].

In order to better understand the mutational profile of
mucosal melanoma, several investigators have performed
next-generation sequencing on a small number of
mucosal melanomas and compared them with cutaneous
melanoma. Furney ¢ @/. [1] examined the mutational
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spectra of 10 mucosal melanomas from the head and
neck, rectum, penis, and vagina. These studies have
provided the foundation for understanding the molecular
profiles of mucosal melanoma. Our study expands this
knowledge by contributing the largest whole-exome
sequenced cohort of mucosal melanoma known to date
with validated mutations and differentially spliced genes
as a result of these mutations.

In the present study, we performed whole-exome
sequencing (WES) on tissue samples from 19 patients
with mucosal melanomas from various sites. The samples
were from five anorectal melanomas, five nasopharyngeal
melanomas, and nine vulvovaginal melanomas. We
compared and contrasted mutational profiles from these
with 135 cutaneous melanomas from sun-exposed sites
from our in-house melanoma tissue bank [International
Melanoma Biorepository and Research Laboratory
(IMBRL)]. We identified comutations in NF/ and KI7 in
32% of our patient samples. Discovery of these comuta-
tions could provide insight into the lack of response of
mucosal melanoma to traditional melanoma treatments.
Importantly, we discovered a recurrent R625 mutation in
SF3B1, in vulvovaginal melanomas that was previously
only described in anorectal and ocular melanomas [6,7].
We confirmed that SF3B/-mutant samples have differ-
ential splicing of at least four genes found in previously
described SF3B7/-mutant cancers [6,8]. This study pro-
vides important new clues into the molecular changes
that occur in mucosal melanomas. These findings may
lead to a better understanding of the development,
molecular drivers, and hence improved therapeutics for
these rare forms of melanoma.

Methods

Clinical review

The IMBRL at the University of Colorado Cancer
Center currently contains over 3900 melanoma patient
tissue and peripheral blood samples. Nineteen mucosal
melanoma patients had formalin-fixed paraffin-embed-
ded, and/or fresh frozen tissues meeting quality standards
for mutational analysis by means of WES and had (when
available) normal peripheral blood DNA in our bior-
epository. More than one tissue sample was available for
some patients. WES was performed on 40 tissue samples
from 19 patients.

Sample collection and genomic DNA isolation

Tissue and peripheral blood samples were collected
between 2008 and 2016 from melanoma patients and
stored in the IMBRL at the University of Colorado
Cancer Center. All collections were made in accordance
with review board approval and with the patient’s written
consent (COMIRB-05-0309). Many of these patients had
multiple tissue or peripheral blood samples collected at
different times, and all samples from which adequate

DNA could be extracted were submitted for WES. Blood
samples were collected in PAXGene (Qiagen & BD,
Feldbachstrasse, Switzerland) DNA tubes and stored at
4°C untl processed. Depending on material, tissue
genomic DNA was isolated using the DNeasy Blood and
Tissue kit (Qiagen, Valencia, California, USA) or the
QiaAmp DNA formalin-fixed paraffin-embedded kit
(Qiagen). The concentration of DNA was determined
using a UV spectrophotometer and stored at 4°C.

Next-generation whole-exome sequencing

DNA concentration and purity were determined using
Qubit (Thermo Fisher Scientific, Waltham, Massachusetts,
USA) and Agilent 2100 Bioanalyzer (Agilent Technologies,
Santa Clara, California, USA) analysis. Genomic DNA
(200 ng) was sheared using Covaris (Woburn, Massachusetts,
USA) S220 at 150 bp. Sheared DNA was used to construct
the exome library following Agilent SureSelect X'T Target
Enrichment System (Agilent Technologies) for Illumina
Paired End Multiplexed Sequencing Library (catalog
#G9641B; Illumina, San Diego, California, USA). Sheared
DNA was end repaired, followed by addition of adapter tags
to construct DNA libraries through PCR amplification.
Exome capture was performed through hybridization using
XTS5 probe. Resulting captured libraries were indexed and
purified. The ¢cDNA library was validated on the Agilent
2100 Bioanalyzer using DNA-1000 chip. Libraries were
sequenced on the Illumina HiSeq 2000 with 125 bp paired-
end reads. We obtained an average of 400X and 200X
sequencing coverage for the cancer and normal exomes,
respectively.

Whole-exome sequencing pipeline and bioinformatics
analysis

In order to establish the mutational profiles in mucosal
melanomas, we used WES to analyze tissue and matched
peripheral blood (when available) from 19 patients with
mucosal melanomas. For comparison, we used WES data
from 135 primary and metastatic cutaneous sun-exposed
melanoma samples from our biorepository.

All samples from both cutaneous and mucosal patients
were analyzed for variants and copy number alterations
using IMPACT, our recently published WES analysis
pipeline [9]. In brief, IMPACT is a discovery-oriented
WES analysis pipeline designed to detect variant reads
found in at least 10% of sequencing reads (minimum of
four variant reads out of 20 mapped reads). To eliminate
potential false positives, IMPACT performs a stringent
filtering step, keeping only nonsynonymous somatic
variants that are predicted to be deleterious by SIFT [10]
and PolyPhen2 [11] or were present in the COSMIC
database [12]. By doing this, IMPACT is able to detect
more subclonal variants but only keeps those variants
that are predicted to be the most deleterious. To remove
germline variants, a normal blood DNA sample from the
same patient was used as control. Somatic variants found



in each patient are listed in Supplementary Table 1
(hetp fftanlab.ucdenver.edu/Mucosal_MelanomalMucosalDatal).

Somatic variants in genes were compared between mucosal
and cutaneous groups. A Fisher’s exact test was performed
for each gene found in at least 30% of the mucosal samples.
False discovery rate was applied to the gene list. Genes
with P value less than 0.05 and false discovery rate less
than 20% were considered as mutated genes enriched in
the mucosal samples. The BAM files from our mucosal
cohort can be downloaded at /Azp.//tanlab.ucdenver.edu/
Mucosal_MelanomalMucosalDatal. We queried the mutated
genes with the KEGG pathway database to identify enri-
ched pathways in the mucosal samples [13]. For mucosal
samples in which we had more than one sample, we
combined all samples into one profile for each patient. A
total of 161 genes were found to be enriched in mucosal
melanoma (Supplementary Table 2, /z#p://tanlab.ucdenver.
edulMucosal_MelanomalMucosalDatal).

Direct Sanger sequencing of SF3B1 R625 variants

Exon 14 of the $F3B1 gene was amplified from ~ 100 to 300 ng
of genomic DNA. Previously reported forward and reverse
primers were used [14]. PCR was carried out using GoTaq
Master Mix (Promega, Madison, Wisconsin, USA) with a final
primer concentration of 0.4 mmol/l and a final reaction volume
of 50 pl. Thermocycling was carried out on the GeneAmp PCR
System (Applied Biosystems, Carlsbad, California, USA).
PCR products were visualized on a 1.5% agarose gel. PCR
products were purified using the ExoSap I'T enzyme mix (USB
Corporation, Santa Clara, California, USA). Approximately
15 ng/ml of the PCR product was sent for direct sequence
analysis at the Barbara Davis Center Molecular Biology Core
Facility.

Splice variant analysis using quantitative reverse-
transcription polymerase chain reaction

Previously reported forward and reverse primers were
retrieved from Furney ¢ 4/. [6] and Maguire ez a/. [8] for
predicted splice variants in SF3B7-mutant and wild-type
samples (Supplementary Table 2, Zup:/j/tanlab.ucdenver.
edulMucosal_Melanomal/MucosalDatal). cDNA (10 ng) was
analyzed in triplicate to quantify spliced and unspliced
forms using real-time quantitative PCR, and repeated
three times for an 7 =3. Briefly, 45 cycles of quantitative
reverse-transcription PCR (qRT-PCR) were conducted
in 96-well plates using PowerUp SYBR Green reagents
(Invitrogen, Thermo Fisher Scientific) on the Step
OnePlus instrument (Applied Biosystems). To perform
splice variant analysis for each gene of interest was
calculated by averaging the C, values per sample, and

calculating the ratio of spliced form using the formula

2~ (G form ILmRNA—G, form2mRNA) - Eor each splicing event, a

two-tailed unpaired 7-test (using GraphPad Prism soft-
ware; GraphPad Software Inc., La Jolla, California, USA)
was applied between S§F3BI mutated (#=3) and
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wild-type (#=4) cases. Differences were considered
significant at P value less than 0.05.

Patient-derived tumor xenograft and cell line models
The human mucosal melanoma explant xenografts were
generated according to previously published methods [15,
16]. Female athymic nude (nu/nu) mice were purchased
form Harlan Labs at age 4-6 weeks. Briefly, surgical spe-
cimens from consented patients undergoing removal of
primary or metastatic tumor at the University of Colorado
Hospital were reimplanted subcutaneously into five mice
for each patient. Tumors were allowed to grow to a size of
1000-1500 mm?® (F1), at which point they were harvested,
divided, and transplanted to another five mice (F2) to
maintain the tumor bank. Tumor samples were collected
from F1 and F2 for RNA isolation. Animal studies were
performed in a facility accredited by the American
Association for Accreditation of Laboratory Animal Care in
accordance with the NIH guidelines for care and use of
laboratory animals and approved by the University of
Colorado Institutional Animal Care and Use Committee
before initiation. Cell lines Mel202 (ECACC) and MP41
(ATCC) were maintained according to manufacturer’s
instructions. The SF3B1 status was verified by means of
Sanger sequencing using the methods and primers
(Supplementary  Table 3,  /lup://tanlab.ucdenver.edu/
Mucosal_MelanomalMucosalData/) described above.

Results

Mucosal melanoma patient information

To define the mutational landscape of mucosal melan-
oma patients, we performed WES on 19 patients with
paired tumor and normal samples. On average, we
obtained 400X and 200X coverage for the cancer and
normal exomes (when available), respectively. The clin-
ical details of the patients included in this study are
shown in Table 1. There were five patients each with
anorectal and nasopharyngeal melanoma and nine
patients with vulvovaginal melanomas. The median age
was 64 years across all subtypes. The tissue source
includes a combination of both primary and metastatic
lesions (Fig. 1 and Table 1).

Mutated genes enriched in mucosal melanomas
Overall, 161 genes were found to be enriched in
the mucosal patient samples (Supplementary Table 2,
hitp:fftanlab.ucdenver.edu/Mucosal_MelanomalMucosalDataf)
when compared with our cutanecous melanoma cohort.
KM2TC was the most frequently mutated gene (52%) in
the cohort, followed by KI7T, DIAPH 1, and LAMA3 (50%).
NFI was found mutated in seven patient samples; six of
these patient samples (32% of all samples) also had a co-
occurring K/T mutation. Figure 1 summarizes the genes
significantly enriched for mutations in mucosal versus
cutaneous melanomas.
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Table 1 Cumulative clinical data and mutational status for 19 patients with mucosal melanoma
Clinical information Mutational status

Mucosal melanoma Age at Metastatic Survival Tissue source for WES
Patients subtype diagnosis Sex disease (months) analysis SF3B1 KIT NF1 BRAF NRAS
PO1 Anorectal 69 M Yes 13 Lymph node R625S S610X L2731 G469A K16E
P02 Anorectal 59 F Yes 87% Primary R625C L572P A1785S - 121T
P03 Anorectal 68 F Yes 22 Primary and spleen R625H  L572P - S432X R123S
P04 Anorectal 55 F Yes 20 Primary - G169S H2414Y - -
P05 Anorectal 63 F Yes 20 Subcutaneous - - E8X - -
P06 Vulvovaginal 49 F Yes 262 Primary and lymph node R625H V555A  Y80X  V168L -
P07 Vulvovaginal 72 F Yes 114 Primary R625H V555A - - -
Po8 Vulvovaginal 66 F No 1182 Primary R625H N818K - - -
P09 Vulvovaginal 36 F Yes 25° Brain R625H - - - -
P10 Vulvovaginal 76 F Yes 15 Primary - K638E G1160D - -
P11 Vulvovaginal 47 F No 13 Primary - - - - -
P12 Vulvovaginal 66 F Yes 30 Primary - - - - Q61K
P13 Vulvovaginal 56 F Yes 52 Primary - - - - -
P14 Vulvovaginal 64 F Yes 312 Primary - - - - -
P15 Nasopharyngeal 73 M No 4 Primary E1105G - - S727I -
P16 Nasopharyngeal 90 F No 31 Primary - §397C Q959K - -
P17 Nasopharyngeal 29 F Yes 19 Brain - - - - -
P18 Nasopharyngeal 83 F Yes 24 Primary - - - G469A -
P19 Nasopharyngeal 64 F Yes 55 Pancreas - - - - -

F, female; M, male; WES, whole-exome sequencing.
#Patient is still alive at the time of this study.

We identified SF3B17, with a recurrent somatic mutation
at codon R625 in 37% (7/19) of the mucosal melanomas.
Notably, the recurrent §F3B/ mutation was only found
to be mutated in anorectal and vulvovaginal patients but
not in nasopharyngeal melanoma samples. There was one
nasopharyngeal patient with a previously undescribed
SF3B1 E1105G mutation. Table 1 describes the specific
mutations found in each patient sample.

In contrast, oncogenic driver mutations in BRAF were not
detected in mucosal melanomas, and the mutations found
were not commonly identified in cutaneous melanoma (Fig. 1
and Table 1). Other commonly mutated genes (e.g. NRAS,
GNA11, GNAS) in cutaneous and/or uveal melanoma are not
enriched in mucosal melanomas (Fig. 1). Figure 2 molecularly
classifies the patient samples with the common mutations of
BRAF (V600), NRAS (G12, G13, Q61), NFI, and KIT
mutations in our mucosal and cutaneous cohorts, as well as
those samples that lacked these gene mutations (pan nega-
tive). The most striking observation is the significantly higher
occurrence of comutation of K/7" and NF/ in mucosal
melanoma (32%), compared with cutaneous melanoma (1%)
(Fig. 2b). This occurrence was observed in 22% in the vul-
vovaginal, 20% in the nasopharyngeal, and 60% in the anor-
ectal subtype (Fig. 2b). We found that the nasopharyngeal
mucosal melanomas are highly enriched (80%) in the pan-
negative cluster (Fig. 2b). This supports the hypothesis that
mucosal melanomas have a different mutational landscape
compared with the cutaneous melanomas.

Pathways enriched in mucosal melanomas versus
cutaneous melanomas

We next investigated these enriched genes mutated in
mucosal melanomas by querying KEGG pathway

database. We found that these enriched genes in mucosal
melanomas were involved in focal adhesion, cell adhe-
sion, the RAS, MAPK, and PI3K-AKT signaling path-
ways, as well as the spliccosome pathway (Fig. 3a).
SF3B1 was the most enriched gene in the mucosal
cohort, and the pathway analysis led to the identification
of another spliceosome gene, EFTUDZ2. We expanded
our investigation to include gene members described in
the KEGG spliceosome pathway and published papers
[8]. We found that 68% of mucosal melanoma patients
had one or more of the splicecosome genes mutated
(Fig. 3b). The number of genes enriched in this pathway
in the mucosal patient samples was significant when
compared with the cutaneous cohort (P=0.0097). The
occurrence of these mutations within the spliceosome
pathway is depicted in Fig. 3c.

Recurrent mutation in SF3BT7 in anorectal and
vulvovaginal melanomas

From the WES analysis, we identified a total of seven
vulvovaginal and anorectal mucosal melanomas harboring
the SF3BI recurrent mutations (R625H/S/C) and one
nasopharyngeal mucosal melanoma mutated at E1105G.
Within anorectal and vulvovaginal melanomas, SF3B/
R625 mutations occurred in 50% (7/14) of all samples. The
recurrent mutation at codon R625 in §F3B1 is similar to the
previously reported mutation in uveal melanoma [17]. To
validate this recurrent R625 mutation in mucosal melanoma
identified by means of WES, we performed direct
Sanger sequencing on exon 14 of SF3B7 in all of our
SF3B1-mutant mucosal patient samples, and a subset of
SF3B1 wild-type samples. The Sanger sequencing results
validated the WES findings of SF3B/ R625 mutations
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in these samples (Supplementary Fig. 1, szp.//taniab.ucdenver.
edulMucosal_MelanomalMucosalDatal).

SF3B1 is a component of the spliceosome and plays a key
role in early stages of pre-mRNA splicing (Fig. 3c).
Mutations in SF3B1 are rare in cutaneous melanomas
[14], and none of our in-house 135 cutaneous melanomas
had an SF3B7 mutation. This suggests that SF3B7 might
be exploited as a novel prognostic and/or therapeutic
target, specifically in mucosal melanomas for anorectal
and vulvovaginal sites. Figure 4a illustrates the known

SF3B1 mutations found in this study and other published
cancer studies from cBioPortal [7,18]. Both wuveal
melanoma and breast cancer harbor mutations in the
HEAT domain of SF3BI, with a majority of samples
having mutations at positions R625 and K700, respec-
tively (Fig. 4a) [6,8,17]. Mutations in the HEAT
(Huntingtin, Elongation factor 3, protein phosphatase 2A,
Targets of rapamycin 1) domain of SF3B1, such as R625
and K700, have been associated with alternative splicing
events, primarily through the induction of aberrant 3’
splice site selection [6,8,19].
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Functional validation of differential splicing genes in
SF3B1-mutant mucosal melanomas

Recent functional studies in uveal melanoma, breast can-
cer, and hematological malignancies have identified genes
that are differentially spliced in SF3B/-mutant tumors
compared with wild type [6,8,20]. Considering the func-
tional role of mutant SF3B17 in inducing differential spli-
cing, we hypothesized that SF3B7 R625H/S/C mutations
in mucosal melanoma would also lead to differential spli-
cing of genes as compared with SF3B7 wild-type tumors.

To test this hypothesis, we performed qRT-PCR using
specific primer design to target alternatively spliced genes
previously found in SF3B/-mutant samples. We selected
seven genes (ABCC5, ANKHDI, CRNDE, GUSPRBII,
RPL31, TMEMI14C, and UQCC) that have been previously
identified by means of RNA sequencing and validated using
qRT-PCR to be differentially spliced in SF3B/ R625 and
K700E mutants compared with wild-type uveal melanomas
and breast cancer [6,8]. To validate these alternatively
spliced genes in mucosal melanomas, we tested SF3BI
R625H-mutant (7 =2) and wild-type (#=3) patient-derived
xenografts established from our mucosal melanoma primary

samples. Uveal melanoma cell lines Mel202 (SF3B1
R625G) and MP41 (SF3B1 wild-type) were utilized as
positive and negative controls, respectively, for differential
splicing analysis. This analysis identified all seven genes to
be differentially spliced in mucosal melanomas with SF3B7
mutant as compared with wild-type samples (Fig. 4b—e and
Supplementary Fig. 2, /Jup:fftantab.ucdenver.cdu/Mucosal
Melanoma/MucosalData/). This demonstrates that SF3B/
R625-mutant mucosal melanomas are functionally involved
in alternative splicing of genes, similar to SF3B7 R625 and
K700E mutants found in uveal melanoma and breast cancer.

Correlation of SF3B7-mutant mucosal melanomas with
clinical outcome

The clinical data for patients harboring all SF3B7 muta-
tions is summarized in Table 1. Of the eight patients with
SF3B1 mutations, five had developed metastatic disease
and had relatively longer survival times compared with
those patients with wild-type SF3BI. However, the
number of patients is too small to make any definitive
statements.


http://tanlab.ucdenver.edu/Mucosal_Melanoma/MucosalData/
http://tanlab.ucdenver.edu/Mucosal_Melanoma/MucosalData/

Mutational landscape of mucosal melanomas Hintzsche et al. 195

Fig. 3
w
2283 33EREEES
[
s SECLsLisREESRE g

Focal Adhesion

RAS

Spliceosome

MAPK

Cell Adhesion
Molecules

PI3K-AKT

(b)
Ea"e”‘ Po1 | Po2| Pos | Po3| Pog| Po7 | Pos | P15 | P16| Po4| P1o| P11] Pos| P14] P19| P13| P17] P18| P12 .
umber

SF3b1
EFTUD2 . Vulvovaginal
SF1
PRPF8 . Nasopharyngeal
HSPA1A Mutation Type
brxie Single
SF3B2 Nucleotide
SF3B3 Variant
SF3A1 Stop Gain
SRSF6 H
U2AF1L4 . Frameshift
PRPF40B p =0.0097
LUC7L2

(a) Pathway analysis of genes enriched in mucosal melanoma. (b) Spliceosome pathway genes found in mucosal melanoma were enriched when
compared with cutaneous melanomas. (c) Pathway visualization of the spliceosome pathway with mutated genes shown in red.




196 Melanoma Research 2017, Vol 27 No 3

Fig. 4
(@
2 125
s SF3B1 103
F 100
5
s 75
° 50 40
8 23
£ 25 | |
5
Z 0 U2AF2 g8 8 8 HEAT
0 Interaction & ¢ £ Domain 1304 aa
40 R625C/G/H/L/S Mutations 40 K666E/N/Q/T Mutations 40 K700E/R/V701fs*28 Mutations
5 35 35 35
é 30 30 30
s 25 25 25
& 20 20 20
g 15 15
€ 15
8 10 10 10
e s 5
—— P e
S @ B B B B PO DS D D S
N\ N S NN SIS i i QY N
S S E S P
d & @\06 & *é} & & & F o E & S @"0 &
CAN ¥ & P F T Tt e
& & $ \O\\@é\\ & S
w & o N8
$ e s SR
o © N L
«© &
(& 0\0
(b) ABCCS: (c) CRNDE:
intron 5 retention in SF3B1 WT alternative 3" splice site exon 4
A A
] T =]
Fwr] S~ [sFm1 ot
2.0 1 p=0.0009 *** 6 - b = 0.0007 ***
S =
o ©
» E 154 2E 4
i A
Q o 5
52 104 2 2+
c o = -
(0]
> £ 28 o84
= 3 = 3
?: £ 054 % €
@ x5 041
0.0 = 0.0 -
6 > Q@ N O © O P > @ N O O O
& X \gb‘ & S &}Q’Q & N @& & S \@Wo
(d) RPL31: (e) TEME14C:
exon 5 inclusion in SF3B1 mutant alternative 3’ splice site exon 2
= =]
1.5 -
25 p=0027" p=0.0001 ***
sg §F 101
o = 15 o =
[ e} ? o
g c < 0.5 -
50 1.0 50 ]
sz 8% 0050 -
ot o5 oE O
2 ‘E Bl . & i 25
< E 0004 5 E o0
® ° 0002 x o
0.000 0.000

N

X Q -l
Q N N Q

<Q \gz‘*\ <Q
I sF3B1 WT

(a) Number and location of SF3871 mutations found in the literature and cBioPortal, followed by the proportion of each cancer's subtype. Highlighted
in pink is the current study representing the largest percentage SF3B7 mutations of any cohort to date. (b—e) Analysis of differentially spliced genes
identified in SF3B1-mutant uveal melanoma and breast cancer. (b) CRNDE, (c) RPL31, (d) ABCCS5, and (e) TMEM14C were validated using
quantitative reverse-transcription PCR in three SF3B1 wild-type (blue) and two SF3B1 R625 (red) mucosal melanoma PDX samples. Uveal
melanoma cell lines were used as controls, MP41 (SF3B1 wild-type) and Mel202 (SF3B71 R625G). Unpaired two-tail parametric t-tests were used to
determine significance between mutant and wild-type. *P value less than 0.05 was considered statistically significant. Schematic representations of
the splicing events is illustrated above each graph. Exons are represented as boxes, with lines representing splicing events occurring in SF3B7 wild-
type (blue) and SF3B7 mutant (red). ***P value of less than 0.01.
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Discussion

Mucosal melanomas represent a small fraction of the total
melanoma patient population, and understanding their
mutational landscape is important in developing more
effective treatment(s) for this unique group of patients.
"This has been, and remains, a formidable challenge [4,5].
They often present late, are difficult to diagnose, and
have a poor prognosis compared with cutaneous melan-
oma. Until recently, there was little understanding about
the molecular mechanisms underlying the development
of these diseases.

In accordance with prior studies, we found a low fre-
quency of the known driver mutations commonly found
in cutaneous melanomas (Fig. 1). Mutations in BRAF
were seen but these were not the driver V600 mutations
described in cutaneous melanoma (Table 1). Similar to
other studies [7], frequent mutations in K/7T were found,
especially in the vulvovaginal and anorectal subtypes. In
these two groups of patients, the K/7 mutations were
comutated with NFI in 32% of the samples. We also
noted that a large percentage (80%) of the nasophar-
yngeal group was pan negative, meaning they lacked the
common driver mutation classifications of BRAF, NRAS,
NF1, or KIT. The frequency of the pan-negative geno-
type in nasopharyngeal melanomas was also higher than
that seen in our cutaneous melanoma database (19%)
(Fig. 2).

Activating mutations in KI/7 have been previously
described in mucosal melanomas, and occasionally
patients respond to the tyrosine kinase inhibitor imatinib
[21]. In the present study, K/7 mutations, particularly in
the vulvovaginal and anorectal subtypes, were often
comutated with NF1, 22 and 60%, respectively. NFI is a
tumor suppressor that normally suppresses RAS signaling.
Mutations in NF/ also activate RAS signaling, similar to
some of the K/7 mutations. Interestingly, mutations in
either NF'7 or KIT have been implicated as pivotal for the
development of gastrointestinal stromal tumors [21].
Comutations of K/7 and NF have also been reported in
gastrointestinal stromal tumors, although they are rare
[21]. We reason that mutations in either gene may only
weakly activate the downstream signaling, and not be
sufficient for tumorigenesis, whereas comutations in both
genes lead to stronger and sufficient activation for tumor
development. We contemplate whether combinations of
inhibitors of MAPK and PI3K signaling may be explored
for these patients.

NF1 mutations have also been found concurrent with
BRAF mutations in melanoma, and loss of NF/ can
contribute to melanoma resistance to BRAF inhibitors
(ref). In addition, loss of NF'/ can cooperate with mutated
BRAF to promote melanocyte proliferation and tumor-
igenesis [22]. We conjecture that mutations in NF/ may
also contribute to the resistance to imatinib in some
KIT-mutated mucosal melanoma. Further investigation is
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needed to determine whether there is cooperation
between KI/7T and NFI mutations in mucosal melanoma
to uncover new areas for therapy.

Another important and intriguing finding was the high
frequency of mutations in SF3B/, subunit 1 of splicing
factor 3b. SF3B1 is a part of the U2 small nuclear ribo-
nucleoprotein (U2 snRNP) complex along with p14 and
U2AF65, which plays a key role in the early stages of pre-
mRNA splicing by facilitating branch point recognition
and selection of the 3’ splice site (Fig. 3c) [23]. SF3B1
mutations have previously been described in myelodys-
plastic syndrome, chronic lymphocytic leukemia (CLL),
breast cancer, and uveal melanomas, within exons 12-15,
which correspond to the C-terminal HEAT domain of
SF3B1 (Fig. 4a) [6,17,24]. SF3B1 is the most frequently
mutated spliceosome gene in cancer and is mutated in
20% of hematological malignancies (myelodysplastic
syndrome and CLL), 18% of uveal melanomas, 5% of
pancreatic cancers, 1.8% of breast cancers, and less than
1% in cutaneous melanoma [8,17,25-27]. The frequency
of mutations in §F3B1 in this study (8/19, 42%) is higher
than that reported in any other cancer type (Fig. 4a).
Furthermore, we identified that mutations in other spli-
ceosome pathway genes occurred at a higher frequency in
mucosal melanoma as compared with our 135 sun-
exposed cutancous melanomas (Fig. 3b). We observed
that patient 1 harbored the most mutations in our cohort;
this may explain the higher comutation rate of SF3B1
with other spliceosomal component genes. For other
patients, the mutations could be detected and predicted
to be nonsynonymous and deleterious by the algorithms.
Future work will be needed to determine their functional
roles in the splicing process in mucosal melanoma.

In our study, seven (37%) of the mucosal melanoma
patients carried the recurrent SF3B7 mutation at codon
625 (Fig. 4a). Five of the mucosal melanoma patients
harbored the mutation R625H, which is also a common
mutation found in uveal melanoma [17]. The other two
patients carried mutation R625C in S§F3B1, and one
variant R625S. A recent targeted sequencing of 15 anor-
ectal mucosal melanoma patients described five patients
with the identical SF3B7 R625 mutation, confirming our
findings [7]. WES in cutaneous melanoma found only a
very low frequency of SF3B7 R625H/C mutations, 2/231
cutaneous patient samples [14]. A review of our WES
database of 135 cutaneous melanoma patients revealed
no other mutations in SF3B7. A previous study found
four patients with SF3B7 mutation in 20 desmoplastic
melanoma patient; none of these mutations was at codon

625 [28].

Recent studies have elucidated a functional role for
recurrent hotspot mutations found in the C-terminal
HEAT domains in §F3B/, indicating that these muta-
tions result in alternative splicing, primarily by inducing
aberrant 3’ splice site selection [19,27]. Thus, it was
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hypothesized that the SF3B7 R625 mutation results in
differential interaction with the pre-mRNA or other
splicing factors of the U2 snRNP complex, such as p14 or
U2AF65, resulting in binding to a noncanonical branch
point, thus facilitating alternative 3’ splice site selection
[19,29]. Furthermore, approximately half of the aber-
rantly spliced mRNAs are subject to non-sense-mediated
decay resulting in the downregulation of gene and pro-
tein expression [19]. However, the functional role of
alternatively spliced genes that do not undergo non-
sense-mediated decay remains to be determined, as it is
possible that these aberrant transcripts are processed into
aberrant proteins with altered functions.

In our current study, we show for the first time that SF3B7
mutations in mucosal melanoma are associated with
alternative splicing (Fig. 4b—e and Supplementary Fig. 2,
hitp:fftanlab.ucdenver.edulMucosal_MelanomalMucosalDatal).
Utilizing qRT-PCR, we analyzed seven previously
reported genes to be alternatively spliced in SF3BI-
mutant uveal melanoma and breast cancer. We validated
all these genes to be differentially spliced in mucosal
melanoma, highlighting a functional role for mutations in
SF3B1. Specifically, we found ABCC5, CRNDE, RPL31,
and TMEM14C, in which the alternatively spliced variants
were highly expressed in §F3B7 mutant as compared with
wild-type mucosal melanoma samples. ABCC5 encodes for
an ABC transport protein that is involved in multidrug
resistance, and was observed to retain introns in SF3B/
wild-type uveal melanoma samples, but not in SF3BI-
mutant samples perhaps due to increased splicing effi-
ciency [6]. We validated this finding in our S#3B/-mutant
mucosal melanoma samples (Fig. 4b). CRNDE is a long
noncoding RNA and has been shown to be associated with
development and found to be upregulated in colorectal
cancer and leukemias [30]. We found that the ratio of the
alternative spliced form of CRNDE compared with the
canonical spliced form is higher in $#3B7-mutant samples
(Fig. 4c). In common with SF3B/-mutant breast cancer
tumors, we also observed differential splicing of RPL31, a
ribosomal protein found to be overexpressed in colorectal
tumors in familial adenomatous polyposis patients
(Fig. 4d) [31]. We observed a higher expression of RPL31
in SF3B/-mutant samples (Fig. 4d). Finally, we also
observed a higher ratio of the differentially spliced form of
TMEMI14C, a transmembrane protein important for heme
biosynthesis, in SF3B/-mutant samples (Fig. 4e). Further
experiments are needed to elucidate the role of these
differentially spliced genes expressed in SF3B/-mutant
mucosal melanomas.

Interestingly, SF3B1 wild-type overexpression in cell
lines does not recapitulate the alternative splicing events
induced by SF3B7 mutant, indicating that mutations in
SF3B1 are neomorphic [19,23]. Using an inducible
genetic inhibition model, Zhou ¢z /. [32] identified that
selective inhibition of SF3B7 mutant, but not wild-type
alleles, resulted in differential splicing without effecting

cell growth. However, inhibition of SF3B/ wild-type
resulted in growth inhibition 7z vitro, indicating that cells
are reliant on SF3BI! wild-type for growth [32].
Alternatively, SF3B/-mutant pancreatic cells were found
to be more sensitive to pharmacological inhibition of
SF3B1 as compared with wild-type [8]. Thus, it remains
to be determined whether the effects of inhibition of
SF3B1 are dependent on SF3B1 mutational status and
tumor type. Recently, a phase I study of E7101, a novel
spliceosome inhibitor, whose main target is SF3B1, has
begun in solid tumors [33]. Other preclinical leads of
SF3B1 inhibitors are currently being developed by the
pharmaceutical industry [34-36]. Identifying the effects
of SF3B1 inhibition in mucosal melanoma may open new
avenues for the treatment of mucosal melanomas with an
SF3B1 mutation.

There were too few patients in our study to make sig-
nificant survival correlations between patients with
SF3B1 mutations and those with wild-type SF3B1. The
presence of SF3B7 mutations in CLL correlates to a
worse prognosis, whereas SF3B1 hotspot mutations
appear to correlate with better prognosis in uveal mela-
nomas [17,24]. More patient samples are needed to
establish the correlation between SF3B/ mutation and
overall survival in mucosal melanomas.

For future work, we plan to perform RNA sequencing in
the mucosal melanoma samples to compare the alter-
natively spliced transcripts in SF3B7 mutant as compared
with wild-type as previously described [19,23]. In addi-
tion, as a part of our future research, we plan to test and
validate the splicing transcripts in fresh tumors (when we
received new patients) or formalin-fixed paraffin-
embedded tissues (archival samples).

In summary, this study is the largest cohort of mucosal
melanomas reported with WES. This provides new
insight into the mutational landscape of these rare sub-
types of melanoma. We identified comutations of KIT
and NFI (32%), as well as recurrent SF3B/ mutations
(42%). SF3B1 mutations have not been previously
reported in vulvovaginal or nasopharyngeal mucosal
melanoma, and only once previous study found muta-
tions in anorectal mucosal melanoma using targeted
sequencing [7]. In addition, our report is the first study in
demonstrating the functional role of SF3B7 R625 muta-
tions inducing alternative splicing in mucosal melanoma.
Future studies will focus on the wide spread effects of
SF3B1 mutations on aberrant mRNA isoforms, and the
effect of alternate splicing on tumor progression in
mucosal melanoma. These findings advance our under-
standing of mucosal melanoma and offer potential tar-
getable mutations that could improve treatment for these
rare forms of melanoma.


http://tanlab.ucdenver.edu/Mucosal_Melanoma/MucosalData/
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