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Abstract
Background:Mucosalmelanoma has characteristically distinct genetic features
and typically poor prognosis. The lack of representativemucosalmelanomamod-
els, especially cell lines, has hindered translational research on this melanoma
subtype. In this study, we aimed to establish and provide the biological proper-
ties, genomic features and the pharmacological profiles of a mucosal melanoma
cell line that would contribute to the understanding and treatment optimization
of molecularly-defined mucosal melanoma subtype.
Methods: The sample was collected from a 67-year-old mucosal melanoma
patient and processed into pieces for the establishment of cell line and patient-
derived xenograft (PDX) model. The proliferation and tumorigenic property of
cancer cells fromdifferent passageswere evaluated, andwhole-genome sequenc-
ing (WGS) was performed on the original tumor, PDX, established cell line,
and the matched blood to confirm the establishment and define the genomic
features of this cell line. AmpliconArchitect was conducted to depict the archi-
tecture of amplified regions detected by WGS. High-throughput drug screening
(HTDS) assay including a total of 103 therapeutic agents was implemented on
the established cell line, and selected candidate agents were validated in the
corresponding PDX model.
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Results: A mucosal melanoma cell line, MM9H-1, was established which
exhibited robust proliferation and tumorigenicity after more than 100 serial
passages. Genomic analysis of MM9H-1, corresponding PDX, and the original
tumor showed genetic fidelity across genomes, and MM9H-1 was defined as a
triple wild-type (TWT) melanoma subtype lacking well-characterized “driver
mutations”. Instead, the amplification of several oncogenes, telomerase reverse
transcriptase (TERT), v-Rafmurine sarcoma viral oncogene homolog B1 (BRAF),
melanocyte Inducing transcription factor (MITF) and INO80 complex ATPase
subunit (INO80), via large-scale genomic rearrangement potentially contributed
to oncogenesis of MM9H-1. Moreover, HTDS identified proteasome inhibitors,
especially bortezomib, as promising therapeutic candidates for MM9H-1, which
was verified in the corresponding PDX model in vivo.
Conclusions:We established and characterized a new mucosal melanoma cell
line, MM9H-1, and defined this cell line as a TWT melanoma subtype lacking
well-characterized “driver mutations”. The MM9H-1 cell line could be adopted
as a unique model for the preclinical investigation of mucosal melanoma.
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1 BACKGROUND

Mucosal melanoma, which arises from melanocytes in
the mucosal layer of different anatomical parts, accounts
for about 0.8%-3.7% of all melanomas among Caucasian
populations [1, 2], while it is the second most com-
mon subtype inAsianmelanomapopulations, constituting
approximately 25% of all melanomas in Asian patients
[3]. Although targeted agents, such as BRAF inhibitor,
mitogen-activated protein kinase (MEK) inhibitor, and
programmed cell death protein-1/programmed cell death-
ligand 1 (PD-1/PD-L1) immune checkpoint inhibitor, have
revolutionized clinical management of melanoma, the
effectiveness of these treatments was not satisfactory in
mucosalmelanoma [4]. The 5-year survival rate ofmucosal
melanoma is only 16%-27% [5, 6], much lower than that of
cutaneous melanoma (about 90%) [7], possibly because of
its high rates of recurrence and metastasis as well as a lack
of effective therapies.
Large-scale cancer genomic studies, such as The Can-

cer Genome Atlas (TCGA) project in melanoma, led to
the genetic classification of melanoma into four major
subtypes based on the mutually exclusive significantly
mutated genes: BRAF-mutant subtype, RAS-mutant sub-
type, neurofibromin 1 (NF1)-mutant subtype, and triple
wild-type (TWT) subtype. Interestingly, TWT melanoma
subtype account for only about 10%-15% of all cutaneous
melanoma cases [8], while the majority of acral melanoma

andmucosal melanoma (50%-80%), which is characterized
by a lack of significantly mutated genes, could be clas-
sified as TWT subtype [9]. KIT proto-oncogene receptor
tyrosine kinase (KIT) is the only recurrent significantly
mutated oncogene with a targeted treatment option in
TWT mucosal melanoma, and imatinib is currently rec-
ommended by clinical practice guidelines of the National
Comprehensive Cancer Network (NCCN) [10] and Chi-
nese Society of Clinical Oncology [11] for the treatment
of KIT-mutant mucosal melanoma. Unfortunately, the
clinical efficacy of imatinib is still limited because only
about 15%-20% of mucosal melanomas harbor KIT muta-
tions, and drug resistance often occur during either the
early phase or the late phase of drug treatment [11, 12].
Currently, there are still few targeted treatment options
for mucosal melanoma, especially for TWT mucosal
melanoma patients without KIT mutations [13].
More recently, we [14] and several studies [9, 13] using

whole-genome sequencing (WGS) have further revealed
the distinct genomic pattern in mucosal melanoma when
compared with cutaneous melanoma, indicating the bio-
logical significance of large-scale genomic rearrange-
ments, structure variations (SVs) and copy number vari-
ations (CNVs), which could be detected in the majority
of mucosal melanomas. Specifically, we have found over
50% of the mucosal melanoma patients harbored con-
current focal amplifications of cyclin-dependent kinase
4 (CDK4) (12q14) and telomerase reverse transcriptase
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(TERT) (5p15), an event that co-occurs with inter-
chromosomal translocations that defined a patient sub-
group with significantly worse clinical outcomes [14].
Notably, CDK4/6 inhibitor was further evaluated and
demonstrated remarkable antitumor effects in CDK4-
amplified mucosal melanoma patient-derived xenograft
(PDX) models [14]. Accordingly, a phase II clinical trial is
currently recruiting CDK4-amplified mucosal melanoma
patients to access the therapeutic potential of CDK4/6
inhibitor (ChiCTR2000031608). However, there are some
TWT mucosal melanoma patients who are not eligible for
treatment targeting CDK4 amplification or KIT mutation,
so that further molecular and biological characterization
of TWTmucosal melanoma is needed to identify potential
therapeutic options for this melanoma subtype. High-
throughput drug screening (HTDS) is a drug discovery
process that allows rapid testing of large numbers of agents
which is increasingly used in antitumor drug reposition
and translation [15]. Multiple studies have reported the
identification of novel treatment options or old drugs for
new uses by conducting HTDS using genetically charac-
terized cell lines, which successfully led to the clinical
investigation of the potential agents in cancer patients
[16, 17]. According to Cellosaurus (https://web.expasy.org/
cellosaurus/), the largest cell line database, more than
3000 melanoma cell lines have been documented, while
only 14 of these were mucosal melanoma cell lines which
lacked detailed genetic annotations. To our knowledge,
few such studies have conducted drug screening using
mucosal melanoma cell lines or patient-derived tumor
cells (PDC). Thus, the scarcity of stablemucosalmelanoma
models in vitro, which can reflect the genetic and bio-
logical features of mucosal melanoma patients, represents
a major challenge for understanding mucosal melanoma
biology and for drug screening in mucosal melanoma.
In the present study, we set out to evaluate the feasibility

of mucosal melanoma cell line establishment and charac-
terization as an experimental tool for mucosal melanoma
translational research. In this effort, we also aimed to
determine (1) whether the established cell line would reca-
pitulate the biological properties and genomic features of
the original tumor; (2) whether the established cell line
could be applied for HTDS that would facilitate the identi-
fication of novel therapeutic strategies for the treatment of
molecularly-defined mucosal melanoma patients.

2 MATERIALS ANDMETHODS

2.1 Mucosal melanoma specimens

Mucosal melanoma biopsy and paraffin-embedded tissue
samples were from a patient (MM108) treated at Shanghai

Ninth People’s Hospital (Shanghai, China). The collection
and use of these mucosal melanoma specimens for this
experimental study were approved by The Ethics Com-
mittee of Shanghai Ninth Peoples Hospital, Shanghai Jiao
Tong University School of Medicine (Shanghai, China),
and the patient’s consent was obtained. We followed the
tenets of the Declaration of Helsinki, in accordance with
recommendations approved by the Institutional Ethics
Committee. Biopsy tissues were immediately immersed in
tissue storage solution (MACS, Bergisch Gladbach, Ger-
many) to maximize the viability of cells. Generally, the
sample was processed into 1 mm3 pieces in biosafety cabi-
net for PDX model establishment and primary culture for
cell line establishment.

2.2 Primary culture of cell lines

The dissected primary tumor lesion was immediately
delivered from the operating room to the lab after tumor
biopsy in a 5 mL tube filled with tissue storage solu-
tion. Fresh tumor tissue was then washed 3 times in
precooling phosphate buffered saline (PBS) containing 2%
penicillin-streptomycin, 1% gentamicin and 1% ampho-
tericin B (Gibco, Thermo Fisher Scientific, Waltham, MA,
USA). The tissue was cut into small fragments (about 0.5-
1 mm3 each) and transferred into pre-warmed RPMI-1640
medium (Gibco, Carlsbad, CA,USA),with 20% fetal bovine
serum (FBS, Gibco) and 1% penicillin-streptomycin. The
tissue fragments were placed in a collagen coated T-25
flask containing 2 mL culture medium. The culture bottle
was inverted overnight and gently turned over the second
day, which was placed in a 37◦C incubator containing a
humidified atmosphere and 5% CO2. After grown for up
to 6 days, cells were suspended with 0.25% trypsin and
0.02% EDTA treatment and passaged with 1:2 or 1:3 split
ratio depending on their growth rate. A375, a malignant
cutaneous melanoma cell line, was kindly provided by
Stem Cell Bank, Chinese Academy of Sciences (Shang-
hai, China) and was cultured in RPMI-1640 with 10% FBS.
Images were captured with cell imaging systems in Zeiss
microscope (Zeiss, Jena, Germany).

2.3 Flow cytometry for purity

Cell purity of the established mucosal melanoma cell
line MM9H-1 was determined by flow cytometric staining
for melanoma-associated chondroitin sulfate proteoglycan
(MCSP) on a FACS Calibur (Becton Dickinson, San Jose,
CA, USA) [18]. In brief, approximately 100,000 cells were
transferred to a flow tube. The cell suspension was then
centrifuged at 600× g for 3 min, and the supernatant was
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discarded. The cells were resuspended in 100 μL PBS.
Then viability dye or/and MCSP was added into the tube
and mixed by gently blowing. Incubation occurred for
30 min at 4◦C protected from light. After the incubation
was completed, 1 mL PBS was added and mixed gently.
The cell suspension was then centrifuged at 600× g for 3
min, and the supernatant was discarded. The procedure
was repeated once. The cells were resuspended in 100 μL
PBS and assayed with FACS Aria flow cytometer (Becton
Dickinson).

2.4 Chromosome analysis

The karyotype of MM9H-1 cells was analyzed by GTG-
banding techniques (G-bands by trypsin using Giemsa)
using standard protocols. In brief, when cells had grown to
70% confluence, the cells were fed with freshmedium con-
taining 0.2 μg/mL colchicine (Biological Industries, Beit
HaEmek, Israel), and the culture was continued for an
additional 4 h. Then, cells were harvested and treated with
hypotonic solution (0.075 mol/L KCl) for 20min at 37◦C.
The cells were fixed in freshly prepared methanol/glacial
acetic acid (3:1) solution before they were evenly spread
on a pre-cooled slide and stained with Giemsa solution
(Gibco). The slides were scanned with an automated slide
scanner (GSL120, Leica, Nussloch, Germany) and ana-
lyzed with Applied Imaging Software CytoVision (Applied
Imaging, Santa Clara, CA, USA).

2.5 Immunofluorescence

For immunofluorescence analysis, stainingwas performed
according to our previous report [19]. In brief, cells were
seeded into 12-well plates containing glass coverslips to
create a cell climbing slice. When the cell confluence
reached about 50%, cells were fixed with 4% paraformalde-
hyde for 20 min at 22-25◦C and permeabilized with 0.3%
Triton X-100 for 10 min. After blocking with 5% bovine
serum albumin at 22-25◦C for 1 h, the cells were incu-
bated with primary antibodies against S100A6 (1:100,
10245-1-AP, Proteintech, Wuhan, Hubei, China), S100 beta
(1:100, 15146-1-AP, Proteintech), Melan-A (1:100, 60348-
1-Ig, Proteintech), human melanoma black 45 (HMB45)
(1:1000, ab212829, Abcam, Cambridge, UK), and a triple
anti-melanoma antibody cocktail against HMB45, Melan-
A, and Tyrosinase (1:200, ab733, Abcam) overnight at
4◦C. Solutions containing secondary antibodies conju-
gated to fluorescein isothiocyanate (FITC, Thermo Fisher
Scientific) were applied at 22-25◦C for 1 h. Diamidino-
phenyl-indole (DAPI, 1:1000, Abcam) was used for nuclear
counter staining.

2.6 Immunohistochemistry

Immunohistochemistry (IHC) staining was performed
according to our previous research [14, 19]. Briefly, 4-
μm-thick formalin-fixed, paraffin-embedded (FFPE) tissue
sections of tumor samples were cut and processed for IHC
detection using antibodies against Ki67, INO80, protec-
tion of telomeres 1 (POT1), protein tyrosine phosphatase
receptor type N2 (PTPRN2), pan-cytokeratin (AE1/AE3),
HMB45, Melan-A, melanocyte-inducing transcription fac-
tor (MITF), S100, sry-related hmg-box-10 protein (SOX-10),
and Tyrosinase. Detailed information about the primary
antibodies is showed in Supplementary Table S1. Slides
were developed with 3-amino-9-ethylcarbazole (AEC,
Dako, Copenhagen, Denmark) for peroxidase reaction and
counterstained with Mayer’s hematoxylin.

2.7 Real-time cell analyzer

Cell proliferation was analyzed by the real-time cell analy-
sis (RTCA) system (xCELLigence, ACEABiosciences, Inc.,
San Diego, CA, USA). In total, 3000 A375 cells or 6000
MM9H-1 cells (100 μL/well) were seeded into an E-Plate.
After seeding, the cells were automatically monitored, and
the cell index was recorded every 15 min by the RTCA
software (version 2.0).

2.8 Wound healing assay

Cell migration was analyzed using IBIDI culture inserts
(IBIDI, Munich, Germany). A375 and MM9H-1 cells were
seeded into culture insert plates at a concentration of
5× 106 cells/mL, 100 μL per well. When the cells reached
90%-100% confluence after 24 h of incubation, the culture
inserts were removed. Floating cells or debris was washed
away gently by PBS and resupplied with fresh serum-free
medium. Photographs of the migration of the cells into the
scratch area were taken every 24 h.

2.9 Spheroid formation assays

For spheroid formation assays, single-cell suspensions of
500 or 4000 cells were seeded in 6-well or 96-well plates,
ultra-low attachment surface (Corning, New York, NY,
USA). The number of spheroids in 6-well plates was mea-
sured after about one week of incubation in a 5% CO2
incubator at 37◦C. Images were captured with Zeiss micro-
scope. The spheroids visualized with the naked eye in
96-well plates were collected and translated into a 12-well
plate using liquid transfer gun after about one week of
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incubation. Frozen sections of theMM9H-1 spheroidswere
counterstained with hematoxylin and eosin (HE), and the
expression of melanoma markers in MM9H-1 spheroids
were detected by immunofluorescence staining using the
frozen sections.

2.10 Fluorescence in situ hybridization
(FISH)

FISH was performed according to our previous research
[14]. CDK4, TERT and BRAF amplification tests were
performed on FFPE tissue sections using commercial
probes, ZytoLight SPEC CDK4/CEN12 Dual Color Probe,
BRAF/CEN 7 Dual Color Probe and TERT/CEN5 Dual
Color Probe (Zytovision, Bremerhaven, Germany). The
experiment procedures were performed according to the
manufacturer’s instructions.

2.11 In vivo tumorigenesis and
metastasis experiments

Three 5-week-old male BALB/c nude mice (Shanghai Lab-
oratory Animal Center, Shanghai, China) were used for
growing xenografts. Cells were inoculated subcutaneously
into the right flank of mice at a concentration of 1 ×
104 cells/μL in 100 μL or orthotopically in vestibular of
the oral cavity in 20 μL. Tumor growth was measured
twice weekly. The hepatic and lung metastasis models
were also established in BALB/c nude mice or NOG mice
(5 weeks old, Weitong Lihua Limited Company, Beijing,
China) via intrasplenic or tail vein injection of 100 μl PBS
containing 1× 105 MM9H-1 cells. When the subcutaneous
tumor grown to approximately 1000 mm3 or 5 weeks after
splenic or tail vein injection, the mice were euthanized
by CO2 inhalation and cervical dislocation. Tumor tis-
sues, spleens, livers and lungs were collected and fixed
in 4% paraformaldehyde, and paraffin-embedded sections
were stained with HE. The expression of HMB45, Melan-
A, MITF, AE1/AE3 and Ki67 in subcutaneous tumor was
examined by IHC. The corresponding antibody informa-
tion is listed in Supplementary Table S1.

2.12 High-throughput drug Screening

A library of anticancer agents was screened for their
antitumor activities against MM9H-1. Cells were seeded
in 90 μL growth medium using an auto dispenser into
96-well polystyrene tissue culture-treated Corning plates
at a density of 6000 cells/well to allow compounds to
be present during exponential growth phase. After cell
adhesin, 103 anticancer agents, including the investiga-

tional agents focusing on melanoma and US Food and
Drug Administration (FDA)-approved drugs, were added
using a 9-point concentration gradient ranging from 20
μmol/L to 3 nmol/L. Plates were incubated for 72 h at
standard incubator conditions and covered by a stainless
steel gasketed lid to prevent evaporation. Finally, 10 μL
of CCK-8 reagent were added to each well according to
the manufacturer’s protocol (Beyotime, Shanghai, China),
and plates were incubated at 37◦C for 2-3 h. The reads
were calculated using SynergyTM H1 (BioTek, Winooski,
VT, USA), and compound dose-response curves were
normalized to dimethylsulfoxide (DMSO, Sigma-Aldrich,
Rehovot, Israel) and empty well controls on each plate.
The list of anticancer agents is provided in Supplementary
Table S2.

2.13 PDX establishment and in vivo
evaluation of therapeutic agents

PDX model was established as we previously reported
[14]. Fresh tissue biopsy of the donor patient was subcu-
taneously inoculated into BALB/c nude mice. Xenograft
from the established PDX model was trimmed into about
20 mm3 fragments for subcutaneous implantation in nude
mice. Xenograft-bearing mice with an average tumor vol-
ume about 100-200mm3 were randomized into the control
arm and the treatment arm on the basis of tumor size,
tumor growth rate, and mouse body weight and were
treated with vehicle and different types of inhibitors. The
specific usages were as follows: vehicle (the drug sol-
vent), palbociclib (Selleck, Shanghai, China; orally, daily)
at a dose of 90 mg/kg, dabrafenib (Selleck; orally, daily)
at a dose of 30 mg/kg, cisplatin (Selleck; intraperitoneal
injection, once a week) at 2 mg/kg, and bortezomib (Sel-
leck; intraperitoneal injection, twice a week) at 0.5 mg/kg.
Tumor size (calculation formula: V = 0.5× length ×

width2) and body weight for mice were measured twice
weekly, using a digital caliper and electronic scale. Tumor
growth inhibition (TGI) was defined as the formula: %
growth inhibition = 100 × [1 − (V t treated − V t0 treated)/(V
t placebo − V t0 placebo)], where V t represents the average
tumor volume at the end of study and V t0 represents
the average tumor volume on the first day of treatment.
Animal care and experiments were performed under the
approval and supervision of the Institutional Animal Care
and Use Committee of the Shanghai Jiao Tong University
School of Medicine.

2.14 Whole-genome sequencing (WGS)

WGS (Mingma Technologies Co., Ltd, Shanghai, China)
was performed using genomic DNA extracted from



632 SHI et al.

MM9H-1 passage 10, PDX passage 3, and the primary
tumor and matched blood samples collected from patient
MM108. We used a paired comparison with blood cells
from the tissue donor to distinguish somaticmutations and
copy number aberrations in the tumor cells. Paired-end
sequencing is performed using an Illumina NovaSeq6000
system (Illumina, San Diego, CA, USA) following the
manufacturer’s protocols for 2 × 150 paired-end sequenc-
ing (Mingma Technologies Co., Ltd, Shanghai, China).
The average depth was 69× in MM9H-1, PDX, primary
tumor and the blood cells. Sequence data were aligned
to the UCSC human reference genome (hg19) using
Burrows-Wheeler Aligner (BWA v0.7.12-r1044 (http://bio-
bwa.sourceforge.net/bwa.shtml), and binary files (BAM)
were generated in a sorted manner. Mark duplication was
performed with Sention (version 201611.02) on each BAM
file. Then somatic single-nucleotide variants (SNVs) and
insertion-deletions (InDels) were detected with Sention
TNseq. Mutations in low-complexity regions, such as tan-
dem repeat and highly homologous regions, were filtered
out. All high-confidence mutations were then annotated
with ANNOVAR (Version 2016-02-01, https://annovar.
openbioinformatics.org/en/latest/user-guide/download).

2.15 Classification and annotation of
amplified regions detected byWGS

To quantify and characterize the architecture of amplified
regions detected by WGS, AmpliconArchitect, a software
which was developed to reconstruct the fine structure
of focally amplified regions [20], was used. AmpliconAr-
chitect was run on WGS data with default parameters
as described in the documentation (https://github.com/
virajbdeshpande/AmpliconArchitect). Only aligned reads
in regions with copy number greater than 5 above the
sample ploidy were used as seeds. As recently described
[21], amplification regions were classified as (1) ‘circu-
lar’ or extrachromosomalDNA (ecDNA)-like, representing
extrachromosomal amplicons; (2) ‘BFB’ if they bore a
signature16 of having been created by a BFB; (3) ‘rear-
ranged’, for noncircular amplicons containing pieces of
DNA (DNA segments) from different chromosomes or
regions that were very far apart on chromosomes (>1Mb);
or (4) ‘linear’ for linear amplifications. OncoKB Cancer
Gene List (https://www.oncokb.org/cancerGenes), which
includes 1064 cancer genes from published research [22],
and Sanger Cancer Gene Census was used to annotate the
detected genes within the amplification regions.

2.16 RNA-sequencing and analysis

RNA-sequencingwas performed according to our previous
research [19]. RNA was isolated from snap-frozen tumors

from vehicle- and bortezomib-treated mice. Total RNA
was extracted using RNeasy Mini Kit (Qiagen, GmBH,
Germany) following the manufacturer’s instructions and
checked for a RIN number to inspect RNA integrity by
an Agilent Bioanalyzer 2100 (Agilent technologies, Santa
Clara, CA, US). Qualified total RNA was further puri-
fied by RNAClean XP Kit (Beckman Coulter, Inc., Brea,
CA, USA) and RNase-Free DNase Set (Qiagen). The Illu-
mina TruSeq RNA Sample Preparation Kit (Illumina) was
used for library preparation. RNA-sequencing was per-
formed on the Illumina Hiseq 2000 platform. Raw reads
were trimmed with Skewer (v0.2.2) to remove adapter
sequences and then aligned to the reference human
genome GRCh37/hg19 with STAR (v2.4.2a). Gene expres-
sion abundance was estimated by RSEM (1.2.29) based on
the uniquely mapped reads. Differentially expressed genes
was determined using negative binomial model via EdgeR
by comparing vehicle- and bortezomib-treated tumors, and
P value was calculated using Wald test, multiple test cor-
rection was performed using B-H procedure, with a fold
change ≥ 2 and an adjusted P value < 0.05 as the cut-
off criteria. Pathway analysis on differentially expressed
genes was performed using kyoto encyclopedia of genes
and genomes (KEGG) pathway analysis.

2.17 Gene set enrichment analysis
(GSEA)

Gene expression levels were quantified by RNA-
sequencing and subjected to GSEA for pathway
enrichment analysis. Enrichment score (ES) indicates the
degree towhich the specified gene sets are overrepresented
at the top/bottom of a ranked list of total protein-coding
genes in individual PDX. Normalized enrichment score
(NES) computes density of modified genes in the dataset
with random expectancies, normalized by gene numbers
found in each gene cluster. False discovery rate (FDR)
was calculated by comparing actual data with 1000
Monte-Carlo simulations.

2.18 Statistical analyses

Spearman rank-based correlation coefficients were sepa-
rately calculated to demonstrate variant allele frequency
(VAF) stability between a PDX and its patient origin.
Antitumor activity of bortezomib, cisplatin, palbociclib
and dabrafenib in PDX models was analyzed using a
generalized linear mixed model of tumor volume fold
changes, with random effects and treatment arm and time
as covariates. Statistical analyses were done with Graph-
Pad Prism 8 (GraphPad Software, San Diego, CA, USA).
Unpaired Student’s t-tests were performed to compare
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differences between the two groups. P < 0.05 was consid-
ered statistically significant.

3 RESULTS

3.1 Patient background

The donor was a 67-year-old woman who was admitted
to Shanghai Ninth People’s Hospital due to black mass in
gingiva of themandibular anterior teeth with cervical lym-
phadenopathy on the right side in March 2020. Computed
tomography (CT) revealed the presence of right mandibu-
lar gingival soft tissue thickening on the lingual side, with
metastasis to levels IB and II in right cervical lymph nodes
(stage T4aN1M0, Figure 1A, Supplementary Figure S1A-B).
Biopsy was performed on frozen tissue for pathological
diagnosis, which was confirmed by H&E staining and
IHC using melanoma-specific markers including Melan-
A, HMB45, AE1/AE3, MITF, Tyrosinase, S100, and SOX-10
(Figure 1B, Supplementary Figure S1C). The patient ini-
tially received three cycles of preoperative treatment using
recombinant human endostatin (Endostar, Shandong Sim-
cereMedgennBio-Pharmaceutical Co., Ltd, Yantai, Shang-
dong, China) combined with dacarbazine (Nanjing Phar-
maceutical Factory Co., Ltd, Nanjing, Jiangsu, China). The
patient had tumor progressionwithin twomonths after the
initiation of preoperative treatment and received palliative
surgery. Local recurrence and left lymph node metas-
tasis occurred approximately one month after surgery,
and the patient received four cycles of PD-1 inhibitor
immunotherapy. Again, the tumor progressed, and the
patient underwent a second palliative surgery. The patient
died five months after the surgery. The main course of the
disease and the detailed treatment schedule are provided
in Supplementary Figure S2.

3.2 Establishment of a novel mucosal
melanoma cell line (MM9H-1) and the
corresponding PDXmodel

The mucosal melanoma cell line MM9H-1 was established
using the biopsy tumor tissue from the above-mentioned
case (MM018), and it exhibited a spindle cell-type appear-
ance which was typical for malignant melanoma cell
morphology (Figure 1C, Supplementary Figure S3A).
Melanoma-specific biomarkers HMB45, Melan-A, Tyrosi-
nase, and S100 were found to be highly expressed in
MM9H-1 cells (Figure 1D). Notably, the MM9H-1 cell
line retained its cell morphology and proliferation poten-
tial, in addition to stably expressing melanoma-specific
biomarkers, after more than 100 passages (Supplementary
Figure S3A-B). Harvesting of tumor cells from differ-

ent passages by trypsinization followed by centrifugation
produced a black cell pellet at the bottom of centrifuge
tube (Figure 1E, Supplementary Figure S3C), indicating
that the cells produced significant amounts of melanin.
The purity of MM9H-1 cells was further checked by flow
cytometry, and the percentage of MCSP antigen-positive
cells was 98.4% and 97.6% before and after filtration,
respectively (Figure 1F), which indicated the high purity
of this cell line. We evaluated the chromosomal kary-
otype of MM9H-1 cells by GTG-banding, which revealed
an abnormal human female karyotype with chromosome
numbers ranging from68 to 72. Structural aberrationswere
highly complicated, with frequent observation of dele-
tions, translocations, isochromosomes, and chromosomes
of unknown derivation (Supplementary Figure S3D).
In addition to cell lines that grow in vitro under non-

physiological conditions, PDX model established by direct
implantation of tumor tissue growing in vivo could mostly
retain the genomic and phenotypic profiles of the primary
patient tumor. Consequently, PDX models had become
the preferred personalized experiment tools for preclinical
drug evaluation as well as development of novel treat-
ment methods [23, 24]. To this end, we also used the
biopsy tumor tissue to establish a PDX model in immun-
odeficient mice. Tumor growth curves showed that PDX
tumors from the second and third passages (P2 and P3)
exhibited relatively faster growth rates after serial trans-
plantation (Figure 1G). The macroscopic appearance and
melanoma-specific histological/molecular features of the
xenografts indicated the stable establishment of the PDX
model (Figure 1H-J). Thus, these results supported the suc-
cessful establishment of a novel mucosal melanoma cell
line that could retain its expression of melanoma-specific
markers during transplantation, and PDX models estab-
lished with MM108 tumor tissue could also preserve the
histopathological and basic genetic features of the original
tumor.

3.3 Biological features of MM9H-1 cells

Migration and sustained chronic proliferation are two
major hallmarks of cancer cells, which reflect the poten-
tial for metastasis and proliferation capacity of tumor
cells [25]. To evaluate the biological features of MM9H-
1 cells, we measured the proliferation ability of MM9H-1
cells in comparison with A375 cells, a widely used cuta-
neousmelanoma cell line in preclinicalmelanoma studies.
The doubling time of MM9H-1 cells was approximately 36
h, similar to that of A375 cells (Figure 2A). To evaluate
the migratory capability of MM9H-1 cells, we performed
wound healing assays and analyzed the relative migra-
tion area over a 96-hour observation period. MM9H-1 cells
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F IGURE 1 Establishment and characterization of MM9H-1 cell line. (A) Clinical imaging of the patient. The patient was a 67-year-old
woman who was diagnosed with mucosal melanoma at T4aN1M0 stage. CT axial view reveals a low-density mass around the lower anterior
teeth, and the boundary display is not clear. The arrows indicate the primary foci (red), the location of the cryobiopsy specimens, and the
metastatic lymph node (yellow). (B) Histopathology of the patient. HE staining of the biopsy shows abundance of tumor cells with
pigmentation. Immunohistochemistry analysis shows positive staining for HMB45 and Melan-A and negative for AE1/AE3. (C) Phase
contrast image of cultured mucosal melanoma MM9H-1 cells. The cells exhibit a spindle cell-type appearance, a typical fusiform morphology
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exhibited relatively rapid migration compared with A375
cells (P < 0.001) (Supplementary Figure S3E-F).
The ability to form spheres was related to the capac-

ity for self-renewal and cancer stem cell activity of single
cells, and patient-derived spheroids had also been utilized
for cancer biology investigation and drug screening [26,
27]. We thus measured the potential of this tumor cell
line for spheroid formation by culturing MM9H-1 cells
from different passages in ultra-low attachment plates.
Rapid generation of homogeneous tumor spheres was
observed within 2 days in 96-well spheroid microplates
(Figure 2B) and within 4 days in 6-well plates (Supple-
mentary Figure S4A). These spheroids were visible to
the naked eye in about 4 days (Supplementary Figure
S4B-C). Histological analysis using H&E staining of the
spheroids revealed a close spatial association between
cells, and melanin deposition was observed in the cyto-
plasm of some cancer cells (Figure 2C, Supplementary
Figure S4D).
Immunofluorescence showed that the cells were posi-

tive for a triple-antibody cocktail against HMB45, Melan-
A, and Tyrosinase (Figure 2D). To confirm the tumorigenic
ability of MM9H-1 in vivo, cells from different passages
were subcutaneously injected into nude mice. MM9H-1
cells could induce tumor formation within 2 weeks in
the subcutaneous environment, and the tumors featured
a black and solid appearance (Figure 2E-F, Supplemen-
tary Figure S4E-F). Additionally, orthotopic injection of
MM9H-1 cells into the oral cavity also led to the devel-
opment of orthotopic tumor in the mouse (Figure 2G).
The macroscopic appearance and histological features of
the xenografts (Figure 2H-I, Supplementary Figure S4G)
indicated that MM9H-1 cells could be used to establish
stable xenograft tumor models. To assess metastatic capa-
bility of MM9H-1 cells in vivo, we performed tail vein and
splenic injection experimental metastasis assay. Represen-
tative liver and lung metastatic tumors were observed in
immunodeficient mice 4 weeks after splenic injection and
5 weeks after tail vein injection, and HE staining showed
tumor metastatic foci in the liver and lungs with extensive
melanin deposition (Figure 2J-K, Supplementary Figure
S4H-I).

Taken together, these findings revealed that different
passages of the MM9H-1 cell line demonstrated potent
proliferation and migratory ability, as well as robust
tumorigenic activities both in vitro and in vivo.

3.4 MM9H-1 was a TWT subtype
melanoma cell line lacking well-known
significantly mutated genes

To further characterize the genomic basis underlying the
newly established MM9H-1 cell line and to assess the
genetic fidelity of MM9H-1 cells and the PDX model,
we performed WGS on the MM108 primary tumor, PDX,
MM9H-1 cells, and thematched blood sample.We detected
a total of 1139, 1295, and 1208 somatic SVs in the MM108
primary tumor, PDX, andMM9H-1 cells, respectively (Sup-
plementary Tables S3-5). Circos plots for MM9H-1 cells,
PDX, and the MM108 primary tumor genomes showed
closely matching patterns of somatic SVs in which clus-
tered translocations were detected between chr5 and chr7
as well as between chr14 and chr9/chr22 in all samples,
indicating the genomic fidelity of the established PDX
model and MM9H-1 cells (Figure 3A).
Consistent with our previously reported data [14], anal-

ysis of SNVs across all three samples revealed a low overall
mutation burden with 2.45, 2.35 and 1.95 mutations per
megabase in the MM108 primary tumor tissue, PDX, and
MM9H-1 cells, respectively. The stability of the VAF indi-
cating the frequencies of the detected mutant alleles was
maintained between MM9H-1 cells and MM108 primary
tumor as well as between PDX andMM108 primary tumor,
with high correlation coefficients of 0.85 and 0.84, respec-
tively (Figure 3B). Additionally, similar patterns were
observed in the mutation signature of the MM108 primary
tumor, PDX, and MM9H-1 cells, in which Mutation Sig-
nature 3 (associated with failure of DNA double-strand
break-repair) was one of themost prevalent signatures that
could contribute to the development ofmucosalmelanoma
(Figure 3C).
Of particular interest, we did not find any well-

characterized significantly mutated genes for melanoma

(the 5th passage). (D) MM9H-1 cells are positive for staining of melanoma-specific biomarkers Melan-A, S100B HMB45, S100A6. (E) Cell
suspension from the 10th-passage cells formed a black clump at the bottom of the centrifuge tube after centrifugation. (F) Flow cytometry for
the purity of MM9H-1. MM9H-1 cells were filtered with or without anti-melanoma (MCSP) microbeads and then stained with or without
MCSP antibody. The purity of MCSP-positive cells is >97%. (G-J) Establishment of PDX model. (G) Growth curves of different PDX passages,
which start to increase in size at around 10 days after transplantation (P1, P2, P3 = PDX tumors in first, second and third passages). Tumor
volume was analyzed with Student’s t test. (H) Representative image of PDX-P1 tumors subcutaneously grow in nude mice. (I) H&E staining
of the subcutaneous PDX-P3 tumor, with vessel formation indicated by the yellow box. (J) Immunohistochemistry analysis of PDX-P3 shows
positive staining for Melan-A, HMB45, S100 and negative for AE1/AE3. * P < 0.05. Abbreviations: CT, computed tomography; HE,
hematoxylin and eosin; HMB45, human melanoma black 45; MCSP, melanoma-associated chondroitin sulfate proteoglycan; PDX,
patient-derived tumor xenografts
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F IGURE 2 Spheroid formation and tumorigenicity of MM9H-1 cells and establishment of mucosal melanoma PDX model. (A)
Proliferation of MM9H-1 and A375 cells was monitored by xCELLigence RTCA system. (B-D) Sphere-forming assay. (B) Phase contrast image
of a sphere from MM9H-1 cells in 96-well plate. (C) HE staining shows that MM9H-1 cells aggregated into regular spheres after 4 days of
suspension culture, and the arrow indicates melanin pigmentation in cells. (D) Immunohistochemistry analysis of the sphere shows positive
staining for a triple-antibody cocktail against cytoplasmic HMB45, Melan-A, and Tyrosinase (red). Hochest was used to stain nucleus (blue).
(E-H) Tumor formation in immunodeficient mice. (E) Tumor growth curves of the subcutaneous tumors formed by the 10th, 50th and 90th
passage MM9H-1 cells (n = 3). Tumor volume was analyzed with Student’s t test. Image of tumor formation of MM9H-1 cells in the
subcutaneous (F, 10th passage cells) and orthotopic regions (G, 90th passage cells). (H) H&E staining of the MM9H-1-xenografted tumor in
subcutaneous regions, with vessel formation indicated by the yellow box. (I) Immunohistochemistry analysis of MM9H-1-xenografted tumor
shows positive staining for Melan-A, HMB45, S100 and negative for AE1/AE3. (J) Typical gross appearance of liver metastasis in nude mice
injected intrasplenically with MM9H-1 cells. (K) HE staining for the liver metastasis. The black arrows indicate the metastatic foci with
extensive melanin deposition. Abbreviations: HE, hematoxylin and eosin; HMB45, human melanoma black 45
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F IGURE 3 Structure variation feature and the mutation signature of the MM108 primary tumor, PDX, and MM9H-1 cells. (A) Overview
of circos plots depicts the structure variations detected in the MM108 primary tumor, PDX, and MM9H-1 cells. (B) Scatterplot of the variant
allele frequency (VAF). The read counts for each mutant and wild-type allele are expressed as a percentage of all reads at that position and
analyzed by scatterplot and correlation coefficient. Circles close to the mathematical median line represent mutations with preserved allelic
frequencies in PDX or MM9H-1 tumor pairs. (C) The contribution of the mutation signature to MM108, PDX and MM9H-1 cells, represented
by the proportion of somatic substitutions (C > A, C > G, C > T, T > A, T > C and T > G) detected in these samples. Abbreviations: PDX,
patient-derived tumor xenografts
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reported by the TCGA project (n = 42), for example,
mutations of BRAF, neuroblastoma RAS viral oncogene
homolog (NRAS), NF-1, tumor protein p53 (TP53), AT-
rich interaction domain 2 (ARID2), and cyclin dependent
kinase inhibitor 2A (CDKN2A), in all three samples. More
recently, a harmonized molecular and clinical analysis on
1048melanomas defined themutational landscape of TWT
melanomas and further identified 19 TWT-specific signif-
icantly mutated genes, for example, mutations in KIT, G
protein subunit alpha 11 (GNA11), G protein subunit alpha
q (GNAQ), splicing factor 3b subunit 1 (SF3B1), andDEAD-
box helicase 3 X-linked (DDX3X) [28]. Similarly, none of
these 19 TWT-specific significantly mutated genes were
detected in MM108 primary tumor, PDX, and MM9H-1
cells. The gene list of evaluated significantlymutated genes
and all of the coding SNVs and InDels of these three sam-
ples are provided in Supplementary Tables S6-7. Thus,
MM9H-1 could be defined as a TWT subtype melanoma
cell line lacking well-known significantly mutated genes
in melanoma.

3.5 Amplified regions were associated
highly rearranged SVs

Previously, we reported that over 50% of the mucosal
melanoma patients harbored recurrent focal amplification
of oncogenes CDK4, mouse double minute 2 (MDM2),
and ArfGAP with GTPase domain, ankyrin repeat and
PH domain 2 (AGAP2), located at 12q13-15, which co-
occurred significantly with amplification of TERT at 5p15
[14]. In this study, significant amplified regions containing
well-characterized oncogenes were found to be located in
5p15 (TERT), 7q34 (BRAF), and 3p12 (MITF), while CDK4
amplification was not detected in the MM108 primary
tumor, PDX, or MM9H-1 cells (Figure 4A). Loss of well-
characterized tumor suppressors was found in 17q15 (TP53)
and 17q11 (NF1) (Figure 4A). TERT and BRAF ampli-
fications were validated by FISH analysis, while CDK4
amplification was not observed (Figure 4B). All CNV data
of these three samples are provided in Supplementary
Table S8.
Notably, we also found clusters of breakpoints, which

indicate complex genomic rearrangements as defined in
our previous study [14], in amplified regions harboring
well-characterized oncogenes on chromosomes 5, 7, 9 and
22 across the MM108 primary tumor, PDX and MM9H-
1 genomes (Figure 4C). Detailed illustrations of the SV
and CNV chromosomal distribution patterns revealed a
high number of interchromosomal translocations between
chr5 and chr7 in the amplified 7q34 and 5p15 regions
(Supplementary Figure S5).

3.6 Several oncogenes induced by
genomic rearrangement potentially
contribute to MM9H-1 oncogenesis

Recently, the occurrence of breakage-fusion-bridge (BFB)
mechanism and chromothripsis was detected in several
types of malignancies, which appeared to be associated
with large-scale genomic expansion and rearrangement,
as well as aggressive clinicopathological behaviors of can-
cer [29]. In agreement with this report, we found that
the MM9H-1 cell genome exhibited substantial rearrange-
ments, which suggested the involvement of these genetic
events. Therefore, we examined the chromosomal distri-
bution of BFB and chromothripsis in MM9H-1 cells and
correspondingMM108 primary tumor and PDX. These two
genomic events were found to distribute across several
chromosomes, with BFB detected on chromosomes 4, 7, 9,
20, and 22, and chromothripsis detected on chromosomes
5, 7, 9, 15, and 22 (Supplementary Table S9). Although
we found similarities in the distribution pattern of these
events among the genomes ofMM108 primary tumor, PDX,
MM9H-1 cells, with obvious enrichment on chromosomes
7 and 22, we also identified BFB and chromothripsis that
were exclusive to each.
We next applied AmpliconArchitect, a tool to recon-

struct the fine structure of focally amplified regions using
WGS, to characterize the amplified regions in MM108
primary tumor, PDX, MM9H-1 cells for subsequent classi-
fication as “circular” or ecDNA-like, “BFB”, “rearranged”
or “linear”. Additionally, the OncoKB Cancer Gene List
was used to identify all classified amplicons that over-
lapped with these reported cancer genes (Supplementary
Tables S10-11).
Most of the identified amplicons were classified as

rearranged (45.5%) or linear (53.0%) with significant
enrichment in chromosomes 22 (62.0%) and 7 (31.6%).
Specifically, although only a few amplicons were ecDNA-
like (0.6%) or BFB (0.9%), these categories contained
several well-recognized and potential oncogenes (Sup-
plementary Table S12), including INO80, POT1, serine
protease 1 (PRSS1), and PTPRZ2 in ecDNA-like ampli-
cons (Figure 5A) as well as BRAF and ring finger pro-
tein 185 (RNF185) in BFB amplicons (Figure 5B). In
particular, well-recognized oncogenes, including BRAF
and TERT, and potential oncogenes, including PRSS1,
POT1, smoothened, frizzled class receptor (SMO), thyroid
stimulating hormone receptor (TSHR), BCR activator of
RhoGEF and GTPase (BCR), mitogen-activated protein
kinase 1 (MAPK1), platelet derived growth factor sub-
unit B (PDGFB) and Rac family small GTPase 2 (RAC2),
were also detected in the rearranged and linear amplicons,
respectively (Figure 5C-D).
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F IGURE 4 The distribution of the amplified regions and the highly rearranged regions in MM108 primary tumor, PDX and MM9H-1
cells. (A-B) The feature of copy number variations and FISH analysis of the amplified regions including BRAF, TERT and CDK4 amplification
in MM108 primary tumor, PDX and MM9H-1 cells. (C) Circos plot depicts the genomic location in the outer ring and chromosomal copy
number in the inner ring (orange, copy gain; green, copy loss). Different structural arrangements are shown in different colors, respectively.
Abbreviations: PDX, patient-derived tumor xenografts; FISH, fluorescence in situ hybridization; BRAF, v-raf murine sarcoma viral oncogene
homolog b1; TERT, telomerase reverse transcriptase; CDK4, Cyclin-dependent kinase 4.

INO80, a chromatin remodeling complex, had been
demonstrated to function as an oncogene that could
promote DNA replication and maintain cancer cell pro-
liferation and viability [30]. INO80 was found to gov-
ern super-enhancer-mediated oncogenic transcription and
tumor growth in melanoma [31]. IHC analysis using

serial sections of the MM108 primary tumor further
confirmed that INO80, POT1 and PTPRN2 were highly
expressed in MM9H-1 cells and the corresponding patient
(Supplementary Figure S6). This analysis thus revealed
strong evidence of multiple BFB and chromothripsis
events in MM108 tumor genome that could cause massive
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F IGURE 5 Classification and distribution of the detected amplifications across the chromosomes in MM108 primary tumor, PDX and
MM9H-1 cells. Distribution of well-recognized or potential oncogenes classified as (A) ecDNA-like, (B) BFB, (C) rearranged and (D) linear by
AmpliconArchitect and annotated by the OncoKB Cancer Gene List in these samples. “#”, “※”, and “*” indicate the amplifications identified
in the MM108 primary tumor, PDX, and MM9H-1 cells, respectively. Abbreviations: BFB, Breakage-Fusion-Bridge; PDX, patient-derived
tumor xenografts

chromosomal rearrangements and the formation of onco-
genes that could potentially drive the oncogenic processes
of mucosal melanoma development in MM9H-1 cells and
the MM108-derived PDX.

3.7 HTDS revealed the pharmacological
landscape of MM9H-1

HTDS could rapidly profile the phenotypic responses
of hundreds of agents in numerous cancer cell lines,
thereby providing highly informative reference for anti-
cancer drug assessment and accelerating clinical drug
translation [15]. To determine the response of MM9H-
1 cells, we assessed the effects of 103 anticancer drugs
on proliferation using a 9-point concentration gradient
assay. The drug panel included many US FDA-approved
agents (i.e., most of conventional chemotherapeutics, anti-
angiogenic agents, and targeted agents that are currently
used in the treatment of melanoma; https://www.cancer.

gov/about-cancer/treatment/drugs/melanoma). The half
maximal inhibitory concentration (IC50) values of 103
anticancer drugs are listed in Supplementary Table S2
with a heatmap of cell viability responses presented in
Figure 6A.
Dacarbazine is a DNA-alkylating agent which inter-

feres with cancer cell growth. Currently, dacarbazine is
the only US FDA-approved chemotherapeutic drug for
metastatic melanoma [32]. The screening results showed
thatMM9H-1 cells were insensitive to dacarbazine (IC50>
20 μmol/L) and other cytotoxic agents such as carboplatin
(IC50 > 20 μmol/L), nedaplatin (IC50 = 18.631 μmol/L),
and cisplatin (IC50 = 0.6501 μmol/L). Relative sensitiv-
ity to microtubule-damaging agents such as paclitaxel
(IC50 = 0.004 μmol/L) and docetaxel (IC50 = 0.001
μmol/L) was detected in MM9H-1 cells (Figure 6B).
Anti-angiogenic therapy is a common therapeutic

approach for advanced-stage melanoma [33]. However,
anti-angiogenic small-molecule kinase inhibitors such as
lenvatinib (IC50> 20 μmol/L), axitinib (IC50> 20 μmol/L)

https://www.cancer.gov/about-cancer/treatment/drugs/melanoma
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F IGURE 6 Drug candidates identified by high-throughput drug screening in MM9H-1 cells. (A) Heat map representation of the
activities of 103 evaluated drugs in MM9H-1 cells. Activity scores are based on cell viability. (B) Dose-response curve of Endostar, dacarbazine,
nedaplatin, carboplatin, cisplatin, docetaxel, paclitaxel, axitinib and lenvatinib, as well as the simulation results of the clinical medication, the
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and Endostar (IC50 > 20 μmol/L), which were poten-
tial anti-melanoma drugs [34, 35], also failed to inhibit
MM9H-1 cell growth (Figure 6B). These results were
thus consistent with the poor response to dacarbazine
and Endostar in the patient MM108 who experienced
tumor progression following treatment (Supplementary
Figure S2). The unresponsiveness ofMM9H-1 cells to these
agents further illustrated the unique biological and drug
responsive features retained by this cell line.
Patients with advanced melanomas harboring BRAF

(V600) mutations and C-KIT mutations/amplification
could benefit from BRAF inhibitors (e.g., vemurafenib
and dabrafenib) and MEK inhibitors (e.g., trametinib), or
C-KIT inhibitors (e.g., imatinib) [36–39]. The drug screen-
ing results showed that MM9H-1 cells were insensitive to
BRAF inhibitors dabrafenib (IC50> 20 μmol/L), sorafenib
(IC50 > 20 μmol/L) and vemurafenib (IC50 > 20 μmol/L),
C-KIT inhibitors imatinib (IC50 > 20 μmol/L) and dasa-
tinib (IC50 > 20 μmol/L), as well as MEK inhibitors
binimetinib (IC50 > 20 μmol/L), cobimetinib (IC50 =

12.48 μmol/L), trametinib (IC50> 20 μmol/L) and selume-
tinib (IC50 > 20 μmol/L, Figure 6C). Additionally, US
FDA-approved CDK4/6 inhibitors palbociclib (IC50 >

20 μmol/L), ribociclib (IC50 > 20 μmol/L), abemaciclib
(IC50 > 20 μmol/L) and the clinical investigational drug
SHR6390 (IC50 = 17.9 μmol/L) showed limited drug effi-
ciency (Figure 6D). The lack of response to these targeted
inhibitors could be attributed to the genetic features of
MM9H-1 cells (lacking mutations of BRAF and C-KIT, as
well as CDK4 amplification). Notably, BRAF amplifica-
tion, a reported potential mechanism of resistance to both
MEK and BRAF inhibitors [40], was the only targetable
driver gene found in MM9H-1 cells.
Except for the agents mentioned above, MM9H-1 cells

were less sensitive or insensitive to most of the agents
evaluated in HTDS. Strikingly, we found that proteaso-
mal pathway inhibitors, which had been approved for the
treatment of hematologic malignancies includingmultiple
myeloma and mantle cell lymphoma [40, 41], demon-
strated the highest anti-proliferation activity across all the
evaluated agents. The IC50 values of three proteasome
inhibitors bortezomib, carfilzomib and ixazomib was 2
nmol/L, 13 nmol/L and 41 nmol/L (Figure 6E). Several
clinical and preclinical studies [42–44] had been con-

ducted to evaluate the therapeutic effect of bortezomib on
melanoma, which suggested that proteasome inhibitors,
as potential therapeutic agents for advanced melanoma,
were worth investigating. Taken together, the drug efficacy
observed was consistent with the theoretically expected
results according to the sequencing results of MM9H-1
cells and HTDS revealed that proteasome inhibitors, espe-
cially bortezomib, might become a potential treatment
candidate in this TWT mucosal melanoma.

3.8 PDXmodel recapitulated MM9H-1
drug responses in HTDS

To further verify the results of the HTDS assays con-
ducted inMM9H-1 cells, we then evaluated the therapeutic
efficacy of selected agents by using the correspond-
ing genetically characterized MM108-PDX model. Besides
bortezomib, which demonstrated themost significant anti-
cancer effect inMM9H-1 cells, several representative drugs
with varied sensitivities in HTDS were also chosen for
further evaluation, including dabrafenib and palbociclib,
as well as cisplatin, a commonly used chemotherapeu-
tic drug for advanced mucosal melanoma according to
guidelines for mucosal melanoma. Additionally, to avoid
potential bias caused by different routes of drug admin-
istration, we conducted the drug evaluation experiment
using two PDX groups: one group received intraperitoneal
injection of bortezomib, cisplatin, and vehicle; the other
group received oral gavage of dabrafenib, palbociclib and
vehicle.
Consistent with the HTDS results in vitro, bortezomib

profoundly suppressed the growth of MM108-PDX tumors
when compared with cisplatin and vehicle (TGI= 79.3%, P
< 0.001), and cisplatin showed a modest anti-tumor effect
(TGI = 43.8%, P = 0.001) (Figure 7A-B). As expected, both
dabrafenib and palbociclib exerted no appreciable thera-
peutic effect when compared with vehicle (Figure 7C-D).
Additionally, intraperitoneal injection of bortezomib con-
siderably reduced the tumor weight as compared with
vehicle (P < 0.001, Figure 7E), while no significant differ-
encewas observedwhen targeted drugs were administered
through oral gavage (Figure 7E). Drug toxicities of all the
evaluated agents were all well tolerated (Supplementary

combination of dacarbazine and Endostar in MM9H-1 cells. (C) Dose-response curve of the BRAF inhibitors dabrafenib, sorafenib and
vemurafenib; MEK inhibitors binimetinib, cobimetinib, trametinib and selumetinib; and C-KIT inhibitors imatinib and dasatinib in MM9H-1
cells. (D) Dose-response curve of CDK4/6 inhibitors palbociclib, ribociclib, abemaciclib and SHR6390 in MM9H-1 cells. (E) Dose-response
curve of proteasome inhibitors bortezomib, carfilzomib and ixazomib in MM9H-1 cells. The inhibition efficiency of bortezomib at different
concentrations was compared with those of carfilzomib and ixazomib. Statistical analyses were performed by two-way ANOVA. ***P < 0.001.
Abbreviations: CDK4/6, Cyclin-dependent kinase 4/6; C-KIT, v-kit Hardy-Zuckerman 4 feline sarcoma viral oncogene homolog; MEK,
mitogen-activated protein kinase.
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F IGURE 7 in vivo validations of the most effective agents identified using HTDS in PDX models. (A-B) Therapeutic efficacy of cisplatin
and bortezomib in MM108-PDX (n = 7). (C-D) Therapeutic efficacy of palbociclib and dabrafenib in MM108-PDX (n = 5). (E) The weight of
the tumors from different groups. (F) Immunoblot analysis of Ki67 expression in tumors after the last administration with vehicle, cisplatin
and bortezomib. Ki-67 staining scores are presented as the mean ± SEM. Tumor volume and tumor weight were analyzed with Student’s t
test. * P < 0.05, ** P < 0.01, *** P < 0.001; ns, not significant. Abbreviations: PDX, patient-derived tumor xenografts; HTDS, high-throughput
drug screening; SEM, structural equation modeling

Figure S7A-B). We then used Ki-67 staining to assess the
proliferative status of the PDX tumors after the treatment
of bortezomib. Bortezomib resulted in a remarkable reduc-
tion in tumor proliferation rate than vehicle, while no
significant difference was observed between palbociclib,
dabrafenib, and vehicle groups (Figure 7F, Supplemen-
tary Figure S7C-E). To explore the potential mechanisms

of the potent inhibitory effects of bortezomib, we also
performed RNA-sequencing in PDXs treated with borte-
zomib or vehicle. KEGG enrichment analysis was then
performed on these differentially expressed genes, and the
bubble plot of the top enriched KEGG terms demonstrated
the downregulation of a series of cancer-related path-
ways (e.g., the Hippo and MAPK signaling pathways) in
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bortezomib-treated tumors, which were further validated
byGSEA analysis and IHC (Supplementary Figures S8-S9).
Thus, the in vivo studies using the corresponding PDX
models further validated the HTDS results conducted in
vitro and indicated the promising therapeutic effect of
bortezomib in MM9H-1 cells.

4 DISCUSSION

Mucosal melanoma is one of the most serious challenges
for new melanoma therapies, and limited availability of
representative preclinical models has hampered both basic
and translational research of this subtype of melanoma
[45]. In this study, we established and characterized a TWT
mucosalmelanoma patient-derived cell line and PDX. This
cell line was identified as a melanoma cell line illustrating
(i) stable and consistent expression of melanoma-specific
biomarkers like HMB45, Melan-A and S100 after over 100
passages both in vitro and in vivo; (ii) stable and robust
proliferative property/ability, evidenced by cell prolifera-
tion assay using RTCA and Ki67 staining in the xenograft
established fromMM9H-1 cells; (iii) tumorigenic property,
evidenced by sphere formation capacity and orthodontic
or subcutaneous xenograft formation capacity using can-
cer cells from different passages. Whole-genome analysis
defined MM9H-1 as a TWT melanoma cell line lack-
ing well-recognized “driver mutations”, and large-scale
genomic rearrangement events like BFB and chromothrip-
sis leading to the activation of various oncogenes might
be responsible for the selective advantage of MM9H-1
cells. Additionally, MM9H-1 cells remained the ability of
melanin production after 50 passages, which could be asso-
ciated with the amplification and the expression of MITF,
a gene stimulating the melanin synthesis [46].
Previously, we demonstrated that ponatinib was more

potent than imatinib against cells bearing KIT mutations
using the second or third passages of PDCs from mucosal
melanoma PDX models harboring KIT mutations [19]. It
is noteworthy that PDCs isolated from the tumor tissues
or PDX does not indicate the successful establishment
of a mucosal melanoma cell line. Most early passages
of PDCs (within 3-5 generations) could meet experimen-
tal needs in drug evaluation, which does not require a
large amount of relatively homogeneous tumor cells. How-
ever, most PDCs showed growth arrest or were gradually
replaced by fibroblasts during serial passage. Our group
have been tried to establish an immortalized mucosal
melanoma cell line from dozens of mucosal melanoma
tumor samples and/or established PDXs using different
interventions, such as adjusting the components of the
culture medium, using flow cytometry and cell sorting,
translating hTERT, the commonly used gene for immor-

talization, into cancer cells. However, the results were not
ideal, and MM9H-1 cells were the only PDCs presented
stable proliferation ability in standard growth media with
FBS, such as DMEM, RPMI-1640 and DMEM/F12, and
even without epidermal growth factor (EGF), insulin and
B27 after over 100 passages.
Cutaneousmelanoma is currently one of the best geneti-

cally characterized tumors with well-characterized molec-
ular subtypes, and the TWT subtype was defined as a
subgroup ofmelanoma characterized by a lack ofmutually
exclusive mutations of BRAF, N/H/K-RAS, or NF1 [28].
Recently, our research defined the genomic landscape of a
comparatively large group of mucosal melanomas, mostly
originated from the head and neck region, and revealed
the recurrentCDK4amplification and oncogenic signature
resembling BFB or chromothripsis in over 50% mucosal
melanoma samples [14]. Of particular interest, we did not
find any well-recognized significantly mutated genes of
melanoma or CDK4 amplification that occurs in over 50%
mucosal melanoma, as reported in the present study in
MM9H-1 cells and the corresponding PDX and MM108
primary tumor. Additionally, other significantly mutated
genes recurrently observed in mucosal melanoma, such as
KIT, GNAQ, SF3B1 and TERT, were also not detected in
these models. This result suggested that MM108 is a dis-
tinct subtype of TWT melanoma that lacks KIT mutation
and CDK4 amplification, while genetic events like BFB
and chromothripsis, which cause large-scale rearrange-
ment and amplification of potential oncogenes, contribute
to the development of MM9H-1 cells.
An inverse relationship in oncogenic signature between

the number of refined CNVs and the number of somatic
mutations was recently identified, which subdivides can-
cer into two major subtypes: mutations (M class) or copy
number changes (C class) [47]. Furthermore, the distinc-
tion is the clearest at the extremes of genomic instability.
According to the genomic data we revealed, the MM9H-1
cell line established in the present study can be read-
ily assigned to C class cancer, characterized by TP53
inactivation (caused by TP53 loss) and multiple recur-
rent chromosomal alterations involving BRAF, TRET and
MITF. Thus, by using the AmpliconArchitect model, gains
detected in MM9H-1 cells were further classified, and we
screened a panel of potential oncogenes including INO80,
POT1 and PTPRN2. This result strongly suggested that
MM9H-1 represents a distinct subtype of melanoma and
MM9H-1 cells harboring chromothripsis might progress
through different genetic evolutions.
The HTDS results showed that MM9H-1 cells were

insensitive to multiple antitumor compounds, including
traditional chemotherapeutic drugs and some targeted
agents recommended by the NCCN guidelines or cur-
rently being investigated in clinical trials for the treatment
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of melanoma [48]. Specifically, cytotoxic agents, such
as dacarbazine, carboplatin and nedaplatin, and anti-
angiogenic agents, such as lenvatinib, albocicli, axitinib
and Endostar, failed to inhibit the growth of MM9H-
1 cells [34, 35]. This was generally in line with the
patient MM108 who had tumor progression when treated
with dacarbazine and Endostar (Supplementary Figure
S2). Unsurprisingly, MM9H-1 cells were also insensitive
to BRAF inhibitors (e.g., vemurafenib and dabrafenib),
C-KIT inhibitors (e.g., imatinib), MEK inhibitors (e.g.,
binimetinib and trametinib), as well as CDK4 inhibitors
(e.g., palbociclib, ribociclib, abemaciclib and the clinical
investigational drug SHR6390), which could be attributed
to the genomic feature of MM9H-1, a TWT melanoma
cell line lacking active mutations of BRAF and C-KIT or
amplification of CDK4.
Bortezomib is a proteasome inhibitor whose anticancer

action has been reported to be mediated mainly through
the inhibition of the NF-κB pathway [49]. Bortezomib
demonstrated antitumor effects on cutaneous melanoma
in vitro and in vivo, as well as in clinical trials [42–44].
However, to our knowledge, no such study was reported
in mucosal melanoma. In our present study, bortezomib
treatment conferred remarkable tumor-growth inhibitory
effects both in HTDS assay and the MM108-PDX model
in vivo. Considering that the ubiquitin-proteasome path-
way plays an important role in various physiological and
pathophysiological processes [41, 49], our results also
indicated that bortezomib could have several putative
mechanisms of action by affecting more than one path-
way or targets in mucosal melanoma. Further functional
studies and mucosal melanoma samples are needed to
dissect the mechanisms of action of this compound and
develop biomarkers that can help mucosal melanoma
classification.
However, the present study also contained some

unavoidable limitations that can impede on the gener-
alization of the results. First, only one patient-derived
mucosal melanoma cell line was established and defined
as an immortalized mucosal melanoma cell line (MM9H-
1) after systematic characterization. Thus, unlike the
mucosal melanoma PDX cohort (n = 24) we previously
used for drug evaluation and predictive biomarker dis-
covery [14], MM9H-1, annotated as a TWT melanoma
molecular subtype, cannot capture the complex genetic
landscape of mucosal melanoma. Second, although
large-scale genomic rearrangement events like BFB and
chromothripsis have been identified in MM9H-1 cells
using WGS, the specific master regulators of the immor-
talization of MM9H-1 cells needs to be further explored,
for example, the oncogenic functions of the amplified
genes such as INO80, POT1 and PTPRN2. Finally, we illus-
trated the outstanding antitumor ability of bortezomib in

both MM9H-1 cells and matched PDX models. Further
studies are needed to clarify the molecular basis of the
responsiveness of this agent, and a population-based “1
× 1 × 1 PDX trial” [24] may further imply the precision
application of proteasome inhibitors in specific subgroups
of mucosal melanoma patients.

5 CONCLUSIONS

In this study, we established and characterized a new
mucosal melanoma cell line, MM9H-1, and the genomic
analysis defined this cell line as a TWT melanoma sub-
type lacking well-characterized “driver mutations” with
a unique oncogenic feature. Moreover, preclinical drug
screening analysis suggested that MM9H-1 cells could rep-
resent a valuable experimental model to investigate the
oncogenesis of mucosal melanoma and to discover novel
antitumor treatment options.
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