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Summary

Background Dermatofibrosarcoma protuberans (DESP) is a rare and marginal cuta-
neous sarcoma of intermediate-grade malignancy, for which the genomic land-
scape remains unclear. Understanding the landscape of DFSP will help to further
classify the genomic pathway of malignant development in soft tissue.

Objectives To identify the comprehensive molecular pathogenesis of DFSP.

Methods In this study, the comprehensive genomic features, with 53 tumour-
normal pairs of DFSP, were revealed by whole-genome sequencing.

Results The mutational signature 1 (C > T mutation at CpG dinucleotides) is fea-
tured in DFSP, resulting in higher mutations in DNA replication. Interestingly,
the recurrence of DFSP is correlated with low tumour mutation burden. Novel
mutation genes in DFSP were identified, including MUC4/6, KMT2C and BRCAI,
and subsequently, three molecular subtypes of DFSP were classified on the basis
of MUC4 and MUC6 mutations. Various structural aberrations including genomic
rearrangements were identified in DSFPs, particularly in 17q and 22q, which
cause oncogene amplification (AKT1, SPHK1, COLIAL, PDGFf) or tumour suppres-
sor deletion (CDKN2A/B). In addition to gene fusion of COLIAI-PDGFf
[t(17;22)], we identified gene fusion of SLC2A5-BTBD7 [t(1;14)] in DFSP
through whole-genome sequencing, and verified it experimentally. Enrichment
analysis of altered molecules revealed that DNA repair, cell cycle, phosphoinosi-
tide 3-kinase and Janus kinase pathways were primarily involved in DFSP.
Conclusions This is the first large-scale whole-genome sequencing for DFSP, and
our findings describe the comprehensive genomic landscape, highlighting the
molecular complexity and genomic aberrations of DFSP. Our findings also pro-
vide novel potential diagnostic and therapeutic targets for this disease.

What is already known about this topic?

¢ Chromosomal translocation between chromosome 17 and chromosome 22 is the
main feature in the pathogenesis of dermatofibrosarcoma protuberans (DFSP).

What does this study add?

* We describe the comprehensive genomic landscape of DFSP, highlighting the
molecular complexity and genomic aberrations.
* Our findings provide novel potential diagnostic and therapeutic targets for this disease.
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for this disease.

What is the translational message?

* Our study revealed novel molecular subtypes of DFSP based on genetic mutations,
which benefits precision diagnosis.

* We also found oncogene amplification, including AKT1 and SPHK1, which provides
novel potential target molecules for further DFSP treatment.

* In addition to gene fusion of COL1A1-PDGEf}, we identified a novel gene fusion of
SLC2A5-BTBD7 in DFSP, which is a novel potential diagnostic and therapeutic target

Dermatofibrosarcoma protuberans (DFSP) is a type of cuta-
neous soft tissue sarcoma, which is a rare malignant tumour
with an incidence of approximately four per million.' In
studies of the pathogenesis of DFSP, the whole spectrum of
genomic characteristics is lacking. To date, studies have
revealed that chromosomal translocation between chromo-
some 17 and chromosome 22 is the main feature in the
pathogenesis of DFSP.”* The second exon of platelet-derived
growth factor-B (PDGFf) on chromosome 22 was fused to
the collagen 1 al (COLIAl) gene on chromosome 17, while
various breakpoints of COL1Al from exon 6 to 49 have been
observed.”*® PDGFf is documented with the cellular homo-
logue of the v-sis oncogene, which is involved in pathogene-
sis of diverse tumours including sarcoma.” Evidence shows
that repressor elements in PDGFfi exon 1 negatively regulate
its expression. Therefore, t(17;22) results in replacement of
PDGFfi exon 1 by COLIAl elements; thus, a COL1A1-PDGFf}
fusion oncogene leads to distinctly upregulated PDGFf tran-
scription. In addition to COLIAI-PDGFf fusion, other fusion
events were observed in DFSP, such as t(2;17), t(17;22),
t(9;22) and t(5;8).%""

In this study, 53 biopsy specimens from patients with DFSP
and their paired blood samples were used for whole-genome
sequencing (WGS), in which we identified a number of novel
mutant genes, such as MUC4/6 and KMT2C, and several signifi-
cant segments, such as 17q25, 22q13. We also identified vari-
ous structural alterations of tumour-related genes such as
SPHKI and BRCAI, and the fusion gene SLC2A5-BTBD7. Overall,
our findings highlight novel mechanisms of DFSP pathogene-
sis, particularly structural alterations, which help to identify
potential diagnostic and therapeutic molecules.

Materials and methods

Patient characteristics and sample collection

All samples were mainly collected from the Department of Der-
matology, The Third Affiliated Hospital, Sun Yat-sen University,
and the sampling procedure was approved by the Medical Ethics
Committee of The Third Affiliated Hospital, Sun Yat-sen Univer-
sity. Written informed consent was obtained from each patient.
Detailed information for the participants is presented in
Table Sla (see Supporting Information).
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Biopsies were performed on patients with clinical suspicion
of DFSP, and the diagnoses were made by three different
pathologists. Haematoxylin and eosin staining and CD34
immunohistochemistry (IHC) were performed for each
tumour and all samples were positive for CD34 (Table S1b;
see Supporting Information). Furthermore, IHC for additional
markers such as S100, smooth muscle actin, desmin and
vimentin was performed for differential diagnostic purposes
(Table S1b). Patients were considered eligible if they had a
diagnosis of primary DFSP and had not received chemotherapy
or radiotherapy treatment before the operation.

Whole-genome sequencing

All samples were processed for whole-genome paired-end
sequencing using Illumina HiSeq X10 Instruments (Novogene
Bioinformatics Technology Co., Ltd., Tianjin, China). The
sequencing data were applied to analyse single-nucleotide
variants (SNVs), copy-number variants, structural variants and
fusion genes. Full details are provided in Appendix S1 (see
Supporting Information).

Validation of amplification genes by polymerase chain
reaction

Copy numbers of candidate genes were quantified for further
validation in an ABI 7500 real-time polymerase chain reaction
(PCR) system (Applied Biosystems, Waltham, MA, USA). A
total of 20 pL reaction volume was used with 20 ng of DNA
from each sample, 2*SYBR Green Mix and primers (10
pmol™"). Each DNA sample was analysed using quantitative
PCR in triplicate. The relative copy number of candidate genes
was calculated by dividing the number of candidate gene
copies by the number of albumin gene copies. The following
primers were used in this study: SPHK1 (F: CAGGGAAT-
GACGCCGGTG; R: TCCTTATCGGTGCTGCCCAG) and ITGB4
(F: GGGACGAGGATGACGACTGC; R: CACCAGGACAGTGCTGT
TGG).

Immunohistochemistry
Tissue samples from patients who were diagnosed with DFSP

were fixed with 4% paraformaldehyde. Slides with 4-um
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sections were baked at 65°C for 2 h and then rehydrated with
ethanol (gradient concentration); 3% hydrogen peroxide was
used to inhibit the endogenous peroxidase for 10 min after
antigen retrieval. Tissues were then incubated with primary
antibody SPHK1 (1 : 200) (Cell Signaling Technology, Dan-
vers, MA, USA) and P-stat3 (Cell Signaling Technology,
1 :200) overnight at 4°C. Slides that were well incubated
with primary antibody were taken out from the refrigerator
and incubated with horseradish peroxidase-conjugated sec-
ondary antibody at room temperature for 1 h. Finally, slides
stained with DAB were counterstained with haematoxylin and
mounted with neutral balsam.

Fluorescence in situ hybridization test of COL1A1-PDGFf
fusion gene in dermatofibrosarcoma protuberans tissues

All samples from patients were subjected to fluorescence in situ
hybridization (FISH) analysis using the COL1A1-PDGFf fusion
gene t(17; 22) probe (Anbiping, Guangzhou, China). The flu-
orescent signal was observed using Olympus BX51 Micro-
scopes (original magnification x 1000) (Olympus, Tokyo,
Japan) and at least 200 cells were counted for each sample.
Samples where at least 10% of tumour cells exhibited fusion
signalling were considered to be positive samples.

Validation of SLC2A5-BTBD7 fusion gene by Sanger
sequencing

DNA was extracted from the biopsy tissues of several patients
(T27, T29, T32, T36, T28, T37) using QIAamp DNA MiNi
Kit (Qiagen, Hilden, Germany). The target gene was fused by
the BTBD7 gene on chromosome 14 to SLC2A5 on chromo-
some 1. The forward primer in exon 2 of SLC2AS5, and the
reverse primer in exon 7 of BTBD7 were designed according
to the sequence before and after the breakpoint identified by
WGS (F: GGATTTCCCTATGTTGC; R: TGAAAGTCCACTCTT-
GAC). PCR amplification using KOD FX DNA polymerase
(Toyobo Inc., Tokyo, Japan) consisted of an initial cycle at
94°C for 10 min followed by 35 cycles of denaturation
at 94°C for 30 s, annealing at 60°C for 30 s, and extension at
72°C for 30 s. The final extension was performed at 72°C
for 10 min. The amplification products were analysed by elec-
trophoresis on 1.0% agarose gels and sequenced by Sangon
China).
sequences were applied to the Basic Local Alignment Search

Biotech (Sangon, Shanghai, Subsequently, the
Tool for the corresponding gene on the National Center for

Biotechnology Information database.

Results

Genomic somatic alterations in dermatofibrosarcoma
protuberans

In this study, we performed WGS of the paired tumour-blood
samples collected from 53 eligible patients, whose histopathol-

ogy consisted of 46 ordinary samples and seven
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fibrosarcomatous variant types. At subsequent follow-up, five
of these patients had experienced relapse, two of whom had a
fibrosarcomatous variant type (Table Sla).

Here, a total of 1255 somatic variants were detected, rang-
ing from two to 84 variants per sample, with a median of 20
variations, including SNVs and small insertions and deletions
(Figure S1d, Table S2a; see Supporting Information). SNVs
accounted for 96% of somatic mutations, ranging from two to
78 variants per sample, with a median of 18. The six different
SNV classes (T>G, T>C, T>A, C>T, C>G, C>A)
were counted separately (Figure Slc), and the proportion of
different SNV classes was calculated separately in all samples
and in each sample, showing the two major SNV classes to be
C>T and T > G, which accounted for 27% and 23% in all
mutation positions, respectively (Figure S2a, ¢, Table S2b; see
Supporting Information). As the nucleotide substitutions pro-
vide insight into the mutational processes that shaped the can-
cer genome, the mutational signatures were analysed further
and signature 1 was shown to be a pivotal mutation type
in DFSP, followed by signatures 3, 6 and 15 (Figure la,
Table S2c). Signature 1, characterized by C > T mutation
at NpCpG trinucleotides, is the result of an endogenous muta-
tional process initiated by spontaneous deamination of
5-methylcytosine.

Compared with the 33 solid tumours in the The Cancer
Genome Atlas database, the number of mutations per sample
in DFSP was relatively low and similar to that found in the
SARC tumour (Figure S3; see Supporting Information). Fur-
thermore, the tumour mutation burden (TMB) of DFSP sam-
ples was separately evaluated, ranging from 0.58 to 9.42
mutations per megabase, with a median of 3.43 mutations per
megabase sequenced [Figure 1b (top panel), Table S2d].
Interestingly, a significantly lower TMB was found in the sam-
ples from patients who had relapsed (Figure lc), while no
significant difference in TMB was found between fibrosarco-
matous variants and ordinary samples, suggesting that a low
TMB in DFSP may be associated with immune escape and not
with pathological type.

In addition, 958 somatic mutant genes were detected in the
DFSP cohort (Table S2e); 47 genes with mutations in at least
three samples were detected (> 5%), which were subjected to
further analysis. In particular, MUC6 and MUC4 showed high
mutational frequency, accounting for 25% and 21% of
patients, respectively. Subsequently, six genes were found to
have been included in oncoKB,'” an evidence-based oncology
knowledge base pertaining to somatic mutations and structural
alterations, such as KMT2C (15%), PDE4DIP (8%), PRSSI (8%),
HLA-A (8%), HLA-B (6%) and BRCAI (6%). Through positional
clustering of variants using the oncodriveCLUST algorithm,"?
11 genes with mutational frequency greater than 5% were
identified as driver genes (Table S2f). Taken together, as
shown in Figure 1b (bottom panel), these findings lead us to
speculate that these mutational genes may be related to DFSP
tumorigenesis. Among these genes, we observed a significant
mutual exclusion between MUC4 and MUC6, and a significant
cooccurrence between PRSSI and HLA-B (Figure S4; see

British Journal of Dermatology (2022) 186, pp997—-1009

published by John Wiley & Sons Ltd on behalf of British Association of Dermatologists.



1000 DFSP whole-genome sequencing, C. Peng et al.

(a)
o
8+
S
: 8 . M Signature.1
2 [ signature.15
B M Signature 6
= 8 - & signature.3
c [ Signature.23
8 I Signature.26
8o [ signature.16
5 @@ signature.20
© [ signature. 17
e @ Signature.9
'(%’ 8 N 2] Others
o
(b) [
0 -
©-
Q0
£ -
m
=
= o H
o O
25% HNNNNERENNENN MuUCe
21% AEENEENENEN Muca
15% W [ ] | | (][] KmMT2C
1% N [ | | [ | ] HERC2
8% M [ | | [ | HLA-A
8% ] | [ | [ | PRSS3
8% ] [ | ] PDE4DIP
8% | I | [ | [ PRSS1
8% [ | | [ | | RBMXL1
6% N [ | [ | BRCA1
6% [ | [ | [ | CTBP2
6% [ | | [ | HLA-B
6% M [ | HLA-DQA2
6% [ | [ | [ | LILRA6
6% [ | [ | [ | OR8U1
6% [ | [ | [ | PABPC1
6% M [ | [ | PCSK1
6% [ | [ | [ | zxDB
EENEN SN EEEENEEEEEEEENEENENNEEEEEENEENENEEEEEN NN sex
[ | [T Age_year
HER R L[] M Pathological_type
Relapse
SEESENNEEN ENEENEENE BN EENEEEEEEEN MW kis7
ER R RN | ] H BN B EER N M Local_lymph_node
N O SEEEEE HSEEE BEEE BEE B N EEEE ©E EE NN Trauma_history
Sex Age_year Pathological_type Relapse Ki67 Local_lymph_node  Trauma_history B Missense_Mutation
B vae B4 B ordinary NO B<0 | >2 B ves YES M Frame_Shift_Ins
[ Splice_Site
Femal S NO
N remale [ <40 arcoma W ves B> B-3 B no B Nonsense_Mutation
(c) (d) (e) ()
* ok ok 80 x o %
* %
75 7.5 . 600]
60 d _
- N t
a 5 < 400]
£ °
550 @ 50 :;,I El
F ? b4 g
40 g
2 200 .
25 25 .
20 o +
Relapse non_Re MUC4_mut _MUC6_mut _Others MUC6_mut_ Wildtype PRS- B  wikitype

British Journal of Dermatology (2022) 186, pp997-1009

© 2022 The Authors. British Journal of Dermatology

published by John Wiley & Sons Ltd on behalf of British Association of Dermatologists.



DFSP whole-genome sequencing, C. Peng et al. 1001

Figure 1 Genomic somatic alterations in dermatofibrosarcoma protuberans (DFSPs).(a) Mutation signatures with the top 10 contributions. The

point mutations identified in the DFSPs were analysed for mutational signatures using deconstructSigs. (b) Tumour mutation burden (TMB)

per sample (top) and mutational waterfall of driver genes referred from oncokKB and identified by oncodriveCLUST (bottom). (c) Comparison

of TMB for relapsed and nonrelapsed samples. (d) Comparison of TMB for MUC4 mutation, MUC6 mutation, and other samples.

(e) Comparison of age between patients with MUC4 mutation and wildtype individuals. (f) Comparison of tumour size for patients with

PRSS1/HLA-B-mutation and wildtype individuals. Significance was determined by using two-tailed Wilcoxon rank sum test (*P < 0.05,

*¥*p < 0.01, ***p < 0.001).

Supporting Information). Interestingly, when MUC4 and MUC6
were taken as molecular characteristics of DFSP sample typing,
our findings showed that mutation of MUC4 is associated with a
high TMB compared with mutation of MUC6 and nonmutation
of MUC4 and MUC6 (Figure 1d). Several recent studies showed
that MUC4, MUC16 and the TTN gene mutations correlate with
prognosis and predicted TMB and immunotherapy efficacy in

14—1 .
® However, we did

gastric cancer and pan-cancer cohorts.
not detect MUC4, MUC16 and TTN mutation in the five patients
who relapsed, suggesting that mutations in these genes may be
used as biomarkers of relapse in DFSP. Furthermore, MUC6
mutation is closely related to the patients’ age (Figure le).
Given the significant cooccurence of PRSSI and HLA-B, we found
that mutation of PRSS1 plus HLA-B is remarkably relevant to
tumour size (Figure 1f). Additionally, genes with mutational
frequency greater than 5% were taken to perform gene ontol-
ogy (GO) enrichment on biological process (BP), molecular
function (MF) and cell component (CC) (Figure S5a—b,
Table S3a—c; See Supporting Information), showing that these
genes (MUC4, MUC6 and MUC16) were mainly involved in
immune response and protein glycosylation.

Copy-number variation landscape and recurrently
amplified genes in dermatofibrosarcoma protuberans

Genome-wide copy-number variations (CNVs) of sequence
segments in each paired sample were separately evaluated
using Sequenza (https://cran.r—project.org),17 and 27 signifi-
cant segments were identified in the cohort by GISTIC2.0
(https://www.genepattern.org),'® including 16 amplification
(APs) and 11 (DPs) (Figure S6a,
Table S4a; see Supporting Information). Subsequently, the

peaks deletion peaks
genes mapping to the significant CNV segments in each
tumour sample were summarized, with the number of CNV
genes ranging from one to 2416, with a median of 1630 and
a median of 1435 amplification genes and five deletion genes
(Figure Séa, top panel).

As shown in Figure 2a, the raw copy number revealed a
large amount of amplified CNV in DFSP, especially in chromo-
somes 17 and 22. Meanwhile, the amplified segments of
17q25, 22q13 and 22ql1 were detected in 81%, 79% and
75% of the samples in the cohort, respectively (Figure S6a,
bottom panel). Significant genes located in APs and DPs were
also identified (Table S4b, c). In particular, as shown in Fig-
ure 2b, we discovered that several identified amplified seg-
ments cover some well-known oncodriver genes, such as TERT
(5p15.22), AKT1 (14q11.2), NFKBIA (14q11.2), BTBD7

© 2022 The Authors. British Journal of Dermatology

(14q11.2), SPHKI (17q25.1), ITGB4 (17q25.1) COLIAI
(17925.1) and PDGFS (22q13.1), and that the deletion seg-
ment covers tumour suppressor genes, including CDKN2A
(9p21.3) and CDKN2B (9p21.3). These findings suggest that
the CNVs of these fragments may be associated with DFSP
tumorigenesis. We further found that the amplified 17q25 was
positively related to tumour size, Ki67 expression and duration
(Figure 2c), and that amplified 5p15, 4pl11, 15q11 and 16pl1
were also relevant to Ki67 expression in DFSP (Figure S6b).
The identified amplified genes in DFSP were subjected to GO
enrichment analysis, and the results showed that they are
mainly involved in skin epidermal cell differentiation, mitotic
cell cycle phase transition, and epidermal growth factor (Fig-
ure S7, Table S5a—c; see Supporting Information). However,
no significant BP, MF or CC with Benjamini—-Hochberg (BH)-
adjusted P-value cutoff of 0.05 was found based on the genes
mapped by significant deletion segments.

Moreover, copy-number alterations of SPHKI and ITGB4
located in 17q25 were validated by quantitative PCR, which
confirmed the amplification of 17925 identified by WGS in
DFSP (Figure 2d). Stat3 is a downstream molecule of the
SPHKI regulation signalling pathway, and p-Stat3 was signifi-
cantly increased and correlated with the amplification of SPHK1
in DFSP samples (Figure 2e). These results were further veri-
fied through IHC experiments (Figure 2e).

Structure variants identified in dermatofibrosarcoma
protuberans

Compared with whole-exome sequencing or array-based com-
parative genomic hybridization, WGS is able to comprehen-
sively reveal large-scale structural rearrangements. Here, eight
structure variant (SV) subtypes were obtained in the 52 DFSP
samples, i.e. deletion, inversion, tandem duplication, amplified
inversion, foldback inversion, unbalanced inversion, intrachro-
mosomal or interchromosomal translocation; the gene list cor-
responding to each SV is presented in Table S6. The number
of SVs ranged from nine to 1301, with a median of 312.5
(Figure 3a, top panel). Among those SV subtypes, inversion,
intrachromosmal and interchromosal translocation accounted
for the majority, and were dominant in 23%, 20% and 45%,
respectively (Figure 3a, top panel). SVs are known to regulate
oncogenes Or tumour suppressor gene expression, which

. . . . 19,20
directly contributes to carcinogenesis,

as shown in Fig-
ure 3a (bottom panel). We also found a number of key genes
in the signal transduction pathways that present SVs, including

genes that were observed to be significantly altered in our

British Journal of Dermatology (2022) 186, pp997—-1009
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Figure 2 Copy-number variants and experimental verification in dermatofibrosarcoma protuberans (DFSPs). (a) The raw copy number of
autosomes in each sample of the cohort. The blocks in red and in blue denote copy-number amplification and deletion, respectively. (b) The
identified significant amplification segments (red) and deletion segments (blue), and the corresponding oncodriver or suppressor genes. (c)
Comparison of tumour size, Ki67 expression, and duration between 17q25-amplification and wildtype samples. Significance was determined by
using two-tailed Wilcoxon rank sum test (*P < 0.05). (d) Verification and comparison of copy number of genes SPHKI and ITGB4 between
17q25-amplification (positive) and wildtype samples (negative). Copy-number variation of genes SPHK1 and ITGB4 was explored by quantitative
polymerase chain reaction (qPCR), which was performed three times for each DNA sample. Significance was evaluated using two-tailed Mann—
Whitney U-test (¥#*P < 0.001, ****p < 0.0001). (e, f) Immunohistochemistry staining of SPHKI (1 : 200) and p-STAT3 (1 : 200) in SPHKI-
amplification (positive) and wildtype samples (negative) DFSP tissues as described in the Materials and methods section. Representative images (e)
and bar chart graphs of SPHK1/p-STAT3 staining intensity (f) were taken. Significance was evaluated using two-tailed Mann-Whitney U-test

(**P < 0.01).

previous analyses, such as KMT2C, BRCAl, SPHKI, CDKN2A/B,
COLI1AI and PDGE.

In addition, clustering of breakpoint was applied to show
complex genomic rearrangements in DFSP, and chromosomes
17 and 22 were found to have higher variation rates, which
was consistent with the previous CNV analysis (Figure 3b).
Notably, we evaluated clinical features significantly related to
chromosomes 17 and 22 (Figure 3c, d) and found that the
tumour size of the samples with chromosome 17 and 22
abnormalities was significantly larger than that of samples
without variations. These findings indicate that DFSP is charac-
terized by an abnormal genomic profile, particularly in chro-
mosomes 17 and 22, which may play a key role in the
tumorigenesis of DFSP.

Fusion genes identified in dermatofibrosarcoma
protuberans

Previous studies proved that the fusion of COL1A1-PDGFf}
[t(17;22)] is one of the remarkable features in DFSP. There-
fore, FISH analysis was applied to 43 samples, showing that
the rate of COL1A1-PDGFf fusion reached 74% (Figure 4a, top
panel). Images of samples are presented in Figure S8 (see Sup-
porting Information) and a representative sample is presented
in Figure 4b. In addition, based on the WGS files, BreakID
was also applied to identify fusion events and the result
showed that the fusion frequency of COL1A1-PDGFf was 72%
in 43 samples. Compared with the FISH analysis results for
those samples, the prediction coincidence rate reached 84%
(Figure 4a, Table S7b; see Supporting Information). Interest-
ingly, we discovered that the breakpoint of PDGFf stably
occurred between exon 1 and exon 2 of transcript variant 1
(NM_002608) or transcript variant 2 (NM_033016), while
COL1AI randomly broke between exon 5 and exon 48 of tran-
script (NM_000088) (Table S7a). The COL1A1-PDGFf; fusion
in the WGS binary alignment and map (BAM) files of DFSP
samples were further confirmed through the Integrative Geno-
mics Viewer (IGV) (Figure S9a; see Supporting Information).
As expected, those samples with COL1A1-PDGFf fusion pre-
sented significantly higher Ki67 expression (Figure 4c).
Moreover, as shown in Figure 4a (bottom panel), some
fusion events were also detected by BreakID (Table S7b and
Table S8; see Supporting Information). In particular, the fre-
quency of SLC2AS5-BTBD7 [t(1;14)] exceeded 42%. Similarly,
we discovered that the breakpoint of SLC2AS stably occurred

© 2022 The Authors. British Journal of Dermatology

between exon 1 and exon 2 of transcript variant 2
(NM_001135585), while BTBD7 alternatively occurred at
exon 7 of transcript variant 3 (NM_001289133) or between
exon 7 and exon 8 of transcript variant 3 (NM_001289133)
(Table S7a). Furthermore, the SLC2A5-BTBD7 fusion in
the WGS BAM files of DFSP samples was further confirmed
through IGV (Figure S9b). We then performed PCR to
verify the sequence before and after the fusion break-
point. The sequence around the breakpoint in the fusion
variant is shown in Figure 4d, demonstrating that the fusion
occurred.

Discussion

In this study, the landscape of genomic alterations for
each DFSP revealed by WGS was summarized separately (Fig-
ure S10; see Supporting Information). Primarily, a high fre-
quency of C>T and T > G mutations and a low TMB were
detected in DFSP (Figure S1 and Figure S3). Mutational sig-
nature 1 is a major mutation type in DFSP, which is charac-
terized by C > T mutations at CpG dinucleotides caused by
deaminated 5 mC at CpG sites that have not been repaired
before DNA replication, resulting in higher mutations in

- 21,22
replication rounds.

Therefore, signature 1, which is
described as a ‘clock-like’ signature, is believed to be induced
with mutation accumulation during DNA replication.”® More-
over, mutational signature 6 was also observed in DFSP, fea-
turing a C > T transition at NpCpG mutation sites. BRCA1 is
well known to play an essential role in DNA damage repair,
and loss of function of BRCA1 triggers nonhomologous end-
joining, resulting in microhomology-mediated double-strand
break repair.”* *® DNA repair is an important signalling path-
way in DFSP (Figure 5), in which BRCAI is a key node with
high frequency of SV (37%), amplification (81%) and muta-
tion (6%), suggesting that cellular abnormalities in the DNA
repair process play essential roles in the pathogenesis of
DESP.

TMB constitutes a quantitative analysis for measuring the
number of somatic mutations per megabase in tumour cells,
and the average TMB in different tumours is highly variable,

ranging from about 0.5 to 12,2728

Comparatively, DESP pre-
sented a relatively low TMB with a median of 3.49 (Fig-
ure S3). A higher TMB is reported to be a good prognostic
marker, especially for immune checkpoint inhibitor out-

29,30

comes, and our finding showed that the TMB in patients
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Figure 3 Structure variants (SVs) identified in dermatofibrosarcoma protuberans (DFSP). (a) Summary of SVs in each sample of the cohort (top).
Eight SV subtypes were identified in the DFSP samples (n = 52) by Delly, and mutational waterfall of some key genes in the signal transduction
pathways (bottom). (b) Detection of the clustering of breakpoint based on the complex genomic rearrangements as described in the Materials and
methods section. (c, d). Comparison of tumour size between the Chrl7-BPcluster (chromosomes 17) and wildtype samples (c), and comparison
of tumour size between the Chr22-BPcluster (chromosomes 22) and wildtype samples (d). Significance was evaluated using the two-tailed Mann—
Whitney U-test (**P < 0.01).
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Figure 5 Summary of genomic alterations of several key signal transduction pathways in dermatofibrosarcoma protuberans (DFSP). DNA repair,

cell cycle, mitogen-activated protein kinase (MAPK), phosphoinositide 3-kinase (PI3K)-AKT and Janus kinase (JAK)-signal transducer and activator

of transcription (STAT) pathways were found to be pivotal pathways in DFSP tumorigenesis. SNV, single-nucleotide variants; SV, structure

variants; AMP, amplification; DEL, deletion.

with recurrent DFSP was significantly lower than that in those
with nonrecurrent DFSP (Figure 1c), indicating that a low
TMB might be a potential predictive marker for relapse of
DEFSP.

MUC family genes, including MUC6 (25%) and MUC4
(21%), were significantly associated with mutations in DFSP.
Interestingly, mutations of MUC6 and MUC4 were mutually
exclusive (Figure S4), thus DFSP was classified into three sub-
types based on mutation profiles (Figure 1b, bottom panel).
Furthermore, KMT2C (15%), HERC2 (11%), PRSSI (8%) and
BRCAI (6%) were identified to be related to tumorigenesis of
DFSP (Figure 1b). KMT2C (known as MLL3) is a tumour sup-
pressor gene characterized by histone methyltransferase activ-

31-33

ity to maintain H3K4 monomethylation at enhancers, and

is one of the most frequently mutated genes in various
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33-35

tumours, and the loss of KMT2C facilitates cellular trans-

formation.***’

Our findings showed that several genomic rearrangement
events occur in various chromosomal regions, particularly in
17925 and 22q13, which causes amplification of oncogenes
including AKT1, SPHK1, COLIAl and PDGFf. Therefore, as a
consequence of genomic variation events benefiting tumour
cells, proliferation advantage may play an important role for
driving DFSP. We also noticed the complexity and diversity of
the SVs in DFSP, which are involved in well-known tumour
suppressor or oncogene genes, such as CDKN2A/B, BRCAI,
SPHK1 and COLIAI, indicating that suppression of those path-
ways might be a novel potential strategy for DFSP treatment.

Given the high frequency of COL1A1-PDGFf fusion in DFSP,
COL1Al and PDGFf were considered to be oncogenic drivers

© 2022 The Authors. British Journal of Dermatology
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in DFSP. Our findings revealed that these two genes also
exhibited high frequency of amplification and SVs, indicating
that the variation of genome structure is the main cause of the
abnormality of these two genes. In this study, the rate of
COL1A1-PDGFf} fusion is 74%, which is lower than the rate

63841 Therefore, we considered that

found in previous studies.
there could be two possible explanations; one relating to the
patients’ ethnicity, and another related to age. We compared
our findings with different DFSP studies on the relationship
between patients with COLIAI-PDGFf fusion and age, as
shown in Figure Slla (see Supporting Information). It
appeared that old age was positively correlated with the rate
of positive COL1A1-PDGFf fusion. Furthermore, our findings
also demonstrated that disease duration with confirmed
COL1A1-PDGFf} fusion was significantly longer than for patients
who were negative for COL1A1-PDGFf fusion (Figure S11b),
indicating that COL1A1-PDGFf fusion could be related to the
course of disease.

In addition to the COL1A1-PDGFf fusion gene, we identified
another high-frequency fusion gene in DFSP, namely SLC2A5-
BTBD7 (Figure 4), which has been reported to be a fusion gene
in prostate cancer and acute lymphoblastic leukaemia.*>*?
SLC2AS5 encodes Glut5, which is one of the facilitative glucose
transporters that responds to fructose transport.** *® Evidence
showed that inhibition of Glut5 expression significantly attenu-
ates a malignant phenotype in breast cancer cells and Glut5 may
act as a novel biomarker for early tumour diagnosis.*’*** BTBD7
belongs to the POZ gene family, which is characterized by the
BTB/POZ protein—protein interaction motif.*> BTBD7 plays a
critical role in tumour cell epithelial mesenchymal transition
through Snail2, fibronectin and E-cadherin in lung cancer and
hepatocellular carcinoma;’?"°! however, the function of SLC2A5-
BTBD?7 fusion remains to be further clarified.

This is the first study to describe comprehensive genomic
alterations in DFSP. Through WGS, we identified gene muta-
tions, CNVs and fusion gene profiles in DFSP. DNA repair, cell
cycle, mitogen-activated protein kinase, phosphoinositide 3-
kinase-AKT and Janus kinase-signal transducer and activator of
transcription pathways are pivotal pathways involving the
altered genes, which may shed light on the identification of

potential diagnostic and therapeutic targets in DFSP.
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Figure S1 Somatic alterations in dermatofibrosarcoma protu-
berans.

Figure S2 Single-nucleotide substitutions identified in der-
matofibrosarcoma protuberans.

Figure S3 Comparison of somatic mutations between der-
matofibrosarcoma protuberans and the 33 tumours of The
Cancer Genome Atlas database.

Figure S4 Mutual interaction of driver genes identified in der-
matofibrosarcoma protuberans.

Figure S5 Gene ontology (GO) enrichment analysis. (a—c) The
identified somatic mutation genes in dermatofibrosarcoma
protuberans underwent GO enrichment on (a) biological pro-
cess, (b) molecular function and (c) cell component.

Figure S6 Segments of copy-number variants in dermatofi-
brosarcoma protuberans.

Figure S7 Gene ontology (GO) enrichment analysis. (a—c) The
identified genes with copy-number. amplification in der-
matofibrosarcoma protuberans underwent GO enrichment on
(a) biological process, (b) molecular function, and (c) cell
component.

Figure S8 Fluorescence in situ hybridization
COL1A1-PDGFf; fusion in 43 DFSP samples.
Figure S9 The fusion sequence of (a) PDGFf-COL1Al (b) and
SLC2A5-BTBD7 were detected by Integrative Genomics Viewer

analysis  of

in the whole-genome sequencing binary alignment and map
files of T12 dermatofibrosarcoma protuberans case.
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Figure S10 The landscape of genomic alterations of 52 der-
matofibrosarcoma protuberans revealed by whole-genome
sequencing.

Figure S11 The relationship between age, the course of dis-
ease and the frequency of COL1A1-PDGFf fusion.

Table S1a Patient clinical and demographic characteristics.
Table S1b The immunohistochemistry results for all patients.
Table S2a The identified somatic variants in dermatofibrosar-
coma protuberans.

Table S2b The identified single-nucleotide substitutions in
dermatofibrosarcoma protuberans.

Table S2c¢ Mutational signatures identified in dermatofibrosar-
coma protuberans.

Table S2d Tumour mutation burden (TMB) per megabase in
53 dermatofibrosarcoma protuberans samples.

Table S2e Somatic genes.

Table S2f The identified driver genes using oncodriveCLUST
algorithm in dermatofibrosarcoma protuberans.

Table S3a Gene ontology enrichment analysis on biological
process based on the somatic genes with high frequency
(> 5%, at least three samples).

Table S3b Gene ontology enrichment analysis on molecular
function based on the somatic genes with high frequency
(> 5%, at least three samples).

Table S3c Gene ontology enrichment analysis on cell compo-
nent based on the somatic genes with high frequency (> 5%,
at least three samples).
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Table S4b The significant amplification peaks and the map-
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Table S4c The significant deletion peaks and the mapping
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nent based on the genes mapped by significant amplification
segments.

Table S6 Gene list corresponding to each structure variant.
Table S7a The identified fusion genes and their breakpoints
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Table S7b The identified fusion genes and mutation samples
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Table S8 The fluorescence in situ hybridization results and
BreakID prediction of COL1A1-PDGFf fusion gene in 43 der-
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