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Abstract Previous studies have not clearly identified a prognostic factor for desmoid tu-

mours (DT). Whole-exome sequencing (WES) and/or RNA sequencing (RNA-seq) were per-

formed in 64 cases of DT to investigate the molecular profiles in combination with the

clinicopathological characteristics. CTNNB1 mutations with specific hotspots were identified

in 56 cases (87.5%). A copy number loss in chromosome 6 (chr6) was identified in 14 cases

(21.9%). Clustering based on the mRNA expression profiles was predictive of the patients’

prognoses. The risk score generated by the expression of a three-gene set (IFI6, LGMN,

and CKLF ) was a strong prognostic marker for recurrence-free survival (RFS) in our cohort.

In risk groups stratified by the expression of IFI6, the hazard ratio for recurrence-free survival

in the high-risk group relative to the low-risk group was 12.12 (95% confidence interval: 1.56

e94.2; p Z 8.0 � 106). In conclusion, CTNNB1 mutations and a chr6 copy number loss are

likely the causative mutations underlying the tumorigenesis of DT while the gene expression

profiles may help to differentiate patients who would be good candidates for wait-and-see

management and those who might benefit from additional systemic or radiation therapies.

ª 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Desmoid tumours (DTs), which are also described as

aggressive fibromatosis, are rare and locally aggressive

neoplasms that arise from connective tissues (IARC

WHO). The estimated annual incidence of DT is 5e6

cases per 1 million people, and this disease has a peak
age of 30e40 years and a female predominance [1]. The

common primary sites affected by DTs include the

abdominal wall, mesentery, and extremities, and the le-

sions are occasionally close to the neurovascular bundle.

Most DTs are sporadic (>90%) and harbour CTNBB1

mutations, whereas a minority of tumours are associated

with sporadic or hereditary APC mutations (i.e.,

Gardner’s syndrome) [2e4].
Although DT is defined as an intermediate soft tissue

tumour that lacks metastatic potential, these tumours

may have varied and unpredictable natural histories,

including spontaneous regression in up to 20% of pa-

tients [5]. Surgery is considered the standard of care for

the primary treatment of DT; however, the risk of local

recurrence remains unacceptably high (>40%) [6e8]. In

recent years, patient surveillance, also known as the
‘wait-and-see’ approach, has been proposed as an op-

tion for initial management and an alternative to muti-

lating surgery [9,10].

Radiation therapy or systemic treatments are usually

indicated in patients with progressive disease, a high risk

of bowel obstruction or perforation, or disease-related

symptoms such as severe pain, swelling, deformity, a

loss of range of motion, or compromised vital organs.
Systemic treatment options include non-steroidal anti-

inflammatory drugs (NSAIDs), hormonal blockade,

cytotoxic chemotherapy, and tyrosine kinase inhibitors

[11e17]. A recent phase 3 clinical trial demonstrated the
antitumour activity of sorafenib, a multi-kinase inhibi-

tor, in DT patients [18]. Moreover, a randomised, open-

label, multicenter, phase 2 study demonstrated the

clinical activity of pazopanib, a multi-tyrosine kinase

inhibitor, in DT patients [19].

Reports have described several prognostic factors of

the clinical outcomes of surgically resected DT. These

include the patient’s age, tumour size, location, surgical
margin, and CTNNB1 mutational status [20e25].

However, the lack of a comprehensive understanding

of the biology of DT makes it difficult for physicians to

stratify patients who would derive benefits from surgery

or systemic treatments. Therefore, we conducted

comprehensive molecular profiling analyses based on

whole-exome sequencing (WES) and RNA sequencing

(RNA-seq) and analysed those data in combination with
the detailed clinical features of DT patients to identify

biomarkers predictive of the prognosis of patients after

surgery or drug treatments.

2. Materials and methods

2.1. Study design and patient specimens

The study cohort comprised 68 patients with DT who

underwent surgical resection at hospitals participating in

the Japan Sarcoma Genome Consortium, including

Nagoya University Hospital, Osaka International Can-

cer Institute, National Cancer Center Hospital, Chiba

Cancer Center, The University of Tokyo Hospital,

Juntendo University Hospital, Tokyo Metropolitan
Cancer and Infectious Diseases Center Komagome

Hospital, Hokkaido Cancer Center, and Kobe Univer-

sity Hospital, between 2006 and 2016. A board-certified

pathologist (TM) who specialized in sarcoma reviewed

http://creativecommons.org/licenses/by-nc-nd/4.0/
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the histological features of the DTs with reference to the

criteria of the current World Health Organization clas-

sification. Fresh-frozen tumour samples were obtained

from all patients. The study protocol was approved by

the Ethics Committee of each participating institution.

Written informed consent was obtained from all par-

ticipants except those we were unable to contact due to a

loss to follow-up or death at registration. For these
latter cases, the Institutional Review Board at each

participating institution granted permission for the use

of existing tissue samples for research purposes. None of

the samples used in this study were obtained from pa-

tients who had opted out of study participation.

2.2. Whole-exome sequencing, including mutation calls,

copy number analysis, and signature analysis

Genomic DNA was isolated from fresh-frozen samples

using the QIAamp DNA Mini Kit (Qiagen, Hilden,

Germany), and 500 ng of each sample were subjected to

target fragment enrichment using an Agilent Exome Kit
(v6; Agilent Technologies, Santa Clara, CA, USA).

Massively parallel sequencing of the isolated fragments

was performed using the paired-end option on a

HiSeq2500 platform (Illumina, San Diego, CA, USA).

Paired-end WES reads were independently aligned to

the human reference genome (hg38) using BWA [26],

Bowtie2 (http://bowtie-bio.sourceforge.net/bowtie2/

index.shtml), and NovoAlign (http://www.novocraft.
com/products/novoalign/). Somatic mutations were

called using MuTect (http://www.broadinstitute.org/

cancer/cga/mutect), SomaticIndelDetector (http://www.

broadinstitute.org/cancer/cga/node/87), and VarScan

(http://varscan.sourceforge.net). Mutations were

discarded if at least one of the following criteria were

met: (1) the read depth was <20 or the VAF was <0.

1; (2) the mutation was supported by only one strand
of the genome; or (3) the mutation was present in

normal human genomes included in either the 1000

Genomes Project dataset (http://www.

internationalgenome.org/) or our in-house database.

Gene mutations were annotated using SnpEff (http://

snpeff.sourceforge.net). The copy number status was

analysed using our in-house pipeline, which determines

the logR ratio (LRR) as follows: (1) SNP positions in
a homozygous state (VAF �0.05 or �0.95) or

heterozygous state (VAF 0.4e0.6) in the genomes of

respective normal samples were selected from the 1000

Genomes Project database; (2) normal and tumour

read depths at the selected position were adjusted

based on the GpC percentage of a 100-bp window

flanking the position [27], (3) the LRR was calculated

as the log2 (ti/ni), where ni and ti represent the normal
and tumour-adjusted depths at position i, respectively;

and (4) each representative LRR was determined by

the median of a moving window (1 Mb) centred at

position i. The LRRs of the copy numbers of alleles,
the major allele, and the minor allele were determined

for every region of the genome. The p-values for the

gains or losses of respective genomic regions were

determined from the LRRs using a permutation test

(100,000 iterations) according to the algorithm used in

GISTIC [28,29]. The Q-values were calculated from

these p-values using the R package q value (http://

github.com/jdstorey/qvalue). The mutational signatures
were analysed using the Wellcome Trust Sanger

Institute Mutational Signature Framework (http://jp.

mathworks.com/matlabcentral/fileexchange/38724-wtsi-

mutationalsignature-framework). The optimal number

of signatures was determined in accordance with the

signature stabilities and average Frobenius

reconstruction errors.

2.3. Transcriptome sequencing, expression analysis, and

detection of fusion genes and exon skipping

Total RNA was extracted from fresh-frozen samples

using RNA-Bee (Tel-Test Inc., Gainesville, FL, USA),

treated with DNase I (Thermo Fisher Scientific, Wal-

tham, MA, USA) and subjected to poly(A)-RNA se-

lection prior to cDNA synthesis. The library used for

RNA-seq was prepared using a NEBNext Ultra Direc-

tional RNA Library Prep Kit (NEB, Ipswich, MA,
USA), in accordance with the manufacturer’s protocol.

Sequencing was conducted from both ends of each

cluster using a HiSeq 2500 or NextSeq platform (Illu-

mina). RNA-seq was aligned to hg19 using TopHat

(v2.0.9; https://ccb.jhu.edu/software/tophat/index.

shtml). The expression level of each gene was

calculated using Cufflinks (v2.1.1; http://cole-trapnell-

lab.github.io/cufflinks), and gene fusions were detected
using the deFuse pipeline (https://bitbucket.org/

dranew/defuse). Exon skipping was analysed using an

in-house pipeline as follows: (1) the RNA-seq reads

were aligned to hg38 and the NCBI reference sequence

(RefSeq) using the BurrowseWheeler Aligner and

Bowtie2; (2) skipped exons were detected from the

mapped RefSeq data; (3) virtual transcriptome

sequences were created dynamically; (4) RNA-seq
reads were aligned to the candidate transcriptome

sequences; and (5) exon skipping candidates were

identified from reads with a breakpoint.

2.4. Signature generation and statistical analysis

The survival data for our cohort were collected at Jun-

tendo University. The recurrence-free survival (RFS)

duration was defined as the time interval between the

date of the surgical intervention and the date of recur-
rence, death from any cause, or the last follow-up.

Univariate analysis was performed to select the 14 genes

whose expression was significantly correlated to post-

surgical prognosis (p-value <0.0005). Subsequently,

stepwise variable selection procedures for regression
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analysis (R package, My.stepwise) were performed.

During this process, the three-gene set (IFI6, LGMN,

and CKLF ) was selected because it comprised the

largest number of genes with p-values <0.05. The

selected genes were then fitted into a stepwise multi-

variate Cox regression analysis to assess the relative

contribution of each gene to the predictions of survival

in our cohort. Next, the estimated regression coefficients
from a multivariate Cox regression analysis were used to

calculate a prognostic risk score for predicting RFS, as

follows:

Risk scoreZ
X

nZ1

expi � bi

where n represents the number of prognostic genes, expi

represents the expression level of prognostic gene i, and

bi represents the regression coefficient of gene i.

In this study, all statistical analyses were performed

using R software (version 3.5.1; https://www.r-project.
org/) and the packages contained therein. The survival

analysis and Cox regression analyses were performed

using the “survival” (v2.44.1.1) package. RFS was

analysed using the KaplaneMeier method, and differ-

ences in the survival curves according to either the risk

score or the driver mutation subtype were evaluated

using the log-rank test. The GSEA was performed using

Java GSEA software (v2.2.4; http://software.
broadinstitute.org/gsea/index.jsp).

2.5. Real-time quantitative PCR

Total RNA was extracted from the tumour samples with

RNA-Bee reagent (Tel-Test Inc.) following the manu-

facturer’s instructions. To minimise genomic DNA
contamination, DNase I digestion was performed. The

reverse transcription reaction was performed with Su-

perScript IV VILO reverse transcriptase (Thermo Fisher

Scientific) using 100 ng of the total RNA from each

sample. The obtained cDNAs were subsequently used

for quantitative PCR with Power SYBR Green PCR

Master Mix (Thermo Fisher Scientific) on the 7500HT

Fast Real-Time PCR System (Thermo Fisher Scientific).
The primers specific for IFI6 exon 4 (50-
TGGTCTGCGATCCTGAATG-30) and exon 5 (50-
AGAGGTTCTGGGAGCTGCTG-30); for ACTB exon

4 (50-AGAGCTACGAGCTGCCTGAC-30) and for

exon 5 (50-AGCACTGTGTTGGCGTACAG-30) were

used to cover all the major transcript variants. The

threshold cycle (CT) was detected automatically.

Expression levels of mRNA were estimated using the
2�DDCT method. The relative IFI6 expression levels were

normalised to that of the housekeeping gene ACTB.

Then, the expression data were further converted to

ratios with the average value. Experiments were per-

formed in technical triplicates.
2.6. Data availability

We have deposited the raw sequencing data in the Jap-
anese Genotype-Phenotype Archive (http://trace.ddbj.

nig.ac.jp/jga), which is hosted by the DNA Data Bank

of Japan, under accession number J-DS000337-001.
3. Results

3.1. Mutational profile of desmoid tumour

Sixty-four cases of surgically resected DT were subjected
to whole-exome sequencing (WES), of which 55 were

also subjected to RNA-seq. Non-synonymous CTNNB1

mutations were identified in 56 cases (87.5%). The most

common CTNNB1 hotspot in our cohort was p.T41A,

which was observed in 30 cases, followed by p.S45F (18

cases), p.S45P (5 cases), and others (1 each of

p.S45_G48del, p.D32V, and p.H36P) (Table 1). To

evaluate whether the CTNNB1 mutation was trunk one,
the variant allele frequency (VAF) of CTNNB1 was

compared to that of the highest VAF among all mutated

genes in each case. In CTNNB1 mutation-positive cases,

the ratio of the CTNNB1 VAF to the highest VAF was

0.86, suggesting that CTNNB1 is a trunk mutation in

DT (Fig. 1A). The difference in the highest VAF be-

tween CTNNB1-positive and -negative cases was not

significant (55 for positive cases versus 8 for negative
cases). The average tumour mutation burden was 1.2

mutations/Mb; this burden was relatively lower than

those associated with other solid tumours, consistent

with the findings of a previous study [30]. Through

chromosome (chr) copy number variation analyses, we

also identified frequent copy number losses in 6q (14

cases, 21.9%) and amplifications in chr8, chr15, and

chr20 (Fig. 1B and C). Truncating APC mutations were
observed in two CTNNB1 mutation-negative cases. One

patient had germline APC p.Asn1548fs mutation and

somatic p.Thr1160fs mutation. The other patient had

somatic APC p.Gln1230) mutation without germline

APC mutation or loss of heterozygosity at the APC

locus. The former patient was provided genetic coun-

selling and underwent colonoscopy.

We further analysed whole-exome sequencing (WES)
data for the six cases whose CTNNB1 and APC were

wildtypes. Somatic mutations in genes associated with

CTNNB1 were identified; NPHS1 (NPHS1 Adhesion

Molecule, Nephrin) was mutated in two cases (#09 and

27), and ZNF408 (Zinc Finger Protein 408) was mutated

in one case (#23) (Supplementary Table S1). NPHS1

encodes a member of the immunoglobulin family of cell

adhesion molecules that functions in the glomerular
filtration barrier of the kidney. NPHS1 is known to play

a role in skeletal muscle formation through the regula-

tion of myoblast fusion downstream of the WNT/b-
catenin signalling pathway [31]. The protein encoded by

https://www.r-project.org/
https://www.r-project.org/
http://software.broadinstitute.org/gsea/index.jsp
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Table 1
Mutational status and clinical information of the 64 desmoid tumours.

CTNNB1 VAF APC

mutation

Chr6

loss

Somatic

mutation #

Somatic mutation

frequency (/Mb)

Anatomical site Age at

diagnosis

Gender

#01 WT 0 e e 181 1.79 Head and neck 33 F

#02 p.T41A 42.9 e þ 201 2.04 Extremity 40 F

#03 p.S45F 19.4 e e 123 1.24 Head and neck 28 F

#04 p.S45F 38.7 e e 107 1.11 Abdominal wall 28 F

#05 p.S45F 58.6 e þ 199 1.97 Trunk 29 M

#06 p.T41A 29.3 e e 146 1.47 Extremity 32 F

#07 p.T41A 34.5 e þ 154 1.54 Abdominal wall 38 F

#08 WT 0 e þ 108 1.1 Abdominal wall 36 F

#09 p.S45_G48del 31.5 e þ 182 1.85 Abdominal wall 30 F

#10 p.S45F 47.2 e e 136 1.38 Head and neck 19 F

#11 p.T41A 29.6 e þ 135 1.37 Extremity 19 F

#12 p.S45F 16.4 e e 129 1.3 Trunk 41 M

#13 p.S45P 33.3 e e 142 1.43 Abdominal wall 26 F

#14 p.T41A 1 (3/293) e e 127 1.28 Abdominal wall 35 F

#15 p.S45F 31.1 e e 195 1.97 Head and neck 74 F

#16 p.T41A 36.4 e e 128 1.29 Trunk 38 F

#17 p.T41A 37.8 e e 96 0.95 Head and neck 38 M

#18 p.T41A 46.1 e e 119 1.2 Abdominal wall 35 F

#19 WT 0 e e 96 0.96 Extremity 40 F

#20 p.S45F 0.9 (3/326) e e 93 0.93 Abdominal wall 19 M

#21 WT 0 e e 161 1.63 Extremity 33 F

#22 WT 0 e e 111 1.15 Trunk 39 F

#23 p.S45F 35 e e 104 1.07 Abdominal wall 19 F

#24 WT 0 e e 155 1.6 Trunk 61 M

#25 p.T41A 2.8 (6/217) e e 105 1.08 Extremity 76 F

#26 p.T41A 35.5 e þ 141 1.44 Abdominal wall 33 M

#27 p.T41A 16.6 e e 132 1.38 Trunk 62 F

#28 WT 0 þ e 115 1.18 Trunk 17 F

#29 p.S45F 36 e e 107 1.09 Extremity 13 M

#30 p.T41A 47.5 e þ 134 1.39 Trunk 34 F

#31 p.S45F 6.3 e e 106 1.09 Trunk 60 F

#32 p.D32V 33.6 e e 163 1.69 Abdominal wall 34 F

#33 p.S45P 44.8 e þ 154 1.64 Head and neck 37 M

#34 p.S45F 30.1 e e 101 1.06 Extremity 56 F

#35 p.S45F 32.2 e e 88 0.9 Extremity 15 F

#36 p.S45P 37.9 e e 117 1.21 Head and neck 57 F

#37 p.T41A 37.3 e e 108 1.13 Trunk 38 F

#38 p.S45F 32.2 e e 113 1.17 Trunk 68 M

#39 WT 0 þ þ 157 1.61 Trunk 15 F

#40 p.S45F 11.7 e e 180 1.86 Trunk 37 M

#41 p.T41A 23 e e 476 4.93 Extremity 56 M

#42 p.S45F 48.7 e þ 195 2.02 Trunk 61 M

#43 p.T41A 40.4 e e 144 1.5 Trunk 30 F

#44 p.T41A 36.4 e e 99 1.02 Trunk 58 M

#45 p.T41A 28.5 e e 141 1.46 Trunk 54 F

#46 p.T41A 32.3 e e 191 1.98 Trunk 51 M

#47 p.S45P 46.9 e þ 176 1.87 Extremity 35 F

#48 p.T41A 39.9 e e 162 1.69 Abdominal wall 17 F

#49 p.S45F 16.9 e e 135 1.41 Trunk 55 F

#50 p.S45F 22.7 e e 139 1.47 Trunk 28 F

#51 p.T41A 17.1 e e 186 1.98 Trunk 31 F

#52 p.T41A 39.8 e e NA NA NA NA NA

#53 p.T41A 46.8 e e 81 0.81 Extremity 20 F

#54 p.S45F 35.3 e þ 181 1.83 Trunk 79 M

#55 p.T41A 21.2 e e 121 1.23 Extremity 39 F

#56 p.T41A 48 e e 153 1.56 Trunk 35 M

#57 p.T41A 36.9 e e 132 1.35 Trunk 56 F

#58 p.S45P 40.7 e e 153 1.54 Abdominal wall 33 F

#59 p.H36P 43.8 e e 125 1.27 Abdominal wall 28 F

#60 p.T41A 28.3 e þ 24 0.33 Extremity 25 M

#61 p.T41A 36.2 e e 115 1.17 Extremity 5 M

#62 p.T41A 6.2 e e 140 1.43 Extremity 36 F
(continued on next page)
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Table 1 (continued )

CTNNB1 VAF APC

mutation

Chr6

loss

Somatic

mutation #

Somatic mutation

frequency (/Mb)

Anatomical site Age at

diagnosis

Gender

#63 p.T41A 39.9 e e 136 1.36 Abdominal wall 39 F

#64 p.T41A 39.8 e e 133 1.36 Head and neck 70 F

VAF, variant allele frequency (mutation reads/total reads); F, female; M, male; NA, not available.

S. Kohsaka et al. / European Journal of Cancer 145 (2021) 109e120114
ZNF408 contains ten tandem zinc fingers and an N-

terminal SET domain. In adults, the encoded protein is

expressed most highly in the retina. Consequently, de-

fects in this gene have been associated with familial

exudative vitreoretinopathy (FEVR), which is also

caused by a germline CTNNB1 mutation [32]. Nucleus

staining of CTNNB1 was observed in three cases (#01,

09, and 23) by immunohistochemistry (Supplementary
Fig. S1).
3.2. Transcriptional profiles of DTs

To identify the gene expression profiles associated with

specific clinicopathological features or gene mutational

profiles, we conducted a k-means clustering analysis

using RNA-seq data. Clustering based on the top 100

most variable genes allowed us to divide the cohort into

three groups (Fig. 2A).
Fig. 1. Mutational profile of desmoid tumour. (A) The variant allele f

VAF found in each case (left panel). In CTNNB1mutation-positive cas

CTNNB1-mutant cases and 8 CTNNB1-wild type cases were compared

or minor allele (right panel) throughout chromosome (horizontal axis)

allele-specific copy number alterations in desmoid tumour. Red lines in

minor allele (right panel). Chromosome numbers affected by copy nu
We merged the clinical information and mutational

profiles with the gene expression data and performed

Fisher’s exact test to determine the factors related to either

group in the left cluster (cluster 1), middle cluster (cluster

2), and right cluster (cluster 3). Cluster 3 was enriched for

female patients (pZ 2� 10�4) relative to clusters 1 and 2.

There was no significant difference in recurrence-free sur-

vival (RFS) among the clusters (Fig. 2B).
A gene set enrichment analysis (GSEA) revealed that

the MYOGENESIS gene set was enriched in cluster 1

relative to clusters 2 and 3 (Fig. 2C and Supplementary

Table S2). The expression of several genes related to

skeletal muscle markers, such as MYH1, MYL1, and

ACTA1, was elevated specifically in cluster 1, suggesting

that the tumours in this cluster were associated with

muscle differentiation (Supplementary Table S3).
The GSEA revealed that the MYC_TARGETS gene

set was enriched in recurrent tumours (Supplementary

Fig. S2 and Supplementary Table S2). Patients who
requency (VAF) of CTNNB1 was compared to that of the highest

es, VAF ratio to the highest VAF was 0.86. The highest VAFs in 55

(right panel). (B) Copy number change of major allele (left panel)

is shown by individual case (vertical axis). (C) The total profiles of

dicate the Q-value for gains of major allele (left panel) and losses of

mber alteration are shown.
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harboured CTNNB1 p.S45F tended to have a worse

prognosis than those harbouring other CTNNB1 vari-

ants, although this difference was not statistically sig-

nificant. The female sex (p Z 6.7 � 10�3) and lack of

previous treatment (p Z 4.2 � 10�3) were identified as

favourable factors in the survival analysis

(Supplementary Fig. S3).

Patients with DT face a substantial risk of recur-
rence, even after complete surgical resection. Previous

randomised trials of surgery have not demonstrated a

consistent survival benefit. However, one case-control

study revealed that the combination of surgery and

radiotherapy yielded better local control than surgery

alone [33]. There is a critical need for reliable prog-

nostic biomarkers that can be used to select patients

who face a high risk of recurrence, those who are good
candidates for wait-and-see management, and those

who might benefit from additional systemic or radia-

tion therapies.

We analysed approximately 13,000 genes for which

the expression profiles had large standard deviations

(fragments per kilobase of exon per million mapped

reads, FPKM >1.0) to ensure an adequate variance. A

univariate Cox proportional hazards regression analysis
revealed that 14 genes were significantly correlated with

recurrence-free survival (RFS) (p � 5 � 10�3), although
Fig. 2. Gene expression profile of desmoid tumour. (A) K-means clu

information (gender, age, location, mutational status, recurrence, and

performed to identify the factors associated with either group stratified

survival in our cohort stratified by k-means clustering as clusters 1 to

defined by the k-means clustering are shown. Full GSEA results can b
we note that genes that did not achieve significant cor-

relations with RFS may also be important.

These 14 genes were used to build a prognostic

signature in our cohort through a multivariable Cox

analysis with a forward conditional stepwise regres-

sion. This procedure selected a prognostic model

comprising three genes: IFI6 (interferon alpha induc-

ible protein 6), LGMN (legumain), and CKLF (che-
mokine like factor).

We constructed a risk score using the regression

coefficients from this model and manually selected a

suitable threshold at the 50th percentile (Fig. 3A).

Patients in our cohort who were defined as high risk

using this three-gene signature-based risk score had a

significantly worse RFS (p Z 2 � 10�3; Fig. 3B). The

median follow-up time for the low-risk group was
44 months, and that of the high-risk group was

35 months.

To understand the biology of high-risk tumours, we

identified the top 100 significantly overexpressed and

top 100 underexpressed genes in high-risk tumours

(Fig. 3C and Supplementary Table S3). No clinical

features were different between the low- and high-risk

groups including CTNNB1 p.S45, which was markedly
but not significantly enriched in high-risk group

(p Z 0.18). The gene sets related to cancer biology, such

as EPITHELIAL_MESENCHYMAL_TRANSITION,
stering analysis was conducted using RNA-seq data. The clinical

risk classification) are shown in the upper part. Fisher’s test was

by k-means clustering. (B) KaplaneMeier curves of recurrence-free

3. (C) GSEA results with the indicated gene sets among clusters

e found in Supplementary Table S2.
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were significantly enriched in the high-risk tumours,

while the MYOGENESIS gene set was enriched in low-

risk tumours (Fig. 3D and Supplementary Table S2).

Because IFI6 was the only gene with a false dis-

covery rate of �0.05, we used the regression co-

efficients for IFI6 expression to calculate a risk score

and manually selected a suitable threshold at the 50th

percentile (Fig. 4A). Patients in our cohort who were
defined as high risk according to the IFI6-based risk

score had a significantly worse RFS (p Z 8 � 10�6;

Fig. 4B). The median follow-up time of the low-risk

group was 36.5 months, and that of high-risk group

was 48.5 months.

Real-time PCR of IFI6 was performed to evaluate the

concordance between assays. Although the expression

value of real-time PCR was concordant with that of
RNA-seq (r Z 0.46), the value of real-time PCR did not

significantly stratify the patient prognosis after surgery

(p Z 0.13) (Supplementary Fig. S4).

To understand the biology underlying high-risk tu-

mours, we identified the top 100 significantly overex-

pressed and underexpressed genes in high-risk tumours
Fig. 3. Three-gene prognostic signature of DT. (A) Three-gene express

indicates higher expression, while light blue indicates lower expression

marked as low risk (blue) or high risk (red), as divided by the thresho

indicate the RFS times for each case. Red bars represent recurrent ca

KaplaneMeier curves of recurrence-free survival in the cohort stratified

Log-rank test was used to evaluate p-value. (C) Heatmap of the top 20

with red indicating higher expression and blue indicating lower express

differentially overexpressed in high-risk tumours. Supplementary Tabl

score; FDR, false discovery rate.
(Fig. 4C and Supplementary Table S3). No clinical fea-

tures differed between the low- and high-risk groups.

Significant enrichment of gene sets related to cancer

biology, including EPITHELIAL_MESENCHYMAL_-

TRANSITION and INTERFERON_ALPHA_RES-

PONSE, was observed in the high-risk tumours, whereas

the MYOGENESIS gene set was enriched in low-risk tu-

mours (Fig. 4D and Supplementary Table S2).
Finally, a multivariable Cox analysis of our cohort

revealed that the risk score remained statistically signifi-

cant (HRZ 11.7, pZ 0.02) regardless of age, sex, tumour

size, margin, location, previous surgical history, and gene

mutations (Table 2). The previous surgical historywas also

a risk factor for recurrence (pZ 0.04). The tumour size and

tumour location appeared to be prognostic factors,

although the p-values of approximately 0.1 were likely
attributable to the small cohort size. However, none of the

mutation statuses were identified as statistically significant

in the Cox analysis. There was no significant difference in

the risk of recurrence between R0 (margin negative) and

R1/2 (margin positive) cases.
ion and risk score distribution in our cohort by z-score. Here, red

. The risk scores for all patients are plotted in ascending order and

ld (vertical black line). The risk score threshold is 10.4. The bars

ses and blue bars represent no recurrence during observation. (B)

by three-gene prognostic signature into those at high and low risk.

0 genes differentially expressed between those at high and low risk,

ion. (D) Statistically significant gene sets identified by GSEA to be

e S2 presents the full GSEA results. NES, normalised enrichment



Fig. 4. IFI6 expression as a prognostic signature of DT. (A) IFI6 expression and risk score distribution in our cohort by z-score. Here, red

indicates higher expression, while light blue indicates lower expression. The risk scores for all patients are plotted in ascending order and

marked as low risk (blue) or high risk (red), as divided by the threshold (vertical black line). The risk score threshold is 3.0. The bars

indicate the RFS times of each case. Red bars are recurrent cases, and blue bars represent no recurrence during the observation. (B)

KaplaneMeier curves of recurrence-free survival in the cohort stratified by IFI6 prognostic signature into those at high and low risk. Log-

rank test was used to evaluate p-value. (C) Heatmap of the top 200 genes differentially expressed between those at high and low risk, with

red indicating higher expression and blue indicating lower expression. (D) Statistically significant gene sets identified by GSEA to be

differentially overexpressed in high-risk tumours. Supplementary Table S2 presents the full GSEA results. NES, normalised enrichment

score; FDR, false discovery rate.
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To investigate whether the risk score for RFS after

surgery also correlated to the prognosis after treatments
withNSAIDs, the risk scores andprogression-free survival

(PFS) were compared in 14 patients who were treated with

NSAIDs as the first-line treatment. Neither risk classifi-

cation by the three-gene set nor IFI6 could stratify the PFS

of the NSAIDs treatment (Supplementary Fig. S5).
4. Discussion

Although DTs are frequently positive for mutations in

CTNNB1 or APC, six of 64 cases (9.4%) in our cohort

were negative for both mutations. CTNNB1 mutation is

a trunk mutation and is therefore a likely genetic driver

of DT growth. As we observed no difference in the

highest VAF among gene mutations between CTNNB1

mutation-positive and -negative cases, this suggests that

the latter cases were true-negatives rather than false-
negatives, due to low tumour content. A previous

comprehensive genomic analysis of DT that targeted the

exonic regions of 27 genes also identified CTNNB1

mutations or APC germline mutations in approximately
90% of cases, but detected few other oncogenic muta-

tions in CTNNB1 wild-type DTs [4]. Further analyses
based on other analytic modalities, such as long-read

sequencing, may be important for deciphering the

mechanism underlying the malignant transformation of

CTNNB1 wild-type DT.

The hierarchical clustering analysis identified a

distinct cluster in which genes related to myogenesis,

such as MYH1, MYL1, ACTA1, or CKM, were strongly

expressed. We note that this cluster was not associated
with any specific clinical features or with chr6 loss,

suggesting that the latter factor may be associated with a

myogenic differentiation block.

We defined a three-gene set that could predict the

aggressive type of DT. This gene set might be a good

predictive biomarker for differentiating patients who

are good candidates for wait-and-see management and

those who might benefit from additional systemic or
radiation therapies. The three-year recurrence-free

survival rate of the low-risk group after surgery was

100%, whereas that of high-risk group was 33%.

Notably, the three-year recurrence-free survival rate of

patients with a risk score >12 was 0%. Therefore,



Table 2
Cox proportional hazard models in desmoid tumour.

Variables Categories No. Univariate analysis Multivariate analysis

Hazard ratio 95% CI *P value Hazard ratio 95% CI *P value

Gender Female 28

Male 12 4.49 1.46e13.81 0.01 2.87 0.90e9.11 0.07

Age <50 28

�50 12 1.30 0.42e4.03 0.65

Size <10 24

�10 14 2.93 0.86e10.05 0.09

Margin R0 15

R1, R2 21 1.01 0.28e3.61 0.99

Location Abdominal wall 8

Head and neck 5 10.15 0.85e121.19 0.07

Trunk 16 4.70 0.52e42.27 0.17

Extremity 11 5.50 0.61e49.76 0.13

Surgical history No 32

Yes 8 4.25 1.39e12.98 0.01 3.49 1.05e11.65 0.04

CTNNB1 mutation T41 20

S45 15 1.82 0.61e5.44 0.28

Chr6 loss F 34

T 6 0.67 0.15e3.04 0.60

Cluster Cluster 1 6

Cluster 2 22 0.52 0.10e2.71 0.44

Cluster 3 12 1.54 0.31e7.76 0.60

Risk score (3 genes) Low risk 20

High risk 20 4Eþ09 0-Inf 1.00

Risk score (IFI6) Low risk 20

High risk 20 12.12 1.56e94.2 0.02 11.71 1.48e92.83 0.02

*Two-sided likelihood ratio test. RFS, recurrence-free survival; CI, confidence interval; R0 e no cancer cells seen microscopically at the resection

margin; R1 e cancer cells present microscopically at the resection margin (microscopic positive margin); R2 e gross examination by the naked eye

shows tumour tissue present at the resection margin (macroscopic positive margin).
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tumours with a high-risk score may need resection

with an extra margin. Neither the risk classification by

the three-gene set nor IFI6 could stratify the prognosis

after NSAIDs treatment, so tumours with a low-risk
score may need to be resected if they do not respond

to NSAIDs.

These three genes are related to apoptosis, invasion,

or inflammation. IFI6 negatively regulates the intrinsic

apoptotic signalling pathway and TNF-induced

apoptosis [34e36]. In breast cancer, the upregulation

of IFI6 was associated with a poor RFS [37] and poor

distance metastasis-free survival [38], and this effect was
probably mediated by enhanced breast cancer cell

migration and invasion. IFI6 was also reported to be

necessary for NRAS-induced transformation and mela-

noma growth through its ability to reduce DNA repli-

cation stress [39].

LGMN encodes a cysteine protease that is strictly

specific for the hydrolysis of asparaginyl bonds. Recent

studies of human tumours have shown that the expres-
sion of LGMN correlates closely with a poor prognosis

[40e42], as the product of this gene promotes the in-

vasion and migration of tumour cells. tumour cell-

derived LGMN and circulatory LGMN have pro-

metastatic effects and have been reported as prog-

nostic markers in breast cancer patients [43].
CKLF is a cytokine and potent chemoattractant for

neutrophils, monocytes, and lymphocytes. This cytokine

also can stimulate the proliferation of skeletal muscle

cells and may play important roles in inflammation and
skeletal muscle regeneration [44]. However, few previous

studies have explored the association of CKLF with

cancer.

Our GSEA identified an association of the high-risk

group with mesenchymal features, as well as an associ-

ation of the low-risk group with myogenic differentia-

tion. The epithelialemesenchymal transition (EMT) is a

process by which epithelial cells lose their cell polarity
and cellecell adhesion properties and gain migratory

and invasive properties; in other words, these cells

become mesenchymal stem-like cells. The enrichment of

a gene set related to EMT may indicate the high inva-

sion and migration capabilities of aggressive DTs.

Importantly, the upregulation of IFI6 and LMGN may

contribute to the survival and invasion of DT cells and

thus may the association of these factors with a poor
prognosis. The lack of genetic differences between the

high-risk and low-risk tumours suggests that epigenetic

changes may contribute to the progression and recur-

rence of DT. The molecular mechanism underlying the

aggressive features of tumours in the high-risk group

remains to be identified.
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Among the three identified genes, IFI6 was the only

gene with a q value < 0.05, suggesting that this gene

alone could be used to stratify the prognosis of DT. In

fact, the RNA-seq analysis revealed that IFI6 mRNA

expression was a good biomarker in the high-risk pa-

tient population. Further studies that use other methods

to evaluate the expression of IFI6 or its protein product,

such as immunohistochemistry, may promote the clin-
ical application of this biomarker.

Potential limitations of this study include the following

points. First, although the prognostic marker for RFS

should be validated by an independent validation cohort,

we could not prepare enough desmoid cases with clinical

information to develop an independent validation cohort.

Second, the discoveries made during our study cannot be

applied in the clinical setting easily due to the complexityof
the RNA-seq. Although a real-time PCR assay is easier

and simpler, the expression is usually normalised to some

housekeeping genes, which may affect the accuracy of the

assay. Therefore, we concluded that the risk score calcu-

lated by RNA-seq is a superior maker for predicting pa-

tient prognosis. Although RNA-seq is currently under

development, this study may promote its development by

suggesting the clinical utility of RNA-seq in analysing
desmoid tumours.

In conclusion, the discoveries made during our study

can be easily applied in a clinical setting. Our data

emphasise the value of gene expression profiling for the

prediction of a patient’s prognosis after a surgical

operation. We believe that our genomic and tran-

scriptomic analyses highlight the importance of precise

tumour profiling in the provision of the best possible
care to patients with DT.
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