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�
 ABSTRACT 

Purpose: Desmoid tumors are bland fibroblastic tumors that 
do not metastasize but have a high rate of local recurrence. 
Previously published studies proposed two different tran-
scriptomic signatures to predict relapse. Molecular heterogeneity 
has been well established in high-grade sarcomas, but little is 
known about molecular variability within locally aggressive tu-
mors such as desmoids. 

Experimental Design: We performed transcriptomic profiling 
of 31 specimens from 20 primary desmoid tumors to identify 
genes predictive of relapse. We also performed multiomic anal-
ysis including DNA methylation, copy-number alterations, point 
mutations, and gene expression on 24 specimens from different 
regions of primary and recurrent desmoid tumors from three 
patients (7–9 specimens per patient). 

Results: We observed highly variable expression of tran-
scriptomic prognostic signatures both in patients who did and 

did not progress. Signatures associated with favorable and unfa-
vorable outcomes were detected in different regions within the 
same tumor. Further multiomic studies showed remarkable intra- 
and intertumor heterogeneity of genomic, epigenomic, and 
transcriptomic patterns. The transcriptomic profiles showed the 
highest degree of variability within tumors and between primary 
and recurrent tumors from the same patient. 

Conclusions: This study shows an unexpected degree of intra- 
and intertumor heterogeneity in desmoid tumors. Our analysis 
indicates that molecular analysis of a single-tumor biopsy may 
underestimate the magnitude of molecular alterations in desmoid 
tumors. Our study also shows that recurrent desmoid tumors 
acquire multiple new molecular alterations. Thus, molecular 
heterogeneity is an important consideration in drug development 
and validation of prognostic and predictive biomarkers for des-
moid tumors. 

Introduction 
Desmoid tumors account for ∼3% of soft-tissue tumors and are 

most commonly diagnosed at the median age of 37 to 39 years (1). 
Most desmoid tumors are sporadic, but a small subset is associated 
with familial adenomatous polyposis (1). Desmoid tumors usually 
occur in the extremities, abdominal wall, and abdominal cavity (2). 
Histologically, desmoid tumors consist of a bland proliferation of 
spindle cells resembling fibroblasts, lacking nuclear pleomorphism 
and regional morphologic variability seen in high-grade sarcomas. 

Despite their bland cytologic appearance, desmoids aggressively 
invade surrounding tissues. On MRI, desmoid tumors typically 
show homogeneous isointensity on T1-weighted images and het-
erogeneously high signals on T2-weighted or short tau inversion 
recovery (STIR) images (3). Desmoid tumors have a high rate of 
local recurrence even after complete resection (2, 4). Treatment 
options include radiotherapy, chemotherapy, and surgical resection 
(5). Recently, the γ-secretase inhibitor nirogacestat was approved as 
a new pharmaceutical therapy for desmoid tumors (6). 

Desmoid tumors are considered neoplastic monoclonal prolifera-
tions based on chromosome X inactivation patterns (7–10). However, it 
remains unknown whether they undergo clonal evolution, as seen in 
malignant high-grade tumors. Prior studies indicated mosaicism in 
desmoid tumors, with the variable ratio of CTNNB1-mutant neoplastic 
cells and normal fibroblasts (11, 12). Mutations in the CTNNB1 gene, 
mainly in exon 3 at T41A and S45F/S45P, play a key role in desmoid 
tumorigenesis and are generally mutually exclusive (12, 13), although 
rare “double-hit” mutations have been reported in two cases of desmoid 
tumors (14, 15). Also, nuclear immunoreactivity for β-catenin protein 
that results from CTNNB1 mutations can vary in distribution and in-
tensity within a tumor (13, 16). Together, these observations suggested 
clonal heterogeneity within individual desmoid tumors. In addition, 
recent transcriptomic studies identified distinct molecular subtypes of 
desmoid tumors and proposed prognostic transcriptomic signatures to 
predict recurrence (17–20). However, neither of these signatures were 
introduced into clinical practice, and identifying markers predictive of 
clinical outcomes and recurrence after surgery remains a subject of 
active investigation. 

Here, we sought to develop a new prognostic signature for des-
moid tumors and validate the previously published signatures 

1Department of Surgery, McGill University, Montreal, Quebec, Canada. 2Cancer 
Research Program, The Research Institute of the McGill University Health 
Centre, Montreal, Quebec, Canada. 3Department of Pathology, Stanford Uni-
versity School of Medicine, Stanford, California. 4Princess Margaret Cancer 
Centre, University Health Network, Toronto, Ontario, Canada. 5PathGroup 
Laboratories, Nashville, Tennessee. 6One Oncology, Nashville, Tennessee. 
7Division of Medical Oncology, Department of Medicine, Stanford University, 
Stanford, California. 8Department of Medical Biophysics, University of Toronto, 
Toronto, Ontario, Canada. 9Vector Institute for Artificial Intelligence, Toronto, 
Ontario, Canada. 

Corresponding Author: Joanna Przybyl, Department of Surgery, McGill Uni-
versity, Cancer Research Program, The Research Institute of the McGill Uni-
versity Health Centre, 1001 Decarie Boulevard, E M2.3218, Montreal H4A 3J1, 
Quebec, Canada. E-mail: joanna.przybyl@mcgill.ca 

Clin Cancer Res 2025;31:205–16 

doi: 10.1158/1078-0432.CCR-24-1240 

This open access article is distributed under the Creative Commons Attribution- 
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0) license. 

©2024 The Authors; Published by the American Association for Cancer Research 

AACRJournals.org | 205 

https://crossmark.crossref.org/dialog/?doi=10.1158/1078-0432.CCR-24-1240&domain=pdf&date_stamp=2024-12-21
mailto:joanna.przybyl@mcgill.ca
http://dx.doi.org/10.1158/1078-0432.CCR-24-1240
https://aacrjournals.org/


(19, 20). This analysis revealed substantial variability in the ex-
pression of distinct transcriptomic signatures within individual tu-
mors both in patients who did and did not progress. This 
observation led us to a comprehensive multiomic investigation of 
molecular intra- and intertumor heterogeneity of desmoid tumors. 

Materials and Methods 
Patients 

We obtained archival formalin-fixed, paraffin-embedded (FFPE) 
specimens of primary and recurrent desmoid tumors from 20 pa-
tients (Table 1). These patients were treated at Stanford Health Care 
and Vanderbilt University Medical Center. The study was approved 
by the Stanford University Institutional Review Board (IRB-39030). 
Written informed consent was obtained from the patients, and the 
study was conducted in accordance with recognized ethical guide-
lines (US Common Rule). 

DNA and RNA extraction 
Forty-four FFPE tumor specimens were used for extraction of 

DNA and total RNA (Tables 1 and 2). Diagnosis was confirmed by 
a surgical pathologist (M. van de Rijn). Multiple 2-mm cores from 
FFPE tumors were re-embedded horizontally, and sections were 
reexamined by light microscopy to select cases that contain at least 
90% lesional spindle cells. DNA and RNA were extracted from re- 
embedded tumor cores using AllPrep DNA/RNA FFPE Kit in-
cluding RNase A and DNase treatment steps, respectively, according 
to the manufacturer’s protocol (Qiagen). 

DNA copy-number profiling 
Seventy-five nanograms of DNA from 23 desmoid tumor speci-

mens from three patients was used for genome-wide copy-number 
and allelic ratio profiling using the OncoScan FFPE Assay per-
formed by Affymetrix Research Services Laboratory (Affymetrix). 
Results were visualized and analyzed using Nexus Express for 
OncoScan3 software (BioDiscovery, RRID: SCR_004557) with the 
SNP-FASST2 algorithm. All specimens had the median absolute 
pairwise difference value below 0.3 and the ndSNPQC value above 
26, indicating good quality of data (Supplementary Table S1). Copy- 
number gain and loss were defined as the log2 ratio >0.2 and <�0.2, 
respectively (Supplementary Table S2). A minimum of 20 probes 
in the segment were used to call copy-number alterations. 
DNA copy-number alterations reported in the Database of 
Genomic Variants in the general population were excluded 

(RRID: SCR_007000, http://dgv.tcag.ca/dgv/app/home, accessed 
March 22, 2023; ref. 21). Heatmaps representing copy-number 
alterations in each patient were visualized using the ClustVis 
package in R (version 0.0.0.9000, RRID: SCR_017133; ref. 22). 

Whole-exome sequencing and data analysis 
Whole-exome sequencing libraries were prepared from DNA 

extracted from 22 desmoid tumor specimens from three patients 
and from patient-matched normal tissues as germline controls. 
Normal tissues not involved by tumor were selected by a surgical 
pathologist (M. van de Rijn), which included the intestinal mucosa, 
skin, and a scar for patients 1, 2, and 3, respectively. One hundred 
nanograms of DNA was sheared (Covaris S2) to ∼250-bp fragments. 
Libraries were prepared using KAPA LTP Library Preparation Kit 
(KAPA Biosystems). Hybridization-based enrichment was per-
formed using the SeqCap EZ Human Exome v3.0 Library (Roche) at 
47°C for 64 to 72 hours. Pooled indexed libraries were sequenced 
using 2 � 101 bp mode on HiSeq 4000 (Illumina). Reads were 
aligned to the reference genome (GRCh37/hg19) using the BWA- 
MEM algorithm (BWA version 0.7.13, RRID: SCR_010910) with 
default settings (23). SAMtools (version 1.3.1, RRID: SCR_002105) 
was used for sorting and indexing (24). Picard (version 1.141, http:// 
broadinstitute.github.io/picard, RRID: SCR_006525) was used to 
remove duplicate reads. GATK (version 3.5.21, RRID: SCR_001876) 
was used for local realignment and base-call recalibration (25). 
Detailed metrics are included in Supplementary Table S1. Somatic 
single-nucleotide variants and indels in tumor specimens that were 
absent in patient-matched normal DNA were identified using 
Mutect (version 1.1.7, RRID: SCR_000559; ref. 26). Variants were 
annotated using a Variant Effect Predictor (version 109, RRID: 
SCR_007931; ref. 27). Variants reported in 1000 Genomes (Phase 3, 
RRID: SCR_006828) and gnomAD (version r2.1, RRID: 
SCR_014964) databases were excluded from the analysis. Non-
synonymous missense, frameshift, stop-gain, stop-loss, and start- 
loss variants affecting the protein-coding and splicing regions were 
retained in the analysis. 

Phylogenetic analysis 
To reconstruct phylogenetic trees, we used all somatic CTNNB1 

mutations regardless of the coverage, and all other nonsynonymous 
variants identified with ≥50 read coverage in the tumor. We re-
quired 0% variant allele fraction (VAF) in the patient-matched 
normal tissue and ≥10% VAF in the tumor. With these criteria, we 
identified a median of 149 somatic mutations per specimen (range: 
1–594; Supplementary Table S3). These variants were used for 
phylogenetic tree reconstruction using Lineage Inference for Cancer 
Heterogeneity and Evolution (LICHeE; version 1.0; ref. 28). 

Oncoprint 
We used the OncoPrinter tool on cBioPortal version 5.4.2 

(cbioportal.org/oncoprinter, RRID: SCR_014555) to visualize so-
matic nonsynonymous mutations that occurred in at least two 
distinct specimens in patients 1 and 2 (29). 

DNA methylation 
Five hundred nanograms of DNA from 20 desmoid tumor 

specimens from three patients was profiled using Infinium Meth-
ylationEPIC microarrays (Illumina). We required that >90% of 
probes were measured with P < 0.05 on at least three beads 
[detectionP function, minfi package (30) version 1.32.0, RRID: 
SCR_012830; and beadcount function, wateRmelon package (31) 

Translational Relevance 
This study demonstrates an unexpected degree of intra- and 

intertumor molecular heterogeneity in desmoid tumors. Our 
analysis shows that prognostic classification based on gene ex-
pression signatures may vary substantially with the area of the 
tumor that is analyzed. Thus, molecular analysis of a single- 
tumor biopsy may underestimate the magnitude of molecular 
alterations. Our multiomic study also shows that recurrent 
desmoid tumors acquire multiple alterations that are not present 
in the patient-matched primary tumor. The molecular intra- and 
intertumor heterogeneity is an important consideration in drug 
development and validation of prognostic and predictive bio-
markers for desmoid tumors. 
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version 1.30.0, RRID: SCR_001296; Supplementary Table S1]. We 
also required log2 median intensity of the methylated and unme-
thylated channels >9 (shinySummarize function, minfi package; ref. 
30). The data were normalized using Illumina preprocessing (pre-
processIllumina function, minfi package; ref. 30). We removed poor 
quality probes (measured with P ≥ 0.01), probes associated with 
SNPs (dropLociWithSnps function, minfi package; ref. 30), cross- 
reactive probes (xreactive_probes function, maxprobes package 
version 0.0.2, https://github.com/markgene/maxprobes), and probes 
associated with sex chromosomes. Exploratory analysis was done 
using 1% of probes with the most variable β values. Heatmaps that 
visualize unsupervised clustering (Euclidean distance and Ward 
linkage) were plotted using the ClustVis package in R (version 
0.0.0.9000; ref. 22). 

RNA sequencing 
Whole-transcriptome sequencing [RNA sequencing (RNA-seq)] 

was performed on 44 desmoid tumor specimens from 20 patients. 
Libraries were prepared from 1 μg of total RNA using TruSeq 
Stranded Total RNA Library Prep Kit (Illumina). Pooled indexed 
libraries were sequenced on HiSeq 2000 (Illumina, RRID: 
SCR_020130) in 2 � 101 bp mode. The RNA-seq statistics are 
summarized in Supplementary Tables S1 and S4. Reads were 
mapped to the reference genome (GRCh37/hg19) using Rsubread in 
R (version 1.26.1, RRID: SCR_016945; ref. 32). The transcripts assigned 

to 19,727 protein-coding genes were quantified using featureCounts 
function (Rsubread package version 1.26.1). The data were normalized 
with variant stabilizing transformation using the DESeq2 package in R 
(version 1.26.0, RRID: SCR_015687; ref. 33). Exploratory analysis was 
done using normalized expression values of the 10% most variable 
genes (Supplementary Tables S5–S7). Heatmaps that visualize unsu-
pervised clustering (centered and scaled normalized counts, Euclidean 
distance, and Ward linkage) were plotted using the ClustVis package 
(22). The FactoMineR package in R (version 2.10, RRID: SCR_014602) 
was used to confirm that the main source of variance in RNA-seq data 
was not associated with any technical features. Enriched pathways were 
identified using the Molecular Signatures Database (MSigDB, RRID: 
SCR_016863) and the Gene Set Enrichment Analysis (www.gsea- 
msigdb.org, RRID: SCR_003199). RNA-seq reads were used to validate 
clonal and subclonal mutations identified by exome sequencing. Sorted 
and indexed BAM files from RNA-seq data were inspected in the In-
tegrative Genomics Viewer (IGV; version 2.14.1, RRID: SCR_011793; 
ref. 34). For validation, we required >10 read coverage and the variant 
to be present in both forward and reverse reads. 

IHC 
Five-micrometer whole sections of FFPE tissues or tissue 

microarrays containing duplicate 1-mm cores from each tissue were 
used for hematoxylin and eosin staining and IHC staining by the 
avidin–biotin–peroxidase complex method (antibodies listed in 

Table 1. Summary of clinical features of 31 specimens of primary desmoid tumors obtained from 20 patients. 

Number Patient ID Specimen ID Sex Age Developed recurrence Mutation Tumor site 

1 Patient 1 STT8674 M 54 Yes CTNNB1 p.T41A Mesentery 
2 Patient 1 STT9208 M 54 Yes CTNNB1 p.T41A Mesentery 
3 Patient 1 STT9210 M 54 Yes CTNNB1 p.T41A Mesentery 
4 Patient 1 STT9211 M 54 Yes CTNNB1 p.T41A Mesentery 
5 Patient 1 STT9212 M 54 Yes CTNNB1 p.T41A Mesentery 
6 Patient 1 STT9213 M 54 Yes CTNNB1 p.T41A Mesentery 
7 Patient 2 STT8684 F 28 Yes CTNNB1 p.T41A Extremity 
8 Patient 2 STT8685 F 28 Yes CTNNB1 p.T41A Extremity 
9 Patient 3 STT8696 M 48 Yes CTNNB1 p.S45F Extremity 
10 Patient 3 STT8697 M 48 Yes CTNNB1 p.S45F Extremity 
11 Patient 3 STT8698 M 48 Yes CTNNB1 p.S45F Extremity 
12 Patient 4 STT8676 F 48 Yes CTNNB1 p.T41A Extremity 
13 Patient 5 STT8679 F 30 Yes CTNNB1 p.T41A Flank 
14 Patient 6 STT8681 F 24 Yes CTNNB1 p.T41A Extremity 
15 Patient 6 STT8682 F 24 Yes CTNNB1 p.T41A Extremity 
16 Patient 7 STT8691 M 12 Yes CTNNB1 p.S45F Extremity 
17 Patient 7 STT8692 M 12 Yes CTNNB1 p.S45F Extremity 
18 Patient 8 STT8705 F 23 Yes CTNNB1 p.T41A Extremity 
19 Patient 9 STT8715 F 37 Yes APC p.S1421fs Mesentery 
20 Patient 10 STT8717 M 38 Yes CTNNB1 p.T41A Extremity 
21 Patient 11 STT8718 F 20 Yes CTNNB1 p.S45F Extremity 
22 Patient 12 STT8719 M 55 Yes CTNNB1 p.S45F Neck 
23 Patient 13 STT8949 F 29 Yes CTNNB1 p.S45P Extremity 
24 Patient 14 STT8708 M 52 No CTNNB1 p.S45P Abdomen 
25 Patient 15 STT8710 F 45 No CTNNB1 p.T41A Extremity 
26 Patient 16 STT8712 F 41 No CTNNB1 p.S45P Abdomen 
27 Patient 17 STT8713 M 36 No CTNNB1 p.S45P Abdomen 
28 Patient 18 STT8714 F 46 No CTNNB1 p.S45F Extremity 
29 Patient 19 STT8716 M 38 No APC p.E847fs Mesentery 
30 Patient 20 STT8945 F 69 No CTNNB1 p.S45F Extremity 
31 Patient 20 STT8946 F 69 No CTNNB1 p.S45F Extremity 

Abbreviations: F, female; M, male. 
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Supplementary Table S8). Appropriate positive and negative con-
trols were analyzed in parallel. The intensity of staining was eval-
uated at 400� magnification. 

Sanger sequencing 
Sanger sequencing was performed to detect CTNNB1 mutations 

in all specimens. Primers were designed using Primer3 (forward: 50- 
GACATGGCCATGGAACCAGA-30 and reverse: 50-CCCACTCAT- 
ACAGGACTTGGG-30; ref. 35). PCR was performed on 50 ng of 
DNA. PCR products were obtained using AmpliTaq Gold DNA 
Polymerase (Life Technologies), purified using QIAquick PCR Pu-
rification Kit (Qiagen), and sequenced using BigDye Terminator 
v3.1 (Life Technologies) on the 3130 � l Genetic Analyzer (Life 
Technologies) in the forward and reverse directions. 4Peaks soft-
ware (Nucleobytes, RRID: SCR_000015) was used for the analysis. 
CTNNB1 mutations were further verified using RNA-seq data in the 
IGV. Two patients had familial adenomatous polyposis syndrome, 
and the APC mutations were determined in their tumors using 
RNA-seq data in the IGV. 

Data availability 
Sequencing data were deposited in the Sequence Read Archive 

(exome sequencing data: PRJNA1052459; RNA-seq data of 24 speci-
mens from 3 patients: PRJNA1052707; and RNA-seq data of 
primary tumors from 20 patients: PRJNA1099876). Microarray DNA 
copy-number data and methylation data were deposited in the Gene 
Expression Omnibus (GSE250149 and GSE250403, respectively). 
Analysis was done in R version 3.6.3 (RRID: SCR_001905). The code 
for data analysis is available at: https://github.com/przybyllab/dtf. The 

data used to plot each figure are available from the corresponding 
author upon request. 

Results 
Heterogeneity of expression of prognostic signatures in 
desmoid tumors 

We performed RNA-seq profiling of 31 specimens from 20 pri-
mary desmoid tumors to identify genes that may help predict re-
lapse after surgery. Thirteen of these patients developed local 
recurrence after surgical resection of the primary tumor. We pro-
filed between 2 and 6 different regions of the same primary tumor 
from six patients to examine the possible intratumor heterogeneity 
of transcriptomic signatures. We identified 14 differentially 
expressed genes between patients who did and did not develop local 
recurrence (Supplementary Table S9). However, we noticed that the 
expression of these genes was highly variable within the compared 
groups of patients and in different regions within the same tumors 
(Fig. 1A). 

Next, we examined whether our transcriptomic data can be used 
to validate the gene expression signatures associated with 
progression-free survival that were identified in two previously 
published studies (19, 20). Salas and colleagues identified a 36-gene 
prognostic signature based on microarray studies, and Kohsaka and 
colleagues identified a different three-gene prognostic signature 
based on RNA-seq profiling. The comparison of patient cohorts 
included in our study and in the studies published by Salas and 
colleagues and Kohsaka and colleagues is included in Supplemen-
tary Table S10. In the signature proposed by Salas and colleagues, 
18 transcripts were upregulated in primary desmoid tumors that 

Table 2. Tumor specimens of three patients analyzed by multiomic profiling. 

Number Patient Specimen ID Specimen type 
CTNNB1 mutation 
VAF 

β-Catenin protein 
expression 

1 Patient 1 STT8674_P Primary 0.36 NA 
2 Patient 1 STT9208_P Primary 0.49 Strong 
3 Patient 1 STT9210_P Primary 0.45 Strong 
4 Patient 1 STT9211_P Primary NA Strong 
5 Patient 1 STT9212_P Primary 0.51 Strong 
6 Patient 1 STT9213_P Primary 0.37 Weak 
7 Patient 1 STT8675_R Recurrence 0.23 (T41A);0.21 (S45P) NA 
8 Patient 1 STT9214_R Recurrence 0.18 Strong 
9 Patient 1 STT9215_R Recurrence 0.30 (T41A);0.17 (S45P) Strong 
10 Patient 2 STT8684_P Primary 0.38 Weak 
11 Patient 2 STT8685_P Primary 0.32a Not expressed 
12 Patient 2 STT8686_R2 Recurrence 2 0.42 Strong 
13 Patient 2 STT8687_R2 Recurrence 2 0.40 Strong 
14 Patient 2 STT8688_R2 Recurrence 2 0.49 Weak/strong 
15 Patient 2 STT8689_R3 Recurrence 3 0.36 NA 
16 Patient 2 STT8690_R3 Recurrence 3 0.48 NA 
17 Patient 3 STT8696_P Primary 0.27 Strong 
18 Patient 3 STT8697_P Primary 0.33 Strong 
19 Patient 3 STT8698_P Primary 0.26 Not expressed/weak 
20 Patient 3 STT8700_R1 Recurrence 1 0.45a NA 
21 Patient 3 STT8701_R1 Recurrence 1 0.33a Weak 
22 Patient 3 STT8702_R1 Recurrence 1 NA Weak 
23 Patient 3 STT8703_R2 Recurrence 2 0 Strong 
24 Patient 3 STT8704_R3 Recurrence 3 0.18 Weak 

Abbreviation: NA, not available/not done. 
aCoverage < 50�. 
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recurred (genes associated with poor outcomes) and 18 tran-
scripts were upregulated in primary tumors that did not develop 
recurrence (genes associated with favorable outcomes). Of these 
36 genes, 34 genes could be measured in our dataset (Fig. 1B). 

Among the three prognostic genes identified by Kohsaka and 
colleagues, two genes could be measured in our dataset (IFI6 and 
LGMN; Fig. 1C). We observed remarkable interpatient and 
intratumor heterogeneity of expression of genes included in 
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Figure 1. 
Heterogeneity of expression of prognostic signatures in desmoid tumors. Heatmaps demonstrating expression levels of genes included in the prognostic tran-
scriptomic signatures developed in (A) our study and in two previously published studies by (B) Salas and colleagues (20) and (C) Kohsaka and colleagues (19). 
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these two prognostic signatures both in patients who did and did 
not progress (Fig. 1B and C). 

From the 36-gene signature, in our dataset, only the FECH 
gene showed significant differential expression between primary 
tumors that did and did not recur (unpaired two-sided t test, 
P ¼ 0.01). In the study of Salas and colleagues (20), this gene 
showed higher expression in primary tumors that recurred. In 
contrast, in our dataset, the FECH gene showed higher expres-
sion in tumors that did not recur (Fig. 1B). We also observed 
highly variable expression of selected genes in different regions 
of primary tumors of patients 1, 2, 3, 6, 7, and 20. For example, in 
patient 1 who developed recurrence, we observed highly variable 
expression of genes associated with both favorable prognosis 
(e.g., TFG and ST7L) and unfavorable prognosis (e.g., ENY2, 
RAN, and ARF6) across six regions of a single primary tumor 
(Fig. 1B). 

In the study of Kohsaka and colleagues (19), elevated IFI6 and 
LGMN expression was associated with high risk for recurrence, but 
in our dataset, these genes were not differentially expressed between 
tumors that did and did not recur (unpaired two-sided t test, 
P ¼ 0.8 and P ¼ 0.4, respectively; Fig. 1C). We also noted sub-
stantial intratumor heterogeneity of expression of these genes (e.g., 
IFI6 in patients 2 and 20 and LGMN in patient 1; Fig. 1C). 

We validated variable expression of these markers in desmoid 
tumors also at the protein level by IHC using a tissue microarray 
that contains multiple cores sampled from primary tissue speci-
mens from 13/20 patients analyzed by RNA-seq. Cores for the 
tissue microarray were taken from tissue directly adjacent to the 
cores taken for RNA-seq. We selected one marker from our sig-
nature (EFL1) and three markers from the study of Salas and 
colleagues (HDAC6, TFG, and hnRNPC). TFG and hnRNPC were 
strongly expressed in all specimens (Supplementary Table S11). 
EFL1 and HDAC6 showed variable expression (Supplementary 
Fig. S1; Supplementary Table S11), which was not associated with 
development of local recurrence (two-sided χ2 test, P ¼ 0.78 and 
P ¼ 0.89, respectively). We also observed intratumor heterogeneity 
of protein expression in different regions of the same tumor 
(Supplementary Fig. S1). 

This analysis demonstrates that prognostic classification based on 
gene expression signatures and proteins encoded by these genes may 
vary significantly with the area of the tumor that is analyzed. These 
findings prompted us to further explore multiomic intra- and 
intertumor heterogeneity in primary and recurrent tumors of three 
patients, who had desmoid tumors at different anatomic locations, 
developed either a single or multiple local recurrences, and under-
went different treatment regimens. 

Heterogeneity of mutational profiles in patient 1 
Patient 1 was diagnosed with a 19-cm mesenteric desmoid tumor 

that locally recurred 1 year after surgical resection with positive 
margins. The recurrent tumor measured 4.5 cm. The patient had 
not received any adjuvant treatment. We sampled cores from six 
different regions of the primary tumor and three regions of the 
recurrent tumor (Fig. 2A). 

By exome sequencing, we detected two different somatic mu-
tations in the CTNNB1 gene (Fig. 2B and C; Table 2). All regions 
of the primary and recurrent tumors carried the T41A mutation, 
but two regions of the recurrent tumor also carried the S45P 
mutation, at a lower VAF than the T41A mutation (Table 2). We 
validated the presence of these distinct CTNNB1 mutations in 
DNA by Sanger sequencing (Fig. 2D) and in the RNA-seq reads 

(Supplementary Tables S12 and S13). A phylogenetic tree recon-
structed using all nonsynonymous somatic mutations revealed the 
presence of three distinct subclones in the primary tumor and two 
distinct subclones in the recurrent tumor that were not present in 
the primary tumor (Fig. 2B and C). All sampled regions of the 
recurrent tumor shared a mutation of the PTP4A1 gene, which 
corresponded with significantly lower RNA expression compared 
with the sampled wild-type areas of the primary tumor (Mann– 
Whitney test, P ¼ 0.02; Fig. 2E). Among the clonal and subclonal 
mutations in patient 1, we validated 23/32 of these mutations in 
the RNA-seq data, 7/32 variants were not detected in the RNA-seq 
data (wild-type allele), and the genomic position of 2/32 variants 
had no coverage in the RNA-seq data (Supplementary Table S12). 
In addition, inspection of the RNA-seq reads demonstrated 
that selected subclonal mutations that were detected only in DNA 
in the recurrent tumor were detectable in RNA in one region of 
the primary tumor (PTP4A1 and RNPEPL1; Supplementary 
Table S13). 

All sampled regions of primary and recurrent tumors showed 
normal diploid karyotypes with only few DNA copy-number al-
terations (Fig. 2F; Supplementary Table S2). DNA methylation and 
transcriptomic profiles were clearly distinct between the primary 
and recurrent tumors (Fig. 2G and H). Interestingly, one region of 
the primary tumor had a divergent transcriptomic profile from the 
other regions within the same tumor, showing enrichment of 
12 genes in the β-oxidation pathway in mitochondria (MSigDB 
KEGG_OXIDATIVE_PHOSPHORYLATION pathway, adjusted 
P ¼ 1.5 � 10�8), which may indicate areas of distinct metabolic 
activity within the primary tumor. We also noticed variable ex-
pression of selected genes of the Notch pathway (e.g., high ex-
pression of NOTCH2 in one region of the recurrent tumor; 
Supplementary Table S5). Among the most variably expressed 
genes, HTRA3 and TCTEX1D1 showed an inverse correlation be-
tween gene expression and methylation in the promoter region 
(Pearson correlation r ¼ �0.79 and r ¼ �0.73, respectively, 
P < 0.05), with significantly lower expression and higher methyla-
tion in the promoter region of these genes in the primary tumor 
compared with the recurrent tumor (normalized gene expression: 
unpaired two-sided t test, P ¼ 0.0128 and P ¼ 0.0102, respectively; 
DNA methylation: unpaired two-sided t test, P < 0.0001 and 
P < 0.0001, respectively; Fig. 2I and J). 

These molecular profiles showed intertumoral heterogeneity be-
tween the primary and recurrent tumors, as well as intratumoral 
heterogeneity within both the primary and recurrent tumors. Our 
analysis also demonstrated the coexistence of two distinct mutations 
in the CTNNB1 gene in selected regions of the recurrent tumor. 

Diverging multiomic programs in recurrent tumors in patient 2 
Patient 2 was diagnosed with a 6.5-cm desmoid tumor of the 

buttock that was resected with positive margins and received ra-
diotherapy. Two years later, the patient was treated with imatinib 
and later had several recurrent tumors excised at 4, 10, and 11 years 
after initial resection. The patient also received vinblastine and 
methotrexate between the second and third recurrences. The first 
recurrence was not available for molecular profiling. We sampled 
two different regions of the primary tumor, three regions of the 
second recurrence, and two regions of the third recurrence 
(Fig. 3A). 

All seven samples from the primary and recurrent tumors carried 
the same CTTNNB1 T41A mutation in the exome sequencing 
and RNA-seq data (Table 2; Supplementary Tables S12 and S14). 

210 Clin Cancer Res; 31(1) January 1, 2025 CLINICAL CANCER RESEARCH 

De Bellis et al. 



The third recurrent tumor showed three new mutations in DNA 
affecting the MKI67, MYOF, and HAUS1 genes that were not 
present in the primary tumor and second recurrence (Fig. 3B and 
C). RNA-seq data confirmed the MYOF mutation in one region of 
the third recurrence and showed that the subclonal HAUS1 muta-
tion was present also in one region of the second recurrence 
(Supplementary Table S14). In this patient, the primary and re-
current tumors carried several clonal and subclonal DNA copy- 
number alterations (Fig. 3D; Supplementary Table S2). Based on 

DNA methylation profiles, the primary and recurrent tumors 
formed distinct clusters (Fig. 3E). Transcriptomic analysis demon-
strated highly distinct profiles of the primary tumor and the second 
and third recurrent tumors (Fig. 3F). Interestingly, one region of 
the second recurrent tumor had a highly similar transcriptomic 
profile to the primary tumor (Fig. 3F). In conclusion, the multiomic 
analysis of the primary and recurrent tumors from patient 
2 revealed diverging genomic, epigenomic, and transcriptomic 
programs in recurrent tumors that developed only 1 year apart. 
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Genomic phylogeny and multiomic tumor heterogeneity in patient 1. A, Overview of analyzed specimens from patient 1. B, Reconstruction of the phylo-
genetic tree based on detected nonsynonymous somatic mutations. C, Oncoprint representing truncal and internal branch nonsynonymous somatic 
mutations seen in the genomic phylogenetic tree of patient 1. D, Validation of the presence of two distinct mutations in the CTNNB1 gene in two regions of 
the recurrent tumor of patient 1. Sanger sequencing results visualized as a chromatogram with an indication of the coexisting T41A and S45P mutations. E, 
Normalized gene expression levels of the PTP4A1 gene in tumor specimens carrying missense mutation and wild-type sequence of this gene in patient 1. F, 
DNA copy-number alterations detected in the primary and recurrent tumors. G and H, Unsupervised clustering of different regions of the primary and 
recurrent tumors based on the top 1% most variable CpGs (G) and normalized RNA expression of the top 10% most variable genes (H). I and J, Correlation 
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GL, germline. (A, Created with BioRender.com.) 
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High degree of multiomic intra- and intertumor heterogeneity 
in patient 3 

Patient 3 initially underwent an excisional biopsy of a 3.5-cm 
primary desmoid tumor of the arm with positive margins, followed 
by radiotherapy. Afterward, the patient developed multiple local 
recurrences 1, 4, and 5 years after primary resection. The patient 
was treated with toremifene and meloxicam between the second and 
third recurrences. From this patient, we sampled three regions of 
the primary tumor, three regions of the first recurrence, and a single 
region from each of the second and third recurrences (Fig. 4A). 

All but one specimen analyzed by whole-exome sequencing 
carried the S45F mutation in the CTNNB1 gene (Fig. 4B). We did 
not detect a CTNNB1 mutation in the single sample taken from the 
second recurrence, but the sequencing coverage of the genomic 
position that corresponds to the S45F mutation was lower compared 
with the other specimens (17 reads compared with a median of 
57 reads in the remaining specimens). However, we confirmed the 
same CTNNB1 mutation in the RNA-seq reads from the same 
specimen (VAF ¼ 0.45, 204 read coverage; Supplementary Fig. S2). 
There were no other genes with mutations shared by different re-
gions of the primary or recurrent tumors in this patient (Fig. 4B). 

One of the regions of the first recurrence and the second recur-
rence showed a high number of focal DNA copy-number alterations 
that were not present in other specimens (Fig. 4C; Supplementary 
Table S2). DNA methylation analysis demonstrated that the second 

recurrence had a highly distinct epigenomic profile from all other 
primary and recurrent specimens obtained from this patient 
(Fig. 4D). RNA-seq revealed that the primary tumor and the first 
recurrence showed a high degree of intratumoral heterogeneity at 
the transcriptomic level (Fig. 4E). The third recurrence showed 
significant enrichment of 12 genes upregulated in response to 
hypoxia (MSigDB HALLMARK_HYPOXIA pathway, adjusted 
P ¼ 3 � 10�3; Fig. 4F). Overall, the multiomic analysis of specimens 
obtained from patient 3 revealed a high degree of intertumoral 
heterogeneity between subsequent recurrent tumors and substantial 
intratumoral heterogeneity within the primary and recurrent tu-
mors, exemplified by variable genomic complexity and focal en-
richment of the genes upregulated in hypoxia. 

Discussion 
This study represents the first attempt to characterize the mo-

lecular heterogeneity of desmoid tumors, which are bland fibro-
blastic tumors that can show local variability in cellularity but no 
significant nuclear pleomorphism. First, we demonstrated substan-
tial interpatient and intratumor heterogeneity of expression of 
transcriptomic prognostic signatures in a series of 20 patients. Next, 
our multiomic and multiregion analyses of primary and recur-
rent tumors from three patients demonstrated remarkable and 
unexpected intra- and intertumor heterogeneity in this disease. 
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Heterogeneous patterns of point mutations, DNA copy-number 
alterations, DNA methylation, or gene expression were identified in 
tumors from all three patients. 

Recognizing molecular heterogeneity of tumors is vital for tai-
loring treatment, understanding disease progression, and develop-
ing effective therapies. Clonal mutations, present in most neoplastic 
cells within a tumor, are considered driver events most suitable as 
therapeutic targets. Subclonal alterations that are heterogeneous 
within tumors are also important for understanding tumor evolu-
tion and may contribute to relapse and therapeutic resistance. Intra- 
and intertumor heterogeneity has been characterized in multiple 
types of cancer [reviewed by Greaves and Maley (36)]. We also 
previously demonstrated genomic intra- and intertumor heteroge-
neity of leiomyosarcoma (37). 

Intratumor heterogeneity of desmoid tumors included in our 
series was evident in the variable expression of three distinct gene 
signatures associated with disease recurrence. We also confirmed 
the heterogeneous expression of selected markers from these 
prognostic signatures at the protein level (Supplementary Fig. S1). 
This demonstrated that the prognostic gene expression signatures 
may have limited clinical utility in desmoid tumors because they are 
highly vulnerable to tumor sampling bias, as previously reported in 
several types of cancer, including clear-cell carcinoma, non–small 
cell lung cancer, breast cancer, and hepatocellular carcinoma 
(38–41). For example, Gyanchandani and colleagues (39) compared 
the recurrence scores assigned with five different gene expression 

panels in breast cancer and demonstrated that profiling a single 
tissue core can under- or overestimate prognostic risk. These au-
thors proposed that assessing multiple representative and atypical 
tissue cores may help fully account for the heterogeneity-driven 
variation in risk prediction (39). 

There are several key differences between our study and the 
studies of Salas and colleagues (20) and Kohsaka and colleagues (19) 
that might have contributed to the discrepancies between the 
identified gene expression signatures (Supplementary Table S10). 
We analyzed FFPE tissues, whereas the other studies used fresh 
frozen tumor specimens. Our study and Kohsaka and colleagues 
applied RNA-seq, whereas Salas and colleagues used cDNA 
microarrays. Our cohort and that of Salas and colleagues included 
only primary untreated tumors, whereas Kohsaka and colleagues 
had 14/64 (22%) patients treated with NSAIDs as first-line treat-
ment. The anatomic distribution of tumors was similar between our 
study and that of Salas and colleagues, but Kohsaka and colleagues 
did not include intra-abdominal tumors. Other patient character-
istics were comparable across the cohorts (Supplementary Table 
S10). The discrepancies may also originate from different statistical 
methods used to develop prognostic gene signatures. We applied 
differential expression analysis between patients who did and did 
not progress after surgery. Salas and colleagues also applied differ-
ential expression analysis but only between patients with no re-
currence versus those with multiple local recurrences, excluding 
those with only one recurrence. Kohsaka and colleagues applied 
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Figure 4. 
Genomic phylogeny and multiomic tumor heterogeneity in patient 3. A, Overview of treatment history and analyzed specimens from patient 3. B, Reconstruction of the 
phylogenetic tree based on detected nonsynonymous somatic mutations. C, DNA copy-number alterations detected in the primary and three recurrent tumors. D and E, 
Unsupervised clustering of three regions of the primary tumor and two regions of the first recurrent tumor and single regions of the second and third recurrent tumors, 
based on the top 1% most variable CpGs (D) and normalized RNA expression of the top 10% most variable genes (E). F, Normalized expression of 12 genes associated with 
the hypoxia-response pathway that showed significant enrichment in the third recurrent tumor. GL, germline. (A, Created with BioRender.com.) 

AACRJournals.org Clin Cancer Res; 31(1) January 1, 2025 213 

Molecular Heterogeneity of Desmoid Tumors 

http://BioRender.com
https://aacrjournals.org/


univariate and multivariable Cox regression analyses. Although all 
these methods are valid for identifying prognostic gene signatures, 
these differences might have contributed to the lack of concordance 
between them. 

Mutations of the CTNNB1 gene are well-established driver events in 
desmoid tumors (12, 42). Our study confirmed the presence of 
CTNNB1 mutations in DNA of all but one of the regions of the primary 
and recurrent tumors. By applying the LICHeE algorithm for phylo-
genetic inference using somatic single-nucleotide variants (28), we 
identified a few clonal molecular alterations, other than CTNNB1 mu-
tations, that were shared by all regions of the primary or recurrent 
tumors. We also discovered new mutations in recurrent tumors, which 
may be the driver events of relapse (e.g., MKI67, MYOF, and HAUS1 in 
patient 2). In patient 3, we identified DNA copy-number alterations 
shared by different regions of the primary and recurrent tumors 
(present in six of seven specimens), including loss of the CHL1 gene 
that acts as a tumor suppressor in neuroblastoma and nasopharyngeal 
carcinoma (43, 44). Although these alterations may be potential driver 
events in desmoid tumors, none of these alterations are currently ac-
tionable by targeted pharmacotherapy. 

We also identified subclonal CTNNB1 mutations in different 
regions of a recurrent tumor from patient 1 (Table 2). The rare 
instances of “two-hit” mutations in the CTNNB1 gene described in 
the literature have not been associated with any specific clinico-
pathologic features or an unusually aggressive phenotype. We also 
identified subclonal mutations in other genes, including TRIP11, 
SOAT1, GGCX, TOP3B, and MYH6 genes in the primary tumor of 
this patient and SETD1A and RNPEPL1 genes in the recurrent tu-
mor. These genes have not been directly implicated in the oncogenic 
processes in cancer, and their significance in desmoid tumors re-
mains unknown. Among these genes, a missense mutation of the 
MYH6 gene was previously reported in a single desmoid tumor (12). 
It remains to be confirmed in future studies whether these muta-
tions occur in a significant subset of desmoid tumors. A possible 
confounder in our clonality analysis is sampling bias as we did not 
analyze multiple regions from all recurrent tumors because of lack 
of available material. Also, our clonality analysis might have been 
affected by the depth of sequencing and quality of DNA from FFPE 
specimens. 

Overall, desmoid tumors carry limited DNA copy-number al-
terations. However, we observed an unusually high number of 
subclonal genomic alterations in specimens from two distinct re-
current tumors from patient 3. One region of the first recurrence 
showed multiple copy-number losses, and the second recurrence 
showed multiple copy-number gains. We speculate that selected 
regions of the recurrent tumors may demonstrate variable, perhaps 
temporary, activation of mechanisms contributing to genomic in-
stability and disease relapse. 

We sought to verify whether the variable number of mutations and 
DNA copy-number alterations in different regions of primary and 
recurrent tumors is potentially associated with markers of genomic 
instability. We analyzed the expression of mismatch repair proteins 
(MLH1, MSH2, MSH6, and PMS2) in a tissue microarray with 
specimens of primary and recurrent tumors from patients 2 and 3, 
which showed intact expression in all specimens (Supplementary 
Table S15). DNA repair pathways cataloged in MSigDB (Hallmark, 
Reactome, and WikiPathways collections) were not differentially 
enriched between tumor regions with varying numbers of genomic 
alterations (not shown). Additionally, there was no correlation be-
tween global DNA hypomethylation and the number of somatic 
mutations or DNA copy-number alterations (not shown). 

We also investigated a possible association between immune cell 
infiltrates and heterogeneity of desmoid tumors. However, we did 
not detect mutations in any immune escape genes in the exome 
sequencing data and did not identify transcriptomic signatures of 
any immune cells using CIBERSORT (45) in the RNA-seq data (not 
shown). Thus, we do not suspect a substantial presence of immune 
cell infiltrates in desmoid tumors. 

Interestingly, we identified a distinct extent of heterogeneity in 
different types of data. Overall, transcriptomic profiles of desmoid tu-
mors showed the highest degree of variability within and between in-
dividual tumors. DNA methylation profiles were generally similar 
between different areas within individual primary or recurrent tumors 
but showed substantial differences between the primary and recurrent 
tumors. In addition, in patient 1, we identified two candidate genes 
(HTRA3 and TCTEX1D1) in which transcription may be differentially 
regulated between primary and recurrent tumors by methylation of the 
promoter region. The changes in DNA methylation profiles between 
primary and recurrence could indicate a possible contribution of epi-
genomic mechanisms to desmoid tumor progression. 

Different regions of the recurrent tumor from patient 1, who did 
not undergo any adjuvant therapy, showed highly similar profiles in 
the multiomic analysis. In contrast, we demonstrated divergent 
molecular profiles of subsequent recurrent desmoid tumors that 
developed after different modalities of adjuvant therapy in patients 
2 and 3. This indicates that desmoid tumors alter their molecular 
profile over time and after exposure to treatment, which may con-
tribute to therapeutic resistance. These findings suggest that each 
subsequent tumor recurrence may require different therapy. The 
Notch pathway is a therapeutic vulnerability in desmoid tumors that 
can be targeted by γ-secretase inhibitors (6, 46, 47). Interestingly, we 
observed high expression of the NOTCH2 gene in one area of the 
recurrent tumor in patient 1 (Supplementary Table S5). This sug-
gests a possible variable expression of the components of the Notch 
pathway in desmoid tumors, which may potentially affect response 
to γ-secretase inhibitors. Our findings indicate that clonal evolution 
may contribute to the variability in the clinical behavior of these 
tumors. 

In summary, our study demonstrates for the first time a remark-
able intra- and intertumor heterogeneity of desmoid tumors using a 
multiomic approach. Our analysis shows that in desmoid tumors, 
similar to other types of solid tumors, analysis of a single-tumor 
biopsy may substantially underestimate the extent of molecular al-
terations and that prognostic transcriptomic signatures for desmoid 
tumors are vulnerable to sampling bias. Our study also shows that 
recurrent desmoid tumors acquire multiple molecular alterations that 
are not present in primary tumors. This molecular heterogeneity is an 
important consideration in drug development and in validation of 
prognostic and predictive biomarkers for desmoid tumors. 
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34. Robinson JT, Thorvaldsdóttir H, Winckler W, Guttman M, Lander ES, Getz G, 
et al. Integrative genomics viewer. Nat Biotechnol 2011;29:24–6. 

35. Untergasser A, Cutcutache I, Koressaar T, Ye J, Faircloth BC, Remm M, et al. 
Primer3–new capabilities and interfaces. Nucleic Acids Res 2012;40:e115. 

36. Greaves M, Maley CC. Clonal evolution in cancer. Nature 2012;481:306–13. 
37. Przybyl J, Chabon JJ, Spans L, Ganjoo KN, Vennam S, Newman AM, et al. 

Combination approach for detecting different types of alterations in circu-
lating tumor DNA in leiomyosarcoma. Clin Cancer Res 2018;24:2688–99. 

38. Gerlinger M, Rowan AJ, Horswell S, Math M, Larkin J, Endesfelder D, et al. 
Intratumor heterogeneity and branched evolution revealed by multiregion 
sequencing. N Engl J Med 2012;366:883–92. 

AACRJournals.org Clin Cancer Res; 31(1) January 1, 2025 215 

Molecular Heterogeneity of Desmoid Tumors 

http://clincancerres.aacrjournals.org/
https://aacrjournals.org/


39. Gyanchandani R, Lin Y, Lin H-M, Cooper K, Normolle DP, Brufsky A, 
et al. Intratumor heterogeneity affects gene expression profile test prog-
nostic risk stratification in early breast cancer. Clin Cancer Res 2016;22: 
5362–9. 

40. Biswas D, Birkbak NJ, Rosenthal R, Hiley CT, Lim EL, Papp K, et al. A clonal 
expression biomarker associates with lung cancer mortality. Nat Med 2019;25: 
1540–8. 

41. Luo S, Jia Y, Zhang Y, Zhang X. A transcriptomic intratumour het-
erogeneity-free signature overcomes sampling bias in prognostic 
risk classification for hepatocellular carcinoma. JHEP Rep 2023;5: 
100754. 

42. Meazza C, Belfiore A, Busico A, Settanni G, Paielli N, Cesana L, et al. AKT1 
and BRAF mutations in pediatric aggressive fibromatosis. Cancer Med 2016;5: 
1204–13. 

43. Ognibene M, Pagnan G, Marimpietri D, Cangelosi D, Cilli M, Benedetti MC, 
et al. CHL1 gene acts as a tumor suppressor in human neuroblastoma. 
Oncotarget 2018;9:25903–21. 

44. Chen J, Jiang C, Fu L, Zhu C-L, Xiang Y-Q, Jiang L-X, et al. CHL1 suppresses 
tumor growth and metastasis in nasopharyngeal carcinoma by repressing 
PI3K/AKT signaling pathway via interaction with Integrin β1 and Merlin. Int J 
Biol Sci 2019;15:1802–15. 

45. Newman AM, Liu CL, Green MR, Gentles AJ, Feng W, Xu Y, et al. Robust enu-
meration of cell subsets from tissue expression profiles. Nat Methods 2015;12:453–7. 

46. Hughes DPM, Kummar S, Lazar AJ. New, tolerable γ-secretase inhibitor takes 
desmoid down a notch. Clin Cancer Res 2015;21:7–9. 

47. Shang H, Braggio D, Lee Y-J, Al Sannaa GA, Creighton CJ, Bolshakov S, et al. 
Targeting the Notch pathway: a potential therapeutic approach for desmoid 
tumors. Cancer 2015;121:4088–96. 

216 Clin Cancer Res; 31(1) January 1, 2025 CLINICAL CANCER RESEARCH 

De Bellis et al. 


