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Abstract

Sporadic desmoid-type fibromatosis is a rare, fibroblastic soft-tissue neoplasm with local aggressiveness but no metastatic
potential. Aberrant Wnt/p-catenin signalling has been extensively linked to desmoid pathogenesis, although little is known
about other molecular drivers and no established treatment approach exists. We aimed to summarise the current literature
regarding the molecular pathogenesis of sporadic desmoid-type fibromatosis and to discuss the effects of both current and
emerging novel therapies targeting these mechanisms. A literature search was conducted of MEDLINE® ALL and EMBASE
databases for published studies (2000—August 2021) using keywords related to ‘fibromatosis aggressive’, ‘immunohistochem-
istry’, ‘polymerase chain reaction’ and ‘mutation’. Articles were included if they examined the role of proteins in sporadic
or extra-abdominal human desmoid-type fibromatosis pathogenesis. Searching identified 1684 articles. Following duplicate
removal and eligibility screening, 36 were identified. After a full-text screen, 22 were included in the final review. At least
47% of desmoid-type fibromatosis cases displayed aberrant B-catenin immunoreactivity amongst ten studies. Cyclin D1
overexpression occurred in at least 40% of cases across five studies. Six studies reported oestrogen receptor-3 expression with
arange of 7.4-90%. Three studies implicated matrix metalloproteinases, with one study demonstrating vascular endothelial
growth factor overexpression. One study explored the positive relationship between cyclooxygenase-2 and platelet-derived
growth factor receptor-f. Aberrant Wnt/p-catenin signalling is a well-established pathogenic driver that may be targeted
via downstream modulation. Growth factor signalling is best appreciated through the clinical trial effects of multi-targeted
tyrosine kinase inhibitors, whilst oestrogen receptor expression data may only offer a superficial insight into oestrogen sig-
nalling. Finally, the tumour microenvironment presents multiple potential novel therapeutic targets.

Plain Language Summary

Sporadic desmoid tumours are rare soft-tissue neoplasms that arise from connective tissues in the chest wall, head, neck
and limbs. Whilst lacking metastatic potential, uncertainty surrounding their locally aggressive growth and unpredictable
recurrence complicates treatment approaches. At the molecular level, alterations in the Wnt/p-catenin signalling pathway,
a fundamental coordinator of cell growth and development, have been strongly linked to desmoid tumour development.
Beyond this, however, little is known about other molecular drivers. In the case of progressive or life-threatening disease,
complex treatment decisions are made regarding the use of surgery, radiotherapy or systemic treatment modalities. Of the
targeted systemic therapies, a lack of comparative clinical studies further complicates medical treatment decision making
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as no definitive treatment approach exists. Therefore, this review aimed to summarise the literature regarding the molecular
drivers of desmoid tumour pathogenesis and to discuss the current and emerging novel therapies targeting such mechanisms.
Utilising findings from human desmoid tissue samples, we present the rationale for targeting downstream mediators of the
central Wnt/p-catenin pathway and outline potential treatment targets in the tumour microenvironment. We also highlight the
knowledge gained from clinical drug trials targeting desmoid growth factor signalling and present the potentially superficial
insight provided by oestrogen receptor expression profiles on the role of oestrogen signalling in desmoid pathogenesis. In
doing so, this work may assist in the eventual development of an evidence-based treatment approach for sporadic desmoid

tumours.

Aberrant Wnt/p-catenin signalling is a well-established
driver of desmoid tumour pathogenesis that may be
effectively targeted via downstream blockade.

The role of growth factors in desmoid tumour pathogen-
esis is best appreciated through the clinical trial success
of tyrosine kinase inhibitor drugs targeting such factors.

Oestrogen receptor expression data may only offer a
superficial insight into oestrogen signalling mechanisms
with clinical findings opposing anti-hormonal therapy,
although further treatment opportunities exist within the
tumour microenvironment.

1 Introduction

Desmoid-type fibromatosis (DTF), also known as desmoid
tumour or aggressive fibromatosis, is a rare soft-tissue neo-
plasm defined histologically by a monoclonal fibroblastic
proliferation. These tumours arise in musculoaponeurotic
structures and are characterised by locally infiltrative growth
and a tendency towards local recurrence with no metastatic
potential [1]. The estimated incidence of DTF lies between
two and five cases per million people per year [2, 3].

Aetiological characteristics define two main groups: spo-
radic and familial DTF. Sporadic DTF comprises 85-90%
of total cases that arise predominantly in extra-abdominal
(E-AD) locations and have a slightly higher incidence fol-
lowing trauma, surgery, oral contraceptive use or within
female individuals of reproductive age [2, 4-9]. In contrast,
familial DTF represents an inheritable form associated with
familial adenomatous polyposis (FAP). These tumours differ
both clinically and pathologically from their sporadic coun-
terparts because of their prevailing abdominal (AD) wall or
intra-abdominal (I-AD) mesenteric and visceral locations
and underlying APC gene mutations [2, 4, 5].
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Desmoid pathogenesis has been associated with a number
of signalling pathway aberrations. Of these, Wnt/B-catenin
signalling has been extensively linked to desmoid pathogen-
esis (Fig. 1) [10-14]. In sporadic DTF, this is demonstrated
by the vast majority of cases harbouring activating [3-catenin
gene (CTNNBI) mutations [15-18]. Beyond this signalling
cascade, however, little is known about other molecular driv-
ers implicated in desmoid pathogenesis and their interactions
with Wnt/p-catenin signalling.

Owing to disease rarity, unpredictable clinical course
and spontaneous regression rates, the current evidence base
supports an “active surveillance” approach with close radio-
logical monitoring in patients with stable non-critical dis-
ease. In the case of persistent progression or involvement of
life-threatening anatomical sites lies the complex decision
to engage active treatment options such as surgery, radio-
therapy, chemotherapy or novel therapeutics [9, 19-21].
Particularly in the latter group, a lack of comparative clini-
cal studies has prevented the creation of a definitive treat-
ment approach for the implementation of systemic targeted
therapies such as anti-hormonal therapy or tyrosine kinase
inhibitors (TKIs) [21].

Improving our understanding of DTF growth and devel-
opment would add greater precision to novel therapeutic
decisions and may improve desmoid treatment outcomes.
Therefore, this review aimed to summarise the current lit-
erature regarding the molecular pathogenesis of sporadic
DTF and to discuss the effects of both current and emerging
novel therapies targeting these mechanisms.

2 Methods
2.1 Search Strategy

A literature search was conducted on 7 August, 2021 using
Ovid MEDLINE® ALL and EMBASE in consultation with
a professional librarian. The search was limited to articles
published after 1999 and an English language filter was
applied. Keywords included ‘fibromatosis aggressive’,
‘immunohistochemistry’, ‘polymerase chain reaction’ and
‘mutation’ (see Tables 1, 2).
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Fig.1 Wnt/p-catenin signalling pathway. The Wnt/p-catenin path-
way coordinates cell proliferation, differentiation and fate during both
embryogenesis and in normal adult tissues. a In the absence of a Wnt
signal, cytoplasmic p-catenin that is not involved in cell-cell adhesion
interacts with a degradation complex comprising axin, APC, GSK3
and CK1. Here, the sequential phosphorylation of f-catenin by CK1
and GSK3 marks it for ubiquitylation and degradation. This constant
degradation prevents B-catenin from entering the nucleus and promot-
ing the transcription of Wnt target genes. b The binding of Wnt to
its frizzled receptor and LRP co-receptor leads to the recruitment of
dishevelled. Together, this complex recruits the degradation complex

2.2 Article Eligibility and Study Selection

The titles and abstracts of records identified from database
searching were assessed according to the eligibility cri-
teria outlined in Table 3. Next, retrieved full-text articles
were further assessed using the eligibility criteria listed in
Table 3. Owing to the rare nature of desmoid tumours and
the propensity for FAP-associated disease to occur in [-AD
or AD locations [2, 4, 5], articles were excluded if they com-
prised > 15% of patients with FAP or included > 30% of
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to the cell membrane where LRP becomes phosphorylated by GSK3
then CK1. Axin then binds to the phosphorylated LRP, resulting in
the disassembly of the degradation complex. Consequently, the sta-
bilisation of p-catenin allows it to accumulate and translocate into the
nucleus. Here, it binds to the TCF/LEF promotor region to stimulate
the transcription of Wnt target genes including CCNDI (cyclin D1),
MYC, PTGS2 (cyclooxygenase-2), MMP7, VEGF and WISP1. With
deregulated, constitutive activation, the resultant protein products
may drive tumourigenesis by enhancing proliferation, angiogenesis
and invasiveness [10-14]. Created with BioRender.com

AD or I-AD cases with no independent E-AD analysis (see
Fig. 2).

2.3 Data Extraction

The first author, publication year, study type and methodo-
logical techniques were collected from all included papers.
Clinical characteristics included the number of participants,
number of primary and recurrent tumour samples, age, sex,
sporadic status, tumour location and size. Tumour location
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Table 1 Ovid MEDLINE® ALL search strategy, 1946 to 5 August, 2021

1. Fibromatosis, Aggressive/

2. (Desmoid tumo* or Aggressive fibromatosis or Desmoid-type fibromatosis or Deep fibromatosis or musculoaponeurotic fibromatosis).tw.
3.1o0r2

4. Polymerase Chain Reaction/or Signal Transduction/or Immunohistochemistry/or tissue microarray/

5. (Signal transduct* or signalling pathway* or signal pathway* or transcription factor* or polymerase chain reaction or RT-PCR or RNA
sequenc* or messenger RNA expression or mRNA expression or protein expression or molecul*®).tw.

6. (Immunohistochem* or Immunoreact* or tissue array or tissue microarray or biomarker* or biochem*).tw.
7. Mutation/ or mutagenesis/ or Genes, Neoplasm/

8. (Pathogenesis or mutation* or microvessel densit* or angiogenesis or Proto-oncogen* or oncogene* or Tumor suppressor or Tumour suppres-
sor).tw.

9.4or5o0r6or7or8

10. 3 and 9

11. exp animals/ not humans/

12. 10 not 11

13. Limit 12 to (english language and yr="2000 -Current")

Table2 EMBASE Classic + EMBASE search strategy, 1947-5 August, 2021

1. Aggressive fibromatosis/or desmoid/

2. (Desmoid tumo* or Aggressive fibromatosis or Desmoid-type fibromatosis or Deep fibromatosis or musculoaponeurotic fibromatosis).tw.
3.1or2

4. Polymerase Chain Reaction/or Signal Transduction/or Immunohistochemistry/or tissue microarray/

5. (Signal transduct* or signalling pathway* or signal pathway* or transcription factor* or polymerase chain reaction or RT-PCR or RNA
sequenc* or messenger RNA expression or mRNA expression or protein expression or molecul*®).tw.

6. (Immunohistochem* or Immunoreact* or tissue array or tissue microarray or biomarker* or biochem¥*).tw.
7. Mutation/or mutagenesis/or tumor gene/

8. (Pathogenesis or mutation* or microvessel densit* or angiogenesis or Proto-oncogen* or oncogene* or Tumor suppressor or Tumour suppres-
sor).tw.

9.4or50r6o0r7or8

10.3 and 9

11. exp animal/not human/

12. 10 not 11

13. Limit 12 to (english language and yr="2000 -Current")

Table 3 Inclusion and exclusion criteria for study selection

Inclusion criteria Exclusion criteria

Human DTF samples Case reports or review articles
Positive sporadic or E-AD tumour status Animal models

Analysed specific genes and/or proteins for their role in tumour pathogenesis In vitro cell cultures

Full-text article Genome sequencing techniques
Published after 1999 Prognostic or diagnostic studies
English language Treatment outcomes

Inadequate statistical analysis
Exclusive paediatric population (age <18 years)
Patients with FAP-associated disease

DTF desmoid-type fibromatosis, E-AD extra-abdominal, FAP familial adenomatous polyposis

A\ Adis



Sporadic Desmoid Tumour Pathogenesis and Novel Therapy Implications

227

Cell cultures,
statistical analysis :
Exclude (n=15) |« D;jﬁgﬂ:‘:‘g;;
<85% i >85%

Exclude (n=1) € 2 i‘;‘;‘;‘:;fs‘?ﬂzj s > Include (n = 18)

Unknown (n =7)

; >70% E-AD
Location : » Include (n=4)
<70% E-AD
Grouped analysis of Independent analysis

Exclude (n=1) | all tumour locations N r::::);(s)lcsa(:it;) " of E-AD tumours > Inchde (n=2)

Fig.2 Exclusion algorithm for retrieved articles using sporadic status and tumour location. E-AD extra-abdominal

was grouped into three broad categories. E-AD comprised
the head and neck, pectoral and pelvic girdle, chest, upper
and lower extremities, AD comprised the abdominal wall
and I-AD comprised the abdominal cavity. Immunohisto-
chemistry, DNA and mRNA sequencing data were retrieved
for each studied protein.

3 Results
3.1 Systematic Literature Search

The search strategy yielded 1684 articles. Duplicates were
then removed via computational software, leaving 1183 arti-
cles. The title and abstract were then screened, and a fur-
ther 1147 articles were excluded. Of the 36 articles sought
for retrieval, 22 articles were included in the final review
(Fig. 3).

3.2 Study Design and Quality Assessment

All included studies were retrospective case series. Although
some studies included control groups to assist with their
deductions, these were not considered case-control studies
as the features of these groups remained implicit and unclear
[22]. The Joanna Briggs Institute critical appraisal tool for

case series was utilised to determine each study’s risk of
bias across nine domains (Fig. 4) [23]. ‘Overall’ judgement
is described in Table 4. The domain concerning follow-up
results was omitted as this was outside the scope of the
review.

3.3 Study Findings

Multiple proteins and associated signalling pathways have
been linked to DTF pathogenesis (Table 5) with each path-
way possessing potential therapeutic targets. Figure 5 out-
lines the key molecular drivers and associated pathophysi-
ological domains identified by this review.

3.3.1 Proliferation

3.3.1.1 B-Catenin p-Catenin primarily coordinates cell
proliferation, differentiation and fate, with its deregulated
signalling being intrinsically linked to the development of
several human cancers, such as skin, colon and breast cancer
[13, 14]. p-Catenin demonstrated aberrant nuclear immuno-
reactivity in at least 47% of DTF cases [24-33]. DTF cases
with a mutated CTNNBI gene also demonstrated more fre-
quent P-catenin nuclear expression (39/43, 90.7%) com-
pared with cases with wild-type CTNNBI (Fisher’s exact
test, 17/27, 63.0%, p = 0.012) [28]. Saito et al. also dem-
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onstrated this difference with the mutated CTNNBI group
showing significantly higher p-catenin mRNA expression
compared with the wild-type group (Mann—Whitney U test,
p =0.0036) [31]. DTF cases with abnormal p-catenin accu-
mulation demonstrated a significantly higher proliferating
cell nuclear antigen-labelling index than those with nor-
mal staining patterns (Fisher’s exact test, p = 0.007) [27].
Nuclear -catenin immunoreactivity was significantly higher
in desmoid tumours compared with both hypertrophic scar
and normal fibrous tissue (Kruskal-Wallis test, p = 0.0003;
Dunn’s post-tests, p < 0.01) [32]. These results are consist-
ent with the current knowledge of Wnt/p-catenin’s role in
DTF pathogenesis.

3.3.1.2 Cyclin D1 and c-Myc Cyclin D1 and c-Myc signal-
ling is commonly deregulated in tumourigenesis due to their
promotional effects on cell proliferation by enhancing the
G1 to S-phase transition of the cell cycle [34, 35]. Cyclin
D1 was overexpressed in at least 40% of DTF cases [26, 27,
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29, 36]. Two studies found a significant correlation between
B-catenin nuclear expression and cyclin D1 overexpression
(Fisher’s exact test, p = 0.029; Fisher’s exact test, p = 0.034,
respectively) [27, 29]. Similarly, Jilong et al. found a sig-
nificantly higher c-Myc expression in cases with abnormal
B-catenin staining compared with normal cytomembrane
staining (y* = 15.68, p = 0.0001) [26]. Furthermore, three
studies demonstrated significantly higher CCNDI gene
expression in the mutated CTNNBI group compared with
the wild-type group (4° test, p = 0.038; Mann—Whitney U
test, p = 0.019; Mann—Whitney U test, p = 0.0120, respec-
tively) [26, 29, 31]. Saito et al. and Santti et al. demonstrated
significant cellular proliferative activity in DTF cases with
cyclin D1 overexpression via a proliferating cell nuclear
antigen-labelling index (Fisher’s exact test, p = 0.004) and
Ki-67 (r = 0.40, p = 0.001), respectively [27, 36]. These
findings suggest aberrant Wnt/B-catenin signalling may
exert its proliferative effects through the overexpression of
positive cell-cycle regulatory proteins.
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Table4 ‘Overall’ judgement grading system

Number of ‘low’ scores (domains) Overall judge-
ment (risk of
bias)

>17 Low

—6 Unclear
<3 High

3.3.2 Growth Factor Regulatory Signalling

3.3.2.1 Cyclooxygenase-2 (COX2) and Platelet-Derived
Growth Factor Receptor (PDGFR) COX2 is an inducible
member of the cyclooxygenase family involved in multi-
ple physiological purposes. In colorectal cancer, COX2
has been extensively implicated in promoting angiogen-
esis, invasion and proliferation through the upregulation of
growth factors such as platelet-derived growth factor [37,
38]. Nuclear B-catenin did not correlate with COX2 expres-
sion (p = 0.034, p = 0.873) [32]. However, COX2 immu-
noreactivity was significantly higher in desmoid tumours
compared with both hypertrophic scar and normal fibrous
tissue (Kruskal-Wallis test, p < 0.0001; Dunn’s post-tests,
p < 0.01) [32]. Signoroni et al. demonstrated 100% COX2,
PDGFRa and PDGFR 3 immunoreactivity and phosphoryla-
tion in their cohort of eight sporadic patients [39]. Cates
et al. found 100% PDGFRp expression in DTF samples
(27/27) with a significantly higher immunoreactivity com-
pared with normal fibrous tissue [40]. Albeit in a small
cohort, COX2 induction may be responsible for the PDGFR
expression validated by desmoid TKI trials, although this
appeared to occur independently of B-catenin signalling.

3.3.2.2 Transforming Growth Factor-§ (TGFB) Superfam-
ily and Other Growth Factors The multifunctional TGFf
superfamily and related growth factors play complex and
often opposing roles in cell proliferation, differentiation,
regeneration and morphogenesis [41]. Two studies exam-
ined TFGP signalling. Varghese et al. illustrated moderate-
strong TGFp and connective tissue growth factor (CTGF)
immunoreactivity in 100% and 66.7% of DTF cases, respec-
tively [33]. Mignemi et al. demonstrated phosphorylated
SMAD2/3 immunoreactivity in 96% of their DTF cohort,
which was significantly greater than both hypertrophic scar
and normal fibrous tissue (Kruskal-Wallis test, p < 0.0001;
Dunn’s post-hoc test, p < 0.001) [32]. Cates et al. found
weak MET expression in 89% of DTF cases that differed
significantly from normal fibrous tissue (Kruskal-Wal-
lis test, p = 0.0005; Dunn’s post-hoc test, p < 0.001) [40].
Two studies evaluated epidermal growth factor receptor
(EGFR) expression, which was detected in 11% of cases
[30, 40]. Akt expression was detected in 56% of samples,
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which was significantly lower than the levels observed in
hypertrophic scars (Kruskal-Wallis test, p = 0.0002; Dunn’s
post-hoc test, p < 0.01). No study demonstrated positive
expression for c-Kit [30, 42, 43] or human epidermal growth
factor receptor 2 (HER2) [30, 43]. TGFp and related growth
factors appeared to demonstrate aberrant expression in DTF,
although the direct pathological consequence of this finding
remains unclear.

3.3.3 Oestrogen-Related Pathway

Oestrogens are steroid hormones that promote growth, dif-
ferentiation and reproduction throughout a range of human
tissues. Their role in tumourigenesis has been extensively
studied in breast cancer, where aberrant signalling drives
proliferation, invasion and metastasis [44]. Six studies evalu-
ated the role of sex steroids in desmoid tumour pathogenesis
[36, 42, 43, 45-47]. Oestrogen receptor-f (ERf) expression
was demonstrated in all studies and ranged from 7.4% to 90%
[36, 42, 43, 45—-47], whilst only Ishizuka et al. demonstrated
oestrogen receptor-a (ERa) expression in two patients [46].
ERp significantly correlated with the expression of cyclin A
(r =0.34, p = 0.004), cyclin D1 (r = 0.34, p = 0.004) and
Ki-67 (r = 0.35, p = 0.003) [36]. Ishizuka et al. also dem-
onstrated positive progesterone receptor A and B expres-
sion in 25.9% and 33.3% of DTF cases respectively [46],
whilst the remaining studies were negative for progesterone
receptor expression [42, 43, 47]. In addition to sex steroid
receptor analysis, Brautigam et al. found poly(ADP-ribose)
polymerase 1 (PARP1) expression in 98.3% of DTF cases,
which negatively correlated with Ki-67 expression (Spear-
man—Rho test, — 0.375, p = 0.041) [47]. In the context of
widespread ERf expression and its positive correlation with
proliferation markers, these findings support a proliferative
role for oestrogen in desmoid pathogenesis.

3.3.4 Tumour Microenvironment

3.3.4.1 Invasion Matrix metalloproteinases (MMPs) and
related proteases play a pivotal role in cancer pathogenesis
through their modulation of the extracellular matrix, angio-
genesis, cell migration and growth [48]. Four studies evalu-
ated the expression of MMPs [29, 49-51]. f-Catenin nuclear
expression significantly correlated with MMP7 overexpres-
sion (Fisher’s exact test, p < 0.01), and mutated CTNNBI
also significantly increased MMP7 mRNA expression com-
pared with wild-type CTNNBI (Mann—Whitney U test, p
= 0.0018) [29]. Colombo et al. demonstrated an increased
MMP?2 staining intensity in tumours with CTNNBI muta-
tions compared with wild-type cases (Fisher’s exact test,
p = 0.0438) [49]. High MMP2 and EMMPRIN mRNA
expression was seen in 57.1% and 42.9% of DTF respec-
tively, but their expression did not differ significantly from
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(a) Proliferation
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— 5 - .‘.:: —- el

(c) Oestrogen-related pathway
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(e) Cell cycle regulation

Gophase.
p Rb (resting) .
p16
p53
M

G;

Fig.5 Key molecular drivers associated with desmoid tumour patho-
physiology. a B-Catenin primarily coordinates cell proliferation, dif-
ferentiation and fate, with its deregulated signalling being intrinsi-
cally linked to the development of several human cancers, such as
skin, colon and breast cancer [13, 14]. Cyclin DI and c-Myc signal-
ling is commonly deregulated in tumourigenesis due to their promo-
tional effects on cell proliferation by enhancing the G1 to S-phase
transition of the cell cycle [34, 35]. b Cyclooxygenase-2 (COX2) is
an inducible member of the cyclooxygenase family involved in mul-
tiple physiological purposes. In colorectal cancer, COX2 has been
extensively implicated in promoting angiogenesis, invasion and pro-
liferation through the upregulation of growth factors such as platelet-
derived growth factor [37, 38]. The multi-functional transforming
growth factor-beta (TGFf) superfamily and related growth factors
play complex and often opposing roles in cell proliferation, differen-
tiation, regeneration and morphogenesis [41]. ¢ Oestrogens are ster-
oid hormones that promote growth, differentiation and reproduction

benign fibrous tumours (Fisher’s exact test, p > 0.05) [50].
Two studies evaluated the expression of ADAMI12 [49,
51]. ADAMI12 expression was observed in 195 DTF cases,
and its expression positively correlated with chromosome
density (r = 0.30, p < 0.001) [49, 51]. Misemer et al. also

(b) Growth factor regulation

COX2
PDGFR
TGFB

(d) Tumour microenvironment

MMP2, MMP7, ADAM12
VEGF

(f) Cell-cell adhesion

B-Catenin
a-catenin
N-cadherin

throughout a range of human tissues. Their role in tumourigenesis
has been extensively studied in breast cancer, where aberrant signal-
ling drives proliferation, invasion and metastasis [44]. d Matrix met-
alloproteinases (MMPs) and related proteases play a pivotal role in
cancer pathogenesis through their modulation of extracellular matrix,
angiogenesis, cell migration and growth [48]. Vascular endothelial
growth factor (VEGF) is a prominent angiogenic mediator whose
expression is commonly upregulated in cancer tissue by various onco-
genes, growth factors and hypoxia to sustain growth and invasion
[52]. e The tumour suppressor genes RB1, CDKN2A and TP53 inhibit
cell proliferation by arresting cells in the G1 phase of the cell cycle,
with the latter protein being upregulated in response to DNA damage
[53, 55]. f In its cell membrane function, p-catenin complexes with
other proteins, such as a-catenin and N-cadherin, to mediate epithe-
lial cell-cell adhesion and stability [57]. Created with BioRender.
com. PDGFR platelet-derived growth factor receptor

demonstrated a significant correlation between chromo-
some density and Wnt inducible signalling pathway protein
1 (WISP1) (r = 0.27, p < 0.001) as well as fibroblast acti-
vation protein alpha (FAP-alpha) expression (r = 0.44, p <
0.001) [51]. MMPs and related proteases were found to be
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over-expressed in DTF samples, with their expression fur-
ther enhanced by the presence of aberrant f-catenin signal-
ling.

3.3.4.2 Angiogenesis Vascular endothelial growth factor
(VEGF) is a prominent angiogenic mediator whose expres-
sion is commonly upregulated in cancer tissue by various
oncogenes, growth factors and hypoxia to sustain growth
and invasion [52]. Matono et al. demonstrated a significant
correlation between p-catenin nuclear immunoreactivity and
VEGF overexpression (Fisher’s exact test, p = 0.04). Mean
microvessel density was also significantly higher in recur-
rent (13.97 mm?) compared with primary tumours (9.56
mm?, Fisher’s exact test, p = 0.02). VEGF-positive samples
showed a trend towards a higher microvessel density, but
this did not reach statistical significance (VEGF-positive,
10.62 mm?; VEGF-negative, 9.55 mm?; Fisher’s exact test,
p = 0.84) [24]. Furthermore, Colombo et al. confirmed the
overexpression of midkine seen on gene expression profil-
ing with 46% of DTF samples illustrating immunoreactiv-
ity [49]. These results highlight VEGF as a key angiogenic
mediator in DTF pathogenesis with its expression appearing
to occur in a f-catenin-dependent manner.

3.3.5 Cell-Cycle Regulatory Proteins

The tumour suppressor genes RBI, CDKN2A and TP53
inhibit cell proliferation by arresting cells in the G1 phase
of the cell cycle, with the latter protein being upregulated in
response to DNA damage [53, 55]. Stalinska et al. showed
normal pRb and p16 expression in 94.4% and 50% of E-AD
cases, respectively. Heterogeneous or low expression of pRb
and p16 was seen in 5.56% and 50% of E-AD cases, respec-
tively [56]. Gebert et al. found p53 expression in 32% of
cases, which significantly correlated with p-catenin expres-
sion (;(2 test, p < 0.05) [30]. The normal expression profiles
of both pRb and p16 suggest an intact G1 cell-cycle regula-
tory function, whilst the increased p53 expression suggests
a degree of aberrant cell-cycle progression in the context of
[-catenin expression.

3.3.6 Cell-Cell Adhesion

In its cell membrane function, B-catenin complexes with
other proteins, such as a-catenin and N-cadherin, to medi-
ate epithelial cell-cell adhesion and stability [57]. Ferenc
et al. reported a lack of a-catenin expression in 34% of their
sporadic DTF cases. E-AD cases demonstrated a signifi-
cantly higher mean cellular a-catenin immunoreactivity at
61.5% compared with 42.3% in AD cases (Student’s 7 test,
p = 0.0165). N-cadherin expression was positive in 23% of
all DTF cases. Nuclear f-catenin expression did not sig-
nificantly correlate with a-catenin or N-cadherin expression
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(Pearson’s correlation, p > 0.05) [25]. This study indicates
a possible progressive tumour phenotype characterised by
the loss of cell-cell adhesion markers, although the findings
did not reach statistical significance.

4 Discussion

This review critically examined the current literature regard-
ing the molecular pathogenesis of sporadic DTF in human
tumour samples and utilised its findings to explore current
and emerging novel therapies. Twenty-two articles explor-
ing the molecular pathogenesis were included. Within these,
Whnt/B-catenin pathway aberrations were extensively studied.
Oestrogen, growth factor regulatory signalling and tumouri-
genic microenvironment changes were also implicated.
The role of aberrant Wnt/p-catenin signalling in desmoid
pathogenesis is well established [15-18]. Accordingly, this
review found aberrant f-catenin expression in almost half
of DTF cases within each study [24-33]. Mutated -catenin
also enhanced its pathologic role compared with its wild-
type counterpart, producing greater overexpression of
downstream target genes such as cyclin D1 [26, 27, 29, 31].
DTF commonly harbors CTNNBI mutations in position T41
and S45, which enhance f-catenin’s stability by decreas-
ing phosphorylation-guided degradation (Fig. 6) [15, 58].
Additionally, Crago et al.’s next-generation sequencing study
suggests a more pervasive role for mutated p-catenin with
Wnt/p-catenin-activating mutations found in 95% of samples
compared with 86% with conventional Sanger sequencing
(n=117) [15]. Although Wnt blockade presents a desirable
therapeutic target, adverse effects on immune function and
gastrointestinal homeostasis have precluded the develop-
ment of prospective sporadic DTF trials [14, 59]. In solid
tumours, however, the decoy Wnt ligand receptor ipafricept
(OMP-54F28) was evaluated in a phase I clinical trial, with
two patients with DTF experiencing stable disease beyond 6
months [60]. In light of the undesirable effects of Wnt block-
ade, perhaps targeting more distal branches of the pathway
may be of greater utility. In colorectal cancer, the demonstra-
tion of Wnt/p-catenin signalling crosstalk with the Notch
pathway has prompted the use of targeted therapies against
this interaction [61-63]. Most notably, the y-secretase inhib-
itor nirogacestat (PF-03084014), a small-molecule drug that
prevents activation of the Notch intracellular domain, was
evaluated in a phase II clinical trial comprising 17 patients
with actively progressive DTF disease. Here, 29% experi-
enced a partial response after a median of 32 cycles with a
further 65% achieving stable disease [64]. Following its suc-
cess, the phase III DeFi trial is currently in progress evalu-
ating nirogacestat in a similar cohort of adult patients with
DTF, with the primary completion date reached in December
2021 [65]. Additionally, as a cell-cycle promoter, cyclin D1
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Fig.6 Aberrant Wnt/pB-catenin signalling with mutated CTNNBI.
T41A and S45F represent the two most common substitution muta-
tions harboured by sporadic desmoid-type fibromatosis. These amino
acid substitutions prevent -catenin’s phosphorylation by GSK3 and
CK1. Consequently, the mutated p-catenin is not marked for degrada-
tion, allowing it to accumulate and translocate into the nucleus where
it promotes the unregulated transcription of specific target genes. The

blockade may also negatively augment desmoid growth by
inhibiting the G1 to S phase transition of the cell cycle [34].
Palbociclib, an inhibitor of the cyclin D1 activating protein
Cdk4/6, demonstrates an overall survival benefit in a ran-
domised trial involving patients with advanced breast cancer
[66]. With cyclin D1 emerging as an overactive protein, its
inhibition may present an attractive therapeutic target.
Targeted growth factor inhibitory therapy is a promis-
ing treatment modality in DTF management. Historically,
the benefits of TKIs on small DTF cohorts were rational-
ised by the potential expression of c-Kit and PDGFR [67].
Since then, the absence of c-Kit staining has negated this

Target Genes
Cyclin D1
c-Myc

COX2

MMP7

VEGF
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resultant protein products drive tumourigenesis by enhancing prolifer-
ation, angiogenesis and invasiveness [15, 58]. Created with BioRen-
der.com. COX2 cyclooxygenase-2, MMP matrix metalloproteinase,
S45F serine to phenylalanine substitution in codon 45, T4/A threo-
nine to alanine substitution in codon 41, VEGF vascular endothelial
growth factor, WISP/ Wnt inducible signalling pathway protein 1

view [43, 68]. Accordingly, this review reported no c-Kit
expression [30, 42, 43]. Consequently, the use of TKIs is
now rationalised by the demonstration of PDGFR expres-
sion. In this review, only one study observed the expression
and phosphorylation of PDGFRp in a small DTF cohort
with COX2 overexpression (n = 8 sporadic), with a larger
cohort comprising 27 sporadic DTF samples demonstrat-
ing a significantly higher PDGFRp expression compared
with normal fibrous tissue [39, 40]. Evidently, because of
the limited focus on human DTF samples, our findings offer
an incomplete understanding on the role of growth factors
in desmoid pathogenesis with a much greater appreciation
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coming from the expanding evaluation of TKI therapy. The
first TKI trialled in DTF, imatinib, is a multi-targeted TKI
that primarily inhibits c-Kit and PDGFR [69]. In a phase II
trial comprising 40 patients with unresectable and progres-
sive DTF, the primary endpoint of non-progressive disease
at 3 months is 91%, with a 2-year progression-free survival
rate of 55% [70]. In a similar DTF cohort, the phase III
double-blind trial testing the multi-targeted TKI sorafenib
produces a 2-year progression-free survival rate of 81%
compared with 36% in the placebo group [71]. Furthermore,
in the phase II DESMOPAZ trial, the antiangiogenic TKI
pazopanib prevents disease progression over 6 months in
84% compared with 45% in patients receiving methotrexate-
vinblastine combination chemotherapy [72]. In addition to
the mechanism of imatinib, both sorafenib and pazopanib
also inhibit VEGFR2/3 [69], suggesting the angiogenic com-
ponent of DTF pathogenesis may prove a more attractive
therapeutic target than PDGFR alone.

A growing body of retrospective evidence implicates oes-
trogen in desmoid pathogenesis. Clinically, DTF arises more
commonly in female individuals of reproductive age, with
accelerated tumour growth observed during pregnancy and
with oral contraceptive use [5-9]. Supporting these obser-
vations at the molecular level, this review identified ERp
expression in all respective studies, albeit within a broad
range of expression values and a low proportion of positively
stained cells [36, 42, 43, 45-47]. Furthermore, a positive
correlation was also demonstrated between ERf expression,
cyclin D1 and proliferation markers [36]. This finding fur-
ther supports the emerging anabolic role of ERp signalling
that has previously been described in promoting the regen-
eration of injured skeletal muscle tissue [73, 74]. This, in
conjunction with its opposing tumour-suppressor effects in
breast cancer [75], suggests a tissue-specific proliferative
role in mesenchymal tissues. Although these histological
data provide a potential rationale for oestrogen blockage in
DTF treatment, studies evaluating its effect have produced
conflicting results. Supporting its use, a systematic review of
anti-oestrogen therapy found tamoxifen to produce an overall
response rate of 58% (n = 22/38) from a cohort comprising
47.7% sporadic DTF [76]. In the only prospective evalu-
ation of anti-hormonal therapy, however, the combination
of tamoxifen and sulindac in a phase II trial produces an
overall response rate and 2-year progression-free survival
rate of 8% and 36%, respectively, in a paediatric cohort of
59 patients with DTF [77]. In light of such results, the use of
anti-hormonal therapy and non-steroidal anti-inflammatory
drugs is not endorsed by The Desmoid Tumour Working
Group’s latest consensus-based treatment guidelines [21].
Therefore, this review may only provide a superficial insight
into the role of oestrogen receptor signalling in desmoid
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pathogenesis. Whilst we did not find anything to contradict
the use of anti-hormonal therapy, this review was limited
in its search to human DTF samples only, and there was
no exploration of second messenger co-activators or repres-
sors that may explain the negligible effects of therapeutic
oestrogen blockade.

The tumour microenvironment is emerging as a key
player in sustaining desmoid cell growth and longevity. This
review demonstrated positive MMP7, MMP2 and ADAM12
expression, with mutated CTNNB/ significantly increasing
both MMP?7 gene expression and MMP2 immunoreactivity
[29, 49-51]. Surprisingly, MMP2 expression did not differ
significantly from benign fibrous tumours [50]. In light of
these findings, it remains unclear whether this MMP overex-
pression suggests an augmentation of physiological function
or a hallmark feature of tumourigenesis, as associations with
defining features such as invasion, aberrant growth factor
signalling and angiogenesis [48] were not explored. Sup-
porting the pathologic role, the MMP inhibitor ilimostat
decreases DTF cell invasion in human cell cultures [78] as
well as DTF cell invasion and motility in Apc*/Apc!®*N
mice [79]. Historically, however, experimental MMP inhibi-
tor therapy has translated poorly to clinical studies because
of their previously unrecognised anti-tumour role [80].
Furthermore, overexpression of the key angiogenic media-
tor VEGF significantly correlated with B-catenin nuclear
reactivity and demonstrated a higher microvessel density
compared with VEGF-negative tumours [24]. Similarly,
Meazza et al. also identified the Q472H VEGFR?2 polymor-
phism in 56% and 40% of their paediatric and adult patients,
respectively [81]. These findings, together with previously
described efficacy of both sorafenib and pazopanib, suggest
a proangiogenic phenotype that may benefit from targeted
therapy. Exploring this vascular inhibition, the antiangio-
genic protein endostatin directly induces cell death in vitro
on primary FAP-related DTF cells [82], although effects on
sporadic DTF cells are yet to be explored.

4.1 Limitations

The inclusion of retrospective case series limited this review
because of their high level of bias [22]. Eight studies also
potentially utilised overlapping patient cohorts as sug-
gested by shared authorship, inclusion periods and specimen
archives [24, 25, 27, 29, 31, 32, 40, 56]. Furthermore, key
clinical information such as age, sex, tumour size and spo-
radic status was omitted throughout included papers. Con-
sequently, patients with FAP were inadvertently included in
this review. Included studies also utilised varied cut-offs and
staining patterns to define protein overexpression, leading
to marked result heterogeneity. There were also a number
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of limitations to this review’s methodology. Only articles
written in the English language and published after 1999
were included. The elucidation of DTF pathogenesis was
also restricted by a number of factors, such as the exclu-
sion of animal and cell culture studies, patient follow-up and
treatment effects on molecular markers.

5 Conclusions

The presence of aberrant Wnt/p-catenin signalling in spo-
radic DTF pathogenesis is well established and may be effec-
tively targeted via downstream augmentation. This review
also elucidated the tumour microenvironment’s emerging
role in desmoid development with preliminary evidence
favouring angiogenic antagonism. This study is the first of
its type to systematically review the molecular pathogen-
esis of human sporadic DTF in the era of targeted therapies.
Future work may wish to further evaluate the additional sig-
nalling pathways implicated in DTF pathogenesis and the
mechanisms of its associated novel therapies.
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