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Abstract 

Desmoid tumour is a benign growth that causes morbidity and mortality from 

local enlargement.  Desmoids are thought to result from dysfunction in WNT 

signalling. Trauma, including that from surgical intervention, is implicated in 

the pathogenesis of desmoid tumour, with desmoids often occurring at surgical 

sites.  

 

Patients with familial adenomatous polyposis (FAP) possess a germline 

mutation in the APC gene on chromosome 5, resulting in numerous colorectal 

adenomas that inevitably develop into colorectal carcinoma. Patients with FAP 

undergo prophylactic colectomy to manage risk of future carcinoma. The 

germline mutation in APC, combined with surgical trauma from prophylactic 

colectomy, place patients with FAP at a significant risk of future desmoid 

tumour development. Desmoid tumour is the largest cause of mortality for 

patients with FAP following prophylactic colectomy. There is controversy 

regarding the utility of laparoscopic prophylactic colectomy in FAP, with some 

series suggesting that laparoscopic surgery results in a higher risk of future 

desmoid tumour. 

 

Desmoid tumours in FAP patients occur in the mesentery and abdominal wall. 

Management options are limited due to the precarious location, often in close 

relationship to the mesenteric vasculature. Desmoid tumours in this cohort pose 

significant clinical management challenges, with high recurrence rates after 

surgical excision, and no consensus on best medical management. Since 

desmoid tumours are rare tumours, a pre-clinical model would facilitate 

research in this area. 
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This research thesis describes the development of a novel murine model for 

abdominal desmoid tumour that occurs in FAP. The Apcmin/+:p53-/- mouse 

develops numerous abdominal wall desmoid tumours. This model has been 

validated with histopathology and immunohistochemistry, and has facilitated 

the development of desmoid tumour cell lines, and xenograft studies in this 

area. 

 

The impact of surgical approach on future desmoid risk was investigated using 

the Apcmin/+:p53-/- mouse. Mice were subjected to laparotomy or laparoscopy and 

were then observed until they reached ethical endpoints, at which time an 

assessment of desmoid tumour burden was made. In the Apcmin/+:p53-/- mouse 

model, surgical approach had no impact on survival or the number of 

macroscopically identifiable desmoid tumours. Furthermore, the use of 

humidification/warming device for open and laparoscopic surgery was trialed 

and found to have no impact on survival or desmoid tumour burden. 

 

This research has also investigated the genomic landscape of human abdominal 

and abdominal wall desmoid tumours through RNA sequencing and 

immunohistochemistry.  This study has identified that abdominal desmoid 

tumours share genomic similarity to wild-type gastrointestinal stromal tumours 

(negative for CD117 and PDGFRα). Sequencing identified a number of 

pathways (Such as VEGF, EGF and mTOR) involved in desmoid tumour 

formation that could be targets for therapy. 
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Chapter 1: Introduction
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1.1 Familial adenomatous polyposis 

Familial adenomatous polyposis (FAP) was initially described in 1925 by 

Lockhart-Mummary, who reported on 3 families in which there was polyposis 

and colorectal carcinoma at a young age. He hypothesised that there was an 

inherited cause of polyposis and suggested such polyps were an antecedent to 

carcinoma.1 

 

FAP is an autosomal dominant inherited condition that occurs in approx. 1 in 

13,500 births in a western populaton.2 It is characterised by numerous colonic 

polyps and extra-colonic manifestations. It occurs as a result of a germline 

mutation in the adenomatous polyposis coli (APC) gene.3  

 

Without treatment nearly 100% of patients will develop colorectal cancer by the 

age of 40.2 Patients with FAP undergo pre-emptive surgery to prevent the 

progression of adenomas to colorectal cancer.4  

 

1.1.1 APC gene  

The APC gene (OMIM 611731) is a tumour suppressor gene found on the long 

arm of chromosome 5 (5q22.2). It was identified as the specific gene responsible 

for FAP in 1991.3, 5 The APC gene encodes for the APC protein, a 2843 amino 

acid protein. APC plays an important role in the canonical WNT signalling 

pathway, cell-to-cell adhesion, apoptosis and regulation of the cell cycle. 

 

Autosomal-dominant inherited germline mutations in APC that inactivates 

APC function account for the majority of patients with FAP. A broad spectrum 

of APC mutations has been identified to be responsible for FAP. There are over 

1000 mutations of which the majority are frameshift or nonsense mutations,6 

with large deletions or duplications and splice site mutations in a minority of 
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cases.7 APC mutations result in APC inactivation, leading to the production of a 

truncated protein. 

 

It can be difficult to identify all APC mutations and thus some cases where no 

mutation is identified may represent mutations that have not been previously 

characterised. Van der Luijt et al. screened the entire coding region in 105 Dutch 

FAP kindreds, identifying 27 novel germline mutations, highlighting 

limitations in identifying all mutations in cases of suspected FAP.8  

 

Not all patients with an APC mutation will have a family history of FAP. A 

minority (estimated at 11% in one Swedish series) of cases result from de-novo 

APC mutations.9   In addition, somatic mosaicism accounts for some cases in 

which there is no readily identifiable APC mutation.10, 11 In cases of mosaicism, 

the APC mutation is present only in certain tissues (such as the ovary or sperm 

cells) and will not be detected by sequencing of DNA from white blood cells. 

Other reasons for a lack of family history in patients with a APC mutation 

include adoption, non-paternity, death of the affected parent, and the deliberate 

withholding of the diagnosis by family members. 

 

Mutations in APC are an initiating mutation in colorectal tumourigenesis as 

part of the adenoma-carcinoma sequence.12, 13 Patients with FAP undergo 

progressive genetic mutations in the same fashion as sporadic colorectal cancer, 

but cancer occurs at a younger age as they already have one affected APC allele 

(or “one-hit”).14 

 

1.1.2 Canonical WNT/ β-Catenin pathway 

The Canonical WNT/ β-Catenin pathway (as shown in Figure 1) is responsible 

for malignancy associated with dysfunction in APC. The APC protein plays a 
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key role in the regulation of intracellular level of β-catenin. In the absence of 

WNT signalling, the intracellular β-catenin is regulated by the “β-catenin 

destruction complex” that targets excess β-catenin for ubiquitation and 

proteosomal degradation. APC is a part of the “β-catenin destruction complex” 

that also includes Axin, protein phosphatase 2A, glycogen synthase kinase 3 

and casein kinase 1α.  

 

In the presence of Wnt there is partial disassembly of the destruction complex; 

Wnt binds to Frizzled (Fz) and Lipoprotein-related receptor protein (LRP 5/6) 

receptors resulting in activation of the dishevelled protein (Dsh) and 

inactivation of the destruction complex resulting in the accumulation of β-

catenin.15 

 

Accumulation of β-catenin within the cytoplasm results in the promotion of cell 

division. β-catenin also translocates to the nucleus where it acts as a 

transcriptional co-activator, resulting in DNA transcription by binding to Tcf4. 

Downstream target genes include c-MYC, which plays a central role in 

proliferation of many neoplasms.16  

 

In addition to its role in the β-catenin destruction complex, APC is found in 

growing microtubules and the cell periphery, playing a role in the regulation of 

microtubule stability and cell migration, as well as cytoskeletal organisation. 

Truncating mutations in APC leads to changes in microtubule stability, cell 

migration, orientation and polarity.17 

 

In the setting of an APC mutation (such as a germline mutation in FAP, 

combined with a somatic “second hit” mutation), the inactivating APC 

mutation results in failure of the β-catenin destruction complex. In intestinal 

epithelial cells, in the absence of Wnt ligand binding, excess cellular β- catenin is 
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accumulated, resulting in increased transcription and DNA replication, driving 

progenitor cell proliferation, seen clinically as multiple adenomas.15 

 

Mutations in APC result in production of truncated protein, with protein length 

being dependent on site of APC mutation. The ‘just-right’ signalling model 

proposes that a specific degree of APC impairment is required for 

tumourigenesis to occur; being “just” enough impairment to allow nuclear 

accumulation of β-catenin and resulting transcription of downstream targets, 

but not enough to result in apoptosis that can result from higher levels of 

intracellular β-catenin.18 This theory explains the non-random occurrence of 

somatic mutations in colorectal cancer, that tend to occur in a small region 

termed the “mutation cluster region” that results in the appropriate number of 

armadillo repeats. This “just-right” model helps explain the genotype-

phenotype relationship seen in FAP, as different tissues require different levels 

of intracellular β-catenin for tumourigenesis to occur. In the majority of APC 

mutant colorectal carcinomas there is at least one mutant allele coding for a 

truncated APC protein that retains one (or less frequently two) 20-amino acid 

repeats, resulting in a high level of β-catenin signalling.18 By contrast, desmoid 

tumours in FAP preferentially require two β-catenin 20-amino acid repeats for 

tumourigenesis, with 5 of 6 tumours in a series by Miyaki retaining two 20-

amino acid repeats.19  

 

The role of WNT in tumourigenesis of APC mutant mice has been 

demonstrated in mouse models for FAP. Samson et al. demonstrated that 

immediate loss of APC in adult mice causes rapid relocation of β-catenin to the 

nucleus and a resulting change in transcriptome, producing cellular changes at 

the crypts.20 
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In addition to the role in FAP, APC mutation is a key early mutation in sporadic 

colorectal tumourigenesis, as part of the adenoma-carcinoma sequence.12 In 

cases of sporadic colorectal cancer not involving a mutation in APC, it has been 

suggested that there is dysfunction of the WNT pathway and/or disruption of 

the β-catenin destruction complex through other means, such as inactivating 

mutations in Axin-2, or mutations in β-catenin.21 
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Figure 1 – Canonical WNT/ β-Catenin pathway   
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1.1.3 Diagnosis 

Diagnosis of FAP is usually made on a clinical basis, supported by family 

history and/or genetic testing or clinically. 

 

Clinical diagnosis is mostly made at the time of colonoscopy or sigmoidoscopy, 

with the finding of greater than 100 colonic adenomatous polyps. Patients with 

10-100 adenomatous polyps may have attenuated FAP, or MutYH-associated 

polyposis (as below). 

 

Genetic diagnosis requires the identification of a germline APC mutation, 

however as discussed above (1.1.1) there are multiple (>1000) mutations in the 

APC gene and limitations in current testing means that a negative genetic test 

does not necessarily exclude a diagnosis of FAP. Genetic counselling will 

identify and manage at risk families in the absence of an identifiable mutation. 

 

1.1.4 Attenuated FAP 

Attenuated FAP (AFAP) describes the situation in which there are fewer (<100) 

colonic adenomatous polyps. There is an increased risk of colorectal cancer, 

however development of cancer usually occurs at a later age than in FAP with a 

mean age of 62 years.22 AFAP represents a broad spectrum of phenotype and 

genotype, however patients of the same kindred tend to have a similar polyp 

burden.23 

 

1.1.5 MutYH- associated polyposis 

MutYH- associated polyposis (MAP) is an autosomal recessive polyposis 

syndrome characterised by <100 colonic polyps. It occurs as the result of a bi-

allelic mutation in the MutY DNA Glycosylase (MUTYH) gene. Like AFAP it is 

phenotypically heterogeneous and thus differentiating AFAP from MAP can 
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prove difficult clinically. Desmoid tumours and osteomas occur in FAP/AFAP 

and have not been observed in MAP, which can aid in differentiating between 

the two polyposis syndromes.24 

 

1.1.6 Clinical presentation/Phenotype 

Patients with FAP have colonic and extra-colonic manifestations: 

 

1.1.6.1 Colonic manifestations  

Patients typically present with numerous adenomatous polyps found at time of 

colonoscopy, however a proportion will present with symptoms of colorectal 

cancer, including anaemia, per-rectal bleeding, and large bowel obstruction.  

 

Patients lacking a family history of FAP are more likely to have colorectal 

cancer at time of diagnosis when compared to patients of known kindrid.25 This 

corresponds to a higher mortality in this group (34.9 per 1000 person-years vs. 

8.3 per 1000 person-years),26 which supports the role of colonoscopic screening 

in FAP families to reduce mortality from colorectal cancer. 

 

1.1.6.2 Extracolonic manifestations 

Patients with FAP are at risk of extracolonic manifestations. Malignant 

extracolonic manifestations include duodenal adenomas, gastric fundic gland 

polyps, papillary thyroid cancer, hepatoblastoma (childhood) and central 

nervous system tumours. Non-malignant extra-colonic manifestations include 

desmoid tumours, congenital hypertrophy of the retinal pigment epithelium 

(CHRPE), osteomas, epidermoid cysts, lipomas, and adrenal tumours. An 

overview of incidence and management is outlined below in Table 1. 
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Desmoid tumours are clonal proliferations of myofibroblasts that typically 

occur after prophylactic colectomy in the FAP population. They are discussed 

in detail below (1.2). 
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Table 1 – Extra-Colonic manifestations of FAP 

 Lifetime 
prevalence 

Surveillance/Management 

Duodenal adenomas >90%27 Surveillance/endoscopic 
management with interval 
guided by Spigelman 
classification,28 Duodenectomy 
for Spigelman stage IV 
adenomas 

Gastric polyps 54%27 No increased risk of gastric 
malignancy29 

Desmoid tumours 20%30 Surveillance not 
recommended, Management 
discussed in detail below 

Osteomas/epidermoid cysts 80%31 Surveillance not 
recommended30 

Papillary thyroid cancer 1-2%32 Associated with CHRPE. 
Yearly thyroid examination,30 
consider screening Thyroid US 
for those with CHRPE and/or 
APC mutation codons 463-
138732 

Congenital Hypertrophy of 
Retinal Pigment Epithelium 
(CHRPE) 

70-80%33 - 

Hepatoblastoma 1%33 Serial aFP and abdominal 
ultrasound30 

Central nervous system 
tumours 

1-2%30 Surveillance not 
recommended30 

Supernumerary teeth and 
dental abnormalities 

11-27%33 OPG every 1-2 years30 

Adrenal adenoma 7-13%33 Surveillance not 
recommended30 

Pancreatic cancer 1% Surveillance not 
recommended30 
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1.1.6.3 Gardner Syndrome and Turcot Syndrome 

Gardner Syndrome describes a phenotypic subset of FAP with prominent extra-

colonic manifestations. Gardner originally described a family with colorectal 

polyposis, epidermoid cysts, fibromas and connective tissue masses.34 The term 

is mostly of historical significance as almost all patients with FAP have some 

form of extra-colonic manifestation.30 

 

Turcot syndrome describes malignant central nervous system tumours in 

patients with adenomatous colorectal polyposis. This can represent a germline 

mutation in APC playing a role in both colorectal and central nervous system 

tumours, but can also be as a result of mutations in miss-match repair genes as 

in hereditary nonpolyposis colorectal cancer (as subsequently identified in the 

original family described by Turcot).35 

 

1.1.7 Genotype-Phenotype relationship 

 

Figure 2 - Genotype-Phenotype relationship in FAP. (From: Groen EJ, Roos A, 

Muntinghe FL, et al. Extra-intestinal manifestations of familial adenomatous 

polyposis. Ann Surg Oncol. 2008; 15:2439-50.) 

 
patients were examined carefully.2 FAP is not
uncommon with an incidence reported to vary from
1:6,850 to 1:23,700 live births3–5 and leads to devel-
opment of colorectal carcinoma in almost 100% of
cases by 40 years of age. The introduction and work
of (national) polyposis registries and prophylactic
colectomy has greatly improved life expectancy for
patients with FAP.6,7

Surveillance recommendations for the prevention of
other intestinal malignancies, such as duodenal ampul-
lary carcinomas and gastric carcinomas, have been
issued and are widely implemented.8–11 In contrast, less
attention has been given to the diverse extra-intestinal
features of FAP. Clinical awareness of health problems
that are (seemingly) not related to intestinal manifesta-
tions is necessary because improved life expectancy in
FAP patients has increased their prevalence.
In this paper, we review the extra-intestinal mani-

festations of FAP. To facilitate risk assessment of
identified adenomatous polyposis coli (APC) gene
mutations, a guideline of well-established genotype–
phenotype correlations is provided (Fig. 1). In addi-
tion, recommendations for surveillance are given for
extra-intestinal malignancies (Table 1) and benign
manifestations (Table 2). The commonly used
GRADE criteria were used to describe both the
strength of recommendations (1–4) and the quality of
evidence (A–D).

MOLECULAR GENETICS

The APC gene located on 5q21–22 is mutated in
FAP. Most mutations will result in stop codons and

lead to truncation of the APC gene product. These
mutations have a nearly complete penetrance of the
colonic phenotype, but a variable penetrance of
extra-colonic manifestations of the disease. Modifier
genes, variable interference of different mutant APC
proteins on the wild-type APC function and envi-
ronmental factors may play a role in extra-intestinal
tumor formation.12

The APC protein is a large scaffolding protein with
several functions.13 It is involved in the Wnt signaling
cascade. As part of a multiprotein complex, the APC
protein downregulates b-catenin activity.14 In the
absence of a Wnt signal, APC forms a complex with
the protein b-catenin, allowing it to be targeted for
destruction. When APC function is lost, b-catenin
accumulates in the cytoplasm and binds to several
transcription factors of the TCF/LEF, thereby
altering the expression of various genes affecting
proliferation, differentiation, migration and apopto-
sis of cells.13 In addition, APC stabilizes microtu-
bules, leading to chromosomal stability.15,16

Inactivation of APC can lead to defective chromo-
some segregation and aberrant mitosis.17

FAP AND THYROID CARCINOMA

Epidemiology and Genetics

Thyroid cancer in a patient with FAP was first
described in 1949 by Crail.18 Almost 40 years later,
Plail and coworkers reviewed 998 patients with FAP
and found that thyroid carcinoma occurred more
frequent in FAP patients than in the general popu-

FIG. 1. Genotype–phenotype correlations of extra-intestinal familial adenomatous polyposis (FAP) manifestations according to the available
literature.21,39,109,111 The APC gene consists of 15 exons. The highest cumulative frequencies of extra-colonic manifestations are found
between codons 976–1,067 and 1,310–2,011. The margins of codon regions associated with extra-intestinal manifestations are not absolute and
merely provide a guideline. No genotype–phenotype correlations have been established for pancreatic carcinoma, brain tumors or adrenal
gland adenomas. CHRPE congenital hypertrophy of the retinal pigment epithelium.

E. J. GROEN ET AL.2440

Ann. Surg. Oncol. Vol. 15, No. 9, 2008
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Whilst a large number of APC mutations exist there is a clear relationship 

between mutation and phenotype as shown in Table 2. This can help guide 

clinical decision making, such as assisting in decision-making regarding timing 

and extent of prophylactic colectomy.36 Accurate prediction of risk of desmoid 

tumour in at-risk individuals (i.e. FAP patients) can influence choice of 

prophylactic colectomy. 

 

Table 2 - Genotype-Phenotype relationship in FAP 

Phenotype APC mutation  

(codon number) 

References 

AFAP Extreme ends of APC 

gene and exon 9 

Spirio et al37 

Profuse polyposis Codon 1250-1464 Nagase et al38 

Rectal cancer Codon 1309, 1328 Wu et al39 

Desmoid tumour Codon 1309-1580 Groen et al30 

Papillary Thyroid cancer Codon 140-1309 Groen et al, Cetta et al32 

Hepatoblastoma Codon 141-1578 Groen et al 

CHRPE Codon 463-1445 Groen et al 

Osteomas Codon 767-1578 Groen et al 

 

1.1.8 Mortality and morbidity in FAP 

Patients with FAP are at near 100% risk of developing CRC within their 

lifetime. CRC occurs at a mean age of 40-42 years.4 Following prophylactic 

colectomy the largest causes of mortality are desmoid tumours (31%) and peri-

ampullary carcinoma (22%).4 
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1.1.9 Management of FAP  

1.1.9.1 Genetic Counselling 

Families with FAP should be managed with genetic counselling at a familial 

cancer centre. Relatives of patients with FAP should be informed of their risk of 

FAP and undergo colonoscopic screening. Genetic testing can be considered 

after detailed discussion given that the finding of an APC mutation could have 

ethical and financial implications for the individual. 

  

Registries have been responsible for a significant improvement in the life 

expectancy for families with FAP as a result of reduced CRC through early 

identification of FAP and prophylactic colectomy.26 

 

1.1.9.2 Colonoscopic screening 

Family members should commence screening at an age deemed appropriate 

given their specific family history and genotype (if known). As a general rule, 

guidelines suggest commencing screening with 2-yearly flexible sigmoidoscopy 

from age 10-14, given that the development of CRC in FAP below the age of 20 

is exceedingly rare, and that in cases of FAP adenomas are always present in 

the rectum.33, 40 Once the presence of adenomas is established, patients require 

more intense, yearly surveillance with colonoscopy.  

 

In families with AFAP, screening of family members can occur later at age 18-

20, but should be undertaken with colonoscopy, as adenomatous polyps are not 

always located in the rectum.33 Polyps in AFAP can be difficult to identify at 

colonoscopy. Chromoendoscopy, in which a surface dye is used on the colonic 

mucosa, can improve identification of polyps in individuals who are at risk of 

polyposis on a basis of family history or known germline mutation.41 

 



 15 

Screening family members of a patient with FAP has been shown to improve 

survival. A nationwide population-based study of families with FAP in Finland, 

demonstrated a reduced survival of probands when compared to family 

members of a patient with FAP who were called up for screening.26  

 

1.1.9.3 Prophylactic colectomy 

The primary goals of colorectal surgery in FAP are cancer prevention and 

treatment, whilst maximising quality of life. Colorectal surgery for individuals 

known to have FAP is usually prophylactic given genetic counselling and 

colonoscopic surveillance. Patients with a heavy polyp burden usually undergo 

prophylactic colectomy at a young age (late teens or early twenties) and there is 

increasing patient expectations for technical perfection.42 The extent of resection 

depends on a balance of reducing cancer risk while preserving bowel function 

and quality of life.  Surgical options include total proctocolectomy (TPC) (with 

restoration of gastrointestinal tract or with end ileostomy) or total colectomy 

(TC) with ileorectal anastomosis (IRA). Both options have oncologic and 

functional implications.  While colectomy and IRA maintains better bowel 

function, there is risk of cancer developing in the rectum.  Conversely, 

restorative TPC with ileal pouch anal anastomosis (IPAA) nearly eliminates 

colorectal cancer risk but results in worse functional outcome compared to an 

IRA.  

 

1.1.9.4 Morbidity of prophylactic colectomy/proctocolectomy 

Morbidity and quality-of-life data should be considered when choosing an 

operative strategy. A meta-analysis of twelve observational studies compared 

the morbidity and functional data of restorative proctocolectomy with those 

following a colectomy and IRA. There was no difference in immediate bleeding 

or septic complications but TPC with IPAA was associated with a higher 30-day 
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reoperation rate, worse stool frequency, and more 24-hour incontinence.43 No 

difference was observed in nocturnal stool frequency and day-time 

incontinence. In addition, pelvic surgery is associated with increased sexual and 

urinary dysfunction,44 decreased fecundity in females,45 a higher chance of 

impotence in men, and reduced quality-of-life scores following IPAA compared 

with IRA.46 However, longer follow up reveals that IPAA is associated with a 

good quality of life, with patients recording quality-of-life scores similar to that 

of a normal population in a German study.47 Frequency of defecation, in 

particular nocturnal defecation, is the main detractor in quality-of-life scores in 

patients who have undergone IPAA.47 All of these factors should be explored 

with the patient when deciding between a TC and IRA or a TPC with IPAA. 

 

Prophylactic colectomy/proctocolectomy (in particular IPAA) can be a 

technically challenging procedure. There is evidence that there may be 

improved outcomes in high-volume centres. Tanaka demonstrated that hospital 

volume was related to both functional outcome and survival following 

prophylactic surgery in FAP. Patients undergoing surgery at low-volume 

centres had higher Wexner scores, and demonstrated reduced survival when 

compared to high-volume Japanese centres, despite increased use of IPAA and 

omission of diverting ileostomy in the high-volume institutions.48 

 

1.1.9.5 Patient selection for rectal preservation 

Patients who undergo rectal preservation with a TC and IRA are at risk of 

requiring future proctectomy should they develop recurrent carcinoma or 

adenoma burden that is not amenable to endoscopic management. Appropriate 

selection is required to identify patients who can be managed with rectal 

preservation in the first instance. 
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A number of factors can be considered to predict need for future proctectomy 

following TC and IRA. Church et al. demonstrated that rectal polyp burden can 

predict future proctectomy risk. Ninety-four patients with less than 5 rectal 

adenomas who underwent IRA were followed for a median of 12 years, with no 

patient requiring secondary proctectomy.49 Conversely, 35% of 74 patients who 

had greater than 20 rectal polyps and underwent a TC and IRA, required future 

proctectomy. APC genotype can also assist in the surgical planning for FAP 

patients. The two genotypes that predict future proctectomy are the 1309 and 

1328 mutation,39 suggesting that patients with these mutations would be better 

served with a TPC and IPAA in the first instance. 

 

Suggested criteria for rectal preservation with TC and IRA in patients with FAP 

have been proposed based on the aforementioned evidence to assist in the 

selection of patients who have a low risk of requiring subsequent proctectomy:  

1. No rectal cancer 

2. No advanced rectal neoplasia (TVA, large >1cm, HGD) 

3. Low polyp burden in the rectum (< 20 adenomas) 

4. Absence of profuse colonic polyposis 

5. Absence of colonic cancer  

6. Absence of the 1309 or 1328 mutations on genotype50 

 

1.1.10 Laparoscopic prophylactic colectomy 

Prophylactic surgery for FAP is increasingly done though a minimally invasive 

approach.51 Laparoscopic IRA and IPAA have been shown to be safe when 

compared with open surgery for patients with FAP.52, 53  

 

Larson et al. presented a case-matched series of 300 patients with 100 

laparoscopic TPC and IPAA cases demonstrating earlier return of bowel 
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function, reduced requirements for narcotics, and equivalent complication 

rates.54 The same author, using a validated survey tool to address functional 

outcomes including sexual dysfunction, cosmesis, and quality of life, found 

comparable outcomes in both groups.55 A systematic review of laparoscopic 

compared to open TPC and IPAA including patients with FAP or ulcerative 

colitis revealed no difference in mortality or complications between the groups. 

Reoperation and readmission rates were similar, although operative times were 

significantly longer with laparoscopy.56 As expected, cosmesis scores were 

considerably higher in the laparoscopic studies. Early case series have 

demonstrated that single-incision laparoscopic IPAA can be performed safely 

by well-trained laparoscopic surgeons.57  

 

Laparoscopic TC and IRA are safe, cost effective, and cosmetically appealing. 

However there is limited outcome data for patients with FAP.  An initial series 

of 16 FAP patients by Milsom et al. demonstrated good short-term outcomes 

with laparoscopic colectomy,53 and this has been substantiated by a 

comparative series from St Mark’s Hospital, where fewer complications were 

demonstrated in the laparoscopic group.58  

 

Prophylactic laparoscopic colectomy is safe when compared to open surgery 

and offers advantages of improved cosmesis and shorter return to bowel 

function. Surgical approach can influence risk of subsequent desmoid tumour 

formation and this may influence the decision to undertake a minimally 

invasive approach to prophylactic colectomy. (Discussed further in 1.2.2.1.1). 

 

1.1.11 Management of the Duodenum 

As discussed above (1.1.6.2), duodenal adenomas occur in the majority of 

patients with FAP with a cumulative incidence at age 70 of 90%.27 Peri-
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ampullary/duodenal carcinoma is the second most common cause of mortality 

for patients with FAP who have undergone prophylactic colectomy.4 

 

Duodenal screening with gastroscopy is recommended, although no consensus 

on the age of commencing screening exists.33 Screening allows the severity of 

duodenal polyposis to be assessed. Spigelman described stratifying duodenal 

polyposis with a score based on polyp number, size, histology and dysplasia, 

that can be used to guide subsequent endoscopies.28 Guidelines advocate for the 

use of side-viewing endoscopy/duodenoscope to optimise visualisation of the 

peri-ampullary region. 

 

Bulow et al. demonstrated the long-term natural history of duodenal 

adenomatosis, demonstrating a near 100% risk of adenoma formation within 

patient’s lifetime.  They demonstrated an increase in Spigelman stage over time, 

supporting the case for duodenal screening in patients with FAP.27 They 

suggest endoscopic surveillance interval of 5 years for Spigelman stage 0-1, 3 

years for Spigelman stage II, and 1-2 year for Spigelman stage III. For 

Spigelman stage IV they suggest endoscopic ultrasound (to assess for invasive 

carcinoma) and surgery to excise the adenoma. Of note, they also suggest 

chemoprophylaxis for patients with Spigelman III adenomatosis with celecoxib, 

on the basis of a randomised controlled trial that demonstrated a reduction in 

duodenal adenomatosis.59 Abnormality at the ampulla of vater has been shown 

to be an independent risk factor for development of high grade dysplasia and 

thus it has been recently proposed that Spigelman stage be modified to include 

this as a factor in planning endoscopic surveillance.60  

 

Spigelman IV lesions are at risk of malignancy and usually necessitate 

duodenectomy, traditionally performed as whipple’s 

pancreaticoduodenectomy. There is however a trend towards less invasive 
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surgical resection, in the form of pylorus preserving and pancreatic preserving 

duodenectomy for duodenal adenoma.61 

 

1.1.12 Jejunal and ileal screening 

The significance and risk of malignancy from jejunal and ileal polyps is 

unclear.62 Visualisation of polyps in the small bowel distal to the duodenum is 

not recommended in screening guidelines for FAP. A prospective blinded study 

compared MRI, barium small bowel follow-through and capsule endoscopy for 

assessment of small bowel polyposis. Investigators found that capsule 

endoscopy identified a significantly higher number of polyps in the jejunum, 

ileum and caecum when compared to the MRI and small bowel follow-

through.63 This study suggests that should jejunal/ileal screening be required 

(for example; personal or family history of small bowel carcinoma) capsule 

endoscopy would be the modality of choice. 

 

Surveillance of an ileal pouch represents a different clinical scenario and is 

discussed in 1.1.14. 

 

1.1.13 Chemoprophylaxis 

Chemoprophylaxis has a limited role in FAP, but can be employed when 

attempting to delay prophylactic surgery and in case of rectal/transition zone 

adenoma after prophylactic colectomy. Celecoxib, Sulindac and 

Eicosapentaenoic acid have been shown to reduce adenoma number,64-67 

however it is unclear if this equates to a reduced risk of malignancy. An 

international multicentre randomised control trial of aspirin and resistant starch 

for colorectal cancer prevention in patients with FAP showed that neither 

aspirin nor resistant starch resulted in reduced polyp count in the rectum or 

sigmoid colon. There was a trend towards smaller size of largest polyp in the 
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aspirin cohort.68 There is limited evidence for the use of curcumin as 

chemoprophylaxis however there is a proposed clinical trial to assess its 

efficacy.69 The AusFAP study is a double-blind crossover trial, currently 

underway assessing the efficacy of butyrated high amylose maize starch against 

placebo with respect to polyp burden.70 

 

Novel therapies show promise for adenoma prophylaxis in FAP. A case report 

demonstrated complete reversion of FAP phenotype in a patient treated with 

immunosuppression with tacrolimus and myophenolate following renal 

transplantation.71 

 

1.1.14 Endoscopic Surveillance following colectomy  

Patients are still at risk of adenoma (and thus carcinoma) at any site in which 

columnar colorectal mucosa still exists. For patients who underwent a rectal-

preservation and an ileorectal anastomosis, there is the risk of rectal adenoma, 

and this should be managed with yearly flexible sigmoidoscopy.40 

 

Patients that underwent proctocolectomy and ileal pouch anal anastomosis can 

still develop adenoma at the residual columnar mucosa (or “columnar cuff”). 

The risk of adenoma depends on the amount of mucosa left in-situ at the time 

of prophylactic colectomy. Patients who underwent mucosectomy and hand-

sewn anastomosis are at reduced risk of malignancy when compared to those 

who underwent a stapled anastomosis, which typically leaves a short cuff of 

columnar epithelium in which adenomas can arise. 72, 73 Regardless of the 

technique used for anastomosis the anorectum should be surveilled with 

clinical examination and/or anoscopy/proctoscopy. 
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1.2 Desmoid tumours 

Desmoid; from the Greek work ‘desmos’ meaning band or tendon like, was the 

term used by German anatomist Johannes Müller (1838) to describe soft tissue 

tumours arising from fascial or aponeurotic structures. It is also known as 

aggressive fibromatosis or desmoid fibromatosis. 

 

Desmoid tumour is a locally invasive clonal proliferation of myofibroblasts, 

occurring in the general population at a prevalence of 2-4 per million 

individuals.74 These mesenchymal tumours are locally invasive but lack the 

potential to develop distant metastases. Desmoid tumours cause morbidity 

from local enlargement, and the resulting compression and invasion of adjacent 

organs, muscles and nerves. The majority of desmoid tumours occur 

sporadically, with a minority developing in the presence of FAP involving a 

germline mutation in APC. 

 

Desmoid tumours pose management challenges for treating clinicians, as there 

is a high rate of recurrence following surgical resection, and varied responses to 

medical therapy.  

 

Desmoid tumours are the largest source of mortality in FAP patients following 

prophylactic colectomy.4 In FAP, desmoids occur mostly in the peritoneal cavity 

and abdominal wall, and cause morbidity from local enlargement resulting in 

bowel obstruction, perforation, ureteric compression with resultant renal failure 

and major vascular compression75.  
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Figure 3 - Sagittal computed tomography image of a large intra-abdominal 

desmoid tumour in a patient with FAP 
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1.2.1 Pathophysiology and the genetic basis for desmoid disease 

Although they lack metastatic potential, desmoid tumours have been shown to 

be a monoclonal proliferation and thus represent a true neoplasm.76 Desmoid 

tumours are associated with mutations in the CTNNB1 or APC genes in more 

than 85% of cases.77 In patients with FAP the germline APC mutation results in 

dysfunction of the canonical WNT signalling pathway resulting in excess 

intracellular and nuclear β-Catenin. In the case of sporadic tumours there is a 

somatic mutation in the CTNNB1 (β-Catenin) gene. A separate clinical entity 

“hereditary desmoid disease” has been proposed for patients with a mutation 

in the 3’ end of APC and a family history of desmoid tumours in the absence of 

colonic polyposis.78, 79 These patients exhibit other extra-intestinal features of 

FAP such as osteomas and epidermoid cysts, and thus this entity could be 

considered a form of attenuated FAP with low penetrance of polyposis.80 

 

Nuclear accumulation of β-catenin and the WNT signalling pathway (outlined 

above in 1.1.2) is responsible for the pathogenesis of desmoid tumour in both 

sporadic and FAP associated cases. Dysfunction in the WNT pathway results in 

dysregulation of β-catenin homeostasis. The accumulation of β-catenin within 

the cell results in promotion of cell division, and translocation and 

accumulation in the nucleus results in increased transcription and DNA 

replication.  

 

In sporadic cases there is almost always a mutation in the β-catenin gene, 

CTNNB1. Lazar et al. found that 85% of sporadic desmoid tumours were 

accounted for by a mutation in CTNNB1.81 Crago et al. undertook whole exome 

sequencing and found that almost all cases of ‘wild-type’ tumours could be 

accounted for by CTNNB1 or APC mutations, with those cases lacking APC or 

CTNNB1 mutations likely having other genomic alterations accounting for 

WNT activation.82   
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Table 3 - Genetic basis for desmoid tumour formation 

	 Genetic 
basis 

Penetrance Location Other features 

Sporadic Somatic 
CTNNB1 
mutation 

- Widespread, 
Peripherally 
based 

- 

FAP Germline 
APC 
mutation 

	

Autosomal 
dominant 

15%83 

depends 
on site of 
APC 
mutation 

Predominantly 
Intra-
abdominal and 
abdominal wall  

Majority have 
preceding surgical 
trauma 
(Prophylactic 
colectomy) 

Hereditary 
desmoid 
disease78,79 

	

(Likely a 

subset of 

AFAP with 

low polyp 

penetrance) 

Germline 3’ 
APC 
mutation 

	

Autosomal 
dominant 

Upto 100% Extra-
abdominal 

	

	

No/minimal colonic 
polyposis. No 
preceding trauma 

	

Extra-intestinal 
features of AFAP: 
Osteomas, 
Epidermal cysts, 
gastric fundic gland 
polyps 
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There is a relationship between CTNNB1 genotype to phenotype with certain 

genotypes being responsible for desmoid tumour development in specific 

locations. Huss et al. demonstrated that p.T41A mutation (replacement of 

threonine by alanine in codon 41) occurred more frequently in mesenteric 

desmoid tumour when compared to abdominal wall desmoid tumours.84 The 

S45F amino acid substitution (replacement of serine by phenylalanine in codon 

45) affects phosphorylation by blocking degradation, and clinically results in 

high rates of local recurrence following surgical resection,85, 86 and poor rates of 

response to treatment with meloxicam.87 

 

In desmoid tumours arising in patients with FAP there is WNT signalling 

dysfunction that results in part from the germline mutation in APC. In FAP-

associated intestinal tumourigenesis, both alleles of the tumour suppressor gene 

APC are mutated as per Knudson’s two hit hypothesis; one germline and one 

somatic mutation. Latchord et al. investigated the presence of somatic 

mutations in APC in patients with FAP-associated desmoid tumour, finding 

that 19 of 23 (83%) tumours had a somatic mutation. This comprised truncating 

somatic mutations in 12 tumours, allelic loss in 6 and exon deletion in one 

tumour.88 This group identified that tumour occurring in patients with APC 

mutation proximal to codon 1400 were more likely to have a somatic frameshift 

truncating mutation distal to codon 1400, and that patients with a germline 

mutation distal to codon 1400 were more likely to display allelic loss as their 

second hit.  A study by Miyaki et al. demonstrated similar results with 8 FAP-

desmoid tumours, finding somatic mutations in all patients (7 somatic 

mutations and one loss of normal allele).89 

 

When comparing intestinal tumourigenesis and desmoid tumour formation in 

FAP, it is useful to note that further mutations seen in the adenoma-carcinoma 

sequence, such as mutations in p53 and RAS are not seen in desmoid tumours.89 
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It is worth considering the diagnosis of FAP in a patient with ‘sporadic’ 

desmoid tumour, as this can be the mode of presentation for FAP.90 Koskenvuo 

et al. found a rate of 4.8% of FAP in patients with ‘sporadic’ desmoid tumour, 

and as a result authors advocated for colonoscopic screening for patients with 

sporadic desmoid tumours.74 This recommendation has been challenged by 

Shin et al. who conducted colonoscopies on 30 patients with sporadic desmoid 

tumours and found no polyposis in any patients, and thus advocated for a more 

selective use of colonoscopy in patients with gastrointestinal symptoms.91 

 

1.2.1.1 Desmoid precursor lesions 

Clark described the existence of mesenteric abnormalities consisting of 

peritoneal thickening or mesenteric fibromatosis in 17 of 42 patients with FAP 

undergoing laparotomy and termed such lesions as “desmoid precursor 

lesions”. These lesions have the histological appearance of desmoid tumour, 

and the authors proposed a model of desmoid tumour development in which 

tumour developed from desmoid precursor lesions due to abnormal fibroblast 

function, arising from the germline mutation in APC.92 It is suggested that 

factors such as surgical trauma promote the progression to tumour, however 

not all lesions will progress to tumour, and the molecular and genomic basis for 

progression remains to be elucidated. 

 

1.2.2 Risk factors for development of desmoid tumour 

 

1.2.2.1 Familial Adenomatous Polyposis 

Individuals with FAP are at greater than 1000 times the risk of developing 

desmoid tumour compared to the general population, with a cumulative 

lifetime risk of 23% for women and 19% for men.93 In FAP, desmoid tumours 
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can arise de-novo (3% incidental rate at primary surgery)94, but the majority of 

desmoid tumours occur following prophylactic colectomy (9-21% of FAP 

patients).95-97 A meta-analysis has identified the following risk factors for 

desmoid tumour in patients with FAP:98   

- Female patients     OR 1.57 (95%CI 1.13 – 2.18) 

- APC mutation 3’ to codon 1399   OR 4.37 (95%CI 2.14 – 8.91) 

- Abdominal surgery    OR 3.35 (95%CI 1.33 – 8.41) 

- Family history of desmoid tumour  OR 7.02 (95%CI 4.15 – 11.87) 

 

In addition to a higher risk, female patients develop desmoid tumour at a 

younger age when compared to males. Klemmer et al. found that desmoid 

disease occurs at an average age of 27.1 years in women, compared to 33.8 years 

in men.99  

 

1.2.2.1.1 Impact of prophylactic colectomy on risk of desmoid tumour 

There is controversy over the impact of laparoscopic prophylactic colectomy on 

the rate of desmoid tumour in FAP. Desmoid tumour formation is known to 

occur more commonly following surgical trauma and thus it could be 

hypothesised that smaller incisions from laparoscopic surgery would result in 

less desmoid tumour formation. Such a hypothesis does not consider the 

trauma resulting from peritoneal desiccation and abdominal wall stretch that 

occurs in laparoscopy.  

 

Vitellaro et al. reviewed the outcomes of 602 patients undergoing open 

prophylactic colectomy, and 60 patients who underwent laparoscopic 

prophylactic colectomy from a single institution. They demonstrated a marked 

reduction in desmoid tumour in the laparoscopic group, estimating a rate of 

desmoid tumour of 13% at 5 years following open compared with 5% in the 
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laparoscopic colectomy group.100 Noteworthy in this study is that the majority 

(57/73) of laparoscopic cases were to perform an IRA, meaning that caution 

should be used in translating findings to the laparoscopic IPAA cohort of 

patients. The same series demonstrated that proctectomy increased the risk of 

desmoid tumour, (HR 1.67) irrespective of surgical approach. This series can be 

criticised as it compares a large and largely (predominantly) historical cohort of 

open surgery with a single surgeon experience of laparoscopic surgery, and 

there was a much shorter follow up period for laparoscopic cases.  

 

A series of 90 patients from The Cleveland Clinic suggests that laparoscopic 

IRA is the least likely of all prophylactic procedures to result in desmoid 

tumour formation. Overall 9.8% of patients undergoing open surgery and 

17.9% of patients develops desmoid tumour. Desmoid tumour occurred in 3.8% 

of patients who had undergone laparoscopic IRA versus 15.8% in the open IRA 

group, and desmoids occurred in 46.2% of patients who underwent 

laparoscopic IPAA, versus 6.3% when open IPAA was performed. This 

suggests that laparoscopic colonic surgery reduces the risk of desmoid tumour, 

whilst laparoscopic rectal dissection and ileal pouch formation confers the 

greatest risk of desmoid tumour.101  

 

Other studies have failed to demonstrate a difference in rates of desmoid 

tumour between open and laparoscopic surgery, such as the multicentre 

Japanese series by Ueno.102 Given the association of surgical trauma and 

desmoid tumours, and in particular the preponderance for desmoids to occur 

following prophylactic colectomy in patients with FAP, this is an area that 

requires further research in order to minimise the risk of desmoid tumours 

following prophylactic colorectal surgery in FAP.  
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Furthermore, there is no evidence from the published literature if desmoids that 

occur following open and laparoscopic surgery differ in terms of location, rate 

of growth or morbidity. Whilst it would follow that greater abdominal wall 

trauma from open surgery could result in increased desmoid tumour risk at 

surgical site/abdominal wall, it could be hypothesised that the more difficult to 

manage, mesenteric desmoid tumours may occur more commonly following 

laparoscopic surgery. It is unclear if the different type of surgical trauma 

associated with laparoscopy (abdominal wall stretch and desiccation) result in a 

different rate, location or morbidity of desmoid tumours.  

 

1.2.2.2 Pregnancy 

Sporadic desmoid tumours are more like to occur in pregnancy and the post-

partum period. A review by Robinson et al. found that pregnancy-associated 

desmoid tumour accounts for 8-18% of all desmoid tumours, and occurs most 

commonly in the abdominal musculature with a predilection for the right 

side.103 These authors suggest that the link is most likely related to oestrogen, 

given that some tumours regress after delivery, and that desmoid tumours 

respond to anti-oestrogen therapy such as tamoxifen. The predilection for 

desmoids to occur in the abdominal wall in pregnancy, together with the 

findings of increased desmoid tumour following laparoscopy in FAP series,101 

leads to a hypothesis that abdominal wall stretch may play a role in desmoid 

tumour formation in pregnancy. 

 

 

1.2.2.3 Trauma 

Desmoid tumours occur more commonly in sites of trauma, with 28% of cases 

occurring at a site of trauma in a series by Lopez.104 Abdominal surgical trauma 

in particular increases the risk (even in the absence of FAP), with desmoid 
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tumour frequently reported at sites of incisions including at sites of 

laparoscopic port placement,105 and stoma sites.106 

 

1.2.3 Clinical presentation and Diagnosis 

Desmoid tumour generally presents as an enlarging mass, but can also present 

more rarely with vascular or hollow viscus (ureteric or bowel) obstruction from 

rapid local enlargement. Common sites for sporadic desmoid tumour include 

abdominal wall (39%), trunk (29%) and extremity (21%), occurring less 

frequently in the head and neck and in other locations.107  

 

Desmoid tumour in FAP has a predilection for the abdominal cavity (as shown 

in Table 4).93 It is worth considering colonoscopy to exclude FAP in a patient 

with abdominal desmoid tumour, as desmoid tumour can be the mode of 

presentation for FAP.90  

 
Table 4 - Anatomic Location of Desmoid tumours in FAP 93 

Location Percent 

Mesentery 52% 

Abdominal Wall 34% 

Both Mesentery and Abdominal wall 7% 

Other 7% 

 

Desmoid tumour can be difficult to clinically and radiologically differentiate 

from other soft tissue neoplasms, which can make diagnosis challenging. 

Radiological investigations include CT and MRI, with some studies suggesting 

that MRI is superior to CT in assessing soft tissue invasion.108 
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Percutaneous biopsy with core biopsy has been demonstrated to be reliable in 

providing a pre-operative diagnosis of desmoid tumour, when tumour location 

permits biopsy. Core biopsy is the preferred method of percutaneous biopsy as 

it is proven to be more reliable than fine needle aspirate.109 

 

In patients at high risk of desmoid tumour, such as patients with a history of 

FAP/known APC mutation who develop an intra-abdominal or abdominal wall 

mass following surgery it is not usually necessary to undertake percutaneous 

biopsy. Biopsy of intra-abdominal, and in particular mesenteric desmoid 

tumours can result in vascular or visceral injury. In an absence of FAP, it has 

been demonstrated that CTNNB1 genotyping can assist in diagnosis of desmoid 

tumour in cases of diagnostic uncertainty.110, 111 

 

Desmoid tumour in FAP represents a spectrum of disease severity with some 

desmoid tumours being indolent and slow growing, and others being 

characterised by rapid growth resulting in visceral, ureteric and vascular 

obstruction. Church proposed a classification system (as shown in Table 5) for 

intra-abdominal desmoid tumours associated with FAP, that accounts for size, 

symptomatology and growth rate in an attempt to provide a stage to help guide 

management decisions. 
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Table 5 - Desmoid tumour staging system. (Adapted from: Church J, Berk T, 

Boman BM, et al. Staging intra-abdominal desmoid tumors in familial 

adenomatous polyposis: a search for a uniform approach to a troubling disease. 

Dis Colon Rectum. 2005; 48:1528-34.) 

Stage Symptoms Size  
(maximum 
diameter) 

Growth rate 

I Asymptomatic <10cm None  
II Mild <10cm None 
III Moderate, or with 

bowel/ureteric 
obstruction 

10-20cm Slow 

IV Severe >20cm Rapid 
 

1.2.4 Histopathology and Immunohistochemistry 

Macroscopically desmoid tumours appear as a firm white mass that are 

sometimes circumscribed but more frequently locally invade into muscle and 

across tissue plains.84 Microscopically they are comprised of myofibroblasts 

arranged in parallel with uniform spacing within a collagen stroma.112 There are 

few mitoses and the necrosis is not seen. Rapidly enlarging lesions can develop 

focal myxoid change with extravasation of red blood cells. 

 

Immunohistochemistry (IHC) can guide diagnosis of desmoid tumour. Strong 

nuclear staining for β-catenin is a defining feature, and also α -smooth muscle 

actin.113 There is variable staining for oestrogen receptor beta (ERβ) and 

cyclooxygenase-2 (COX2), platelet-derived growth factor subunit A (PDGFα) 

and platelet-derived growth factor receptor A (PDGFRα).114 

Immunohistochemistry shows negativity for CD34, c-Kit (CD117), desmin and 

S100.115 
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Differentiating from other sarcomatous neoplasms is important as management 

and prognosis differs. Desmoid tumours demonstrate normal expression of 

proliferative markers such as Ki-67, and also do not overexpress p53,116 whereas 

important differentials such as low-grade liposarcoma typically express 

elevated proliferative markers. 

 

1.2.5 Natural history 

The natural history for desmoid tumours is that most grow progressively larger 

over time. Growth is indolent, and periods of growth arrest/spontaneous 

regression are not uncommon. Bonvalot demonstrated that spontaneous 

regression occurs more commonly than previously thought and argued for a 

shift towards conservative management. Of 102 patients who were initially 

observed as part of a “wait and see” approach, 29 experienced spontaneous 

tumour regression over a median follow-up period of 32 months. Only an initial 

tumour size of >7 cm was associated with a higher risk of requiring a change in 

the treatment strategy, with an acceptable R0 (microscopically clear margin) 

rate of 82% in second intent surgery.117 

 

Desmoid tumours that occur in FAP have been shown to have a variable 

course, with 50% maintaining a stable course, 30% undergoing growth and 

regression, 10% undergoing aggressive growth and 10% having spontaneous 

regression.118  

 

1.2.6 Prevention and chemoprophylaxis 

Patients at high risk of desmoid tumour are largely patients with FAP who have 

a carboxyl terminal mutation, family history, female gender and previous 

surgery (as outlined in 1.2.2.1). Strategies to prevent desmoid tumour 

occurrence in this at risk group include deferral of prophylactic colectomy 
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where possible and the use of chemopreventative agents. COX2 inhibitors and 

selective oestrogen receptor modulators can be used for prophylaxis given their 

favourable side-effect profile. There is a paucity of evidence for 

chemoprophylaxis in both the primary setting and prophylaxis following 

complete excision.    

 

1.2.7 Management  

 

1.2.7.1 Management of sporadic desmoid tumours 

Desmoid tumours pose management challenges for treating clinicians, there is a 

high rate of recurrence with surgical resection (up to 50% in some series119), and 

varied responses to medical therapy. Previous standard of care consisted of 

wide excision to achieve clear margins. However, this has been challenged by a 

recent move towards watch-and-wait approach, championed by Bonvalot who 

conservatively managed abdominal wall desmoid tumours, demonstrating that 

some tumours will regress, and that initial watch-and-wait strategy can be 

appropriate in select circumstances.117 The trend towards non-surgical 

management is demonstrated by a Dutch longitudinal series,107 that showed 

increased conservative management following European consensus on a watch-

and-wait approach.120 Patients with desmoid tumour require multidisciplinary 

management in a specialist centre. Care should be individualised given the 

heterogeneity seen in the behaviour of desmoid tumours combined with the 

relative lack of quality evidence for best treatment. 

 

Should an initial observational approach fail, surgery is still a valid option. 

When surgery is undertaken there should be a plan to achieve clear surgical 

margins. When considering radical excision of peripherally located desmoids 

consideration needs to be given to functional outcome. When resection of a 
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peripheral desmoid would result in unacceptable functional outcome isolated 

limb perfusion can improve the rate of limb salvage. A series of patients with 

advanced limb desmoid tumour requiring amputation or functionally 

debilitating surgery demonstrated that 79% of patients treated with 

hyperthermic isolated limb perfusion with melphalan and tumour necrosis 

factor alpha (TNF-α) had complete or partial response on MRI, allowing limb 

salvage in 87% of patients.121  

 

In the case of positive margins following surgical excision there is a European 

consensus recommendation against re-excision given the lack of correlation 

between positive margins and local recurrence.120 Radiotherapy is not routinely 

used in the adjuvant setting following curative surgery, however can be utilised 

in cases of recurrent disease. Radiotherapy is also utilised for cases of 

progressive disease that are not candidates for surgical resection due to 

comorbidities or due to the extent and location of desmoid tumour. A trial of 56 

Gy of radiotherapy in 28 fractions for patients with inoperable desmoid tumour 

revealed a local control rate of 82% at 3 years, with 14% having complete 

response as assessed on MRI.122 

 

There are multiple options for medical management including hormonal 

therapies, non-steroidal anti-inflammatory drugs, tyrosine kinase inhibitors and 

cytotoxic chemotherapy.  There are no randomised control trials or comparative 

trials comparing medical therapies. The best radiological response was seen in 

patients treated with anti-oestrogens and anthracycline chemotherapy regimes 

in a retrospective series.123 First-line therapy usually consists of hormonal 

agents such as tamoxifen, alone or in combination with a NSAID such as 

sulindac, given that both of these agents are well tolerated.120 Quast et al. 

conducted a long-term follow up on 134 patients with desmoid tumour treated 

for over 12 months with selective oestrogen receptor modulators and sulindac 
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and found that 85% of patients had regression or stable tumour size on cross-

sectional imaging.124 

 

Tyrosine kinase inhibitors imatinib and sorafenib have action against desmoid 

tumours. Imatinib results in a low response rate (5-15%), however does result in 

high rates of disease stabilisation  (50-80%). There is evidence from the GISG-01 

study that patients with S45F CTNNB1 mutation have a higher progression 

arrest rate with imatinib suggesting that patients with this mutation are more 

likely to benefit from imatinib.125 There is only limited retrospective evidence 

for sorafenib that suggests a higher response rate (25%) when compared to 

imatinib.126 However, there is a double-blind randomised phase II trial of 

sorafenib that has completed recruitment with results expected in 2019. 

(NCT02066181) Early reports of treatment with pazopanib, a selective multi-

targeted tyrosine kinase inhibitor also demonstrate promising results.127 

 

Chemotherapy is generally reserved for rapidly growing desmoid tumours and 

tumours in critical anatomic locations that pose threat to life. Options for 

chemotherapy include low-dose regimen with methotrexate, vinblastine or 

anthacyclines, in which a lower dose is delivered over a 12-month duration. 

Full-dose chemotherapy consists of 6-8 cycles and there is the suggestion that 

anthracycline-based regimes offer the best response, with 54% having partial 

response and 46% having stable disease in a series from the French Sarcoma 

Group.128 

 

Predicting desmoid tumour recurrence can guide choice of management and 

assist in deciding which patients would be suitable for a watch and wait 

strategy. Salas used cDNA microarray data from 115 primary desmoid tumours 

to generate a prognostic gene signature to better predict tumour biology that is 
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currently being prospectively validated in a clinical trial of initial non-operative 

management (NCT01801176).129 

 

1.2.7.2 Management of FAP-Desmoid tumours 

Desmoid tumour in FAP typically occurs following prophylactic colectomy and 

is usually located in the peritoneal cavity and abdominal wall. Surgical 

management is often a difficult proposition given previous colectomy, and 

historically has resulted in a high recurrence rate in the FAP cohort.93 In many 

cases of mesenteric desmoid tumour it may not be possible to safely resect the 

tumour given close proximity to mesenteric vasculature, and in instances where 

resection is feasible there may be resulting short bowel syndrome requiring 

parenteral nutrition. Multi-visceral and small bowel transplantation is an 

option for very advanced cases requiring surgery that have failed all other 

avenues of therapy.130  

 

The morbidity associated with surgical resection of intra-abdominal desmoids 

in the FAP population means that non-operative management is often the 

preferred management choice in the first instance. Nieuwenhuis compared the 

outcomes of surgical and non-surgical management (comprising both wait and 

see and medical management) for intra-abdominal desmoid tumour in the 

Dutch FAP population, finding no difference in progression free survival in the 

two groups.131 The same series reported surgical management in the majority of 

extra-abdominal and abdominal wall desmoid tumours, reporting 71% of 

patients being progression free at 5 years. This evidence suggests that surgery 

should be reserved for extra-abdominal and abdominal wall desmoid tumours, 

and that there may not be a benefit of surgery for intra-abdominal desmoid 

tumours. This is reflected in recently published guidelines that do not 

recommend surgery for intra-abdominal desmoid tumours in FAP, suggesting 
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that surgery be reserved for select cases in which the tumour is small and well 

defined and clear surgical margins can be achieved.132 

 

Medical options for therapy are the same as those for sporadic tumours, with 

NSAIDs and hormonal treatment the most commonly utilised agents.131 There is 

no clear consensus on best medical management. Chemotherapy has the best 

response rate, and most commonly used regimens comprise doxorubicin in 

combination with other agents.131 Response rates for medical therapy are varied. 

A series of FAP-desmoids by Desurmont showed response rates of 28% for 

Sulindac, 40% for Tamoxifen, 50% for combined sulindac and tamoxifen 

therapy, 36% for imatinib and 77% for cytotoxic chemotherapy.133 

 

Radiotherapy is rarely used in the FAP cohort given the tumours’ close 

proximity to abdominal viscera, however has been reported to decrease size of 

intra-abdominal desmoid tumour to facilitate resection for rapidly growing or 

troublesome tumours.131 

 

Given the rarity and complexity of desmoid tumours in FAP it is preferable 

they are managed in a specialist referral centres. For instance, St Mark’s hospital 

has experience in this area and has published an algorithm to guide 

management decisions. This algorithm (as shown in Figure 4) applies only to 

solitary tumours, as Sturt and Clark suggest medical management when 

multiple tumours exist.83 
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Figure 4 - St Mark's algorithm for management of solitary desmoid tumour in 

FAP. (Reproduced from: Sturt NJ, Clark SK. Current ideas in desmoid tumours. 

Fam Cancer. 2006; 5:275-85; discussion 87-8.) 

  

Solitary1 desmoid
tumour

Body wall or extra-
abdominal tumour:

have a low threshold
for surgery

Intra-abdominal
tumour: usually high
threshold for surgery

Assess- can tumour
be safely resected?

Surgery

Assess- CT to determine
anatomy, MRI to determine

potential behaviour

If ureteric involvement refer to
urology for stenting

Even if negative, reassess
ureters 6-monthly with

ultrasound

Start sulindac2 150mg bd for
6 months then reassess

Add toremifene 180mg od
or high-dose tamoxifen

(e.g. 120mg per day) for 6
months then reassess

Maintain on
sulindac

Reassess for surgery.
For mesenteric tumour

surgical consideration is
relationship to SMA and

likelihood of massive small
bowel resection

Maintain on
sulindac and anti-

oestrogen

Refer for cytotoxic
chemotherapy but be

prepared to
reconsider surgery

Surgery

Yes No

No tumour progression

Tumour progression

No tumour progression

Tumour progression

Clearly inoperable
Clearly operable

Equivocal / only with
massive small bowel

resection

Refer for cytotoxic
chemotherapy:

doxorubicin-based or
‘low-dose’ with
vinblastine and
methotrexate

Figure 4. Treatment algorithm for FAP-associated desmoid tumours as used at St Mark’s hospital. (1) This algorithm applies to solitary
desmoid tumours. In the case of multiple tumours the balance of treatment needs to be adjusted towards pharmacological management and
away from surgery, particularly in individuals at known high-risk of developing further or recurrent tumours (e.g. 3¢ germline APC mutation,
strong family history). (2) In individuals unable to tolerate sulindac consider celecoxib 400 mg bd.

282 N J H Sturt and S K Clark
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1.2.8 Experimental treatments and trials currently recruiting 

The notch signalling pathway has been investigated as a potential therapeutic 

target in desmoid tumour. A phase one study of a selective, non-competitive, 

reversible inhibitor of γ-secretase (PF-03084014) demonstrated partial response 

in 5 of 7 patients with desmoid tumour.134 Other treatments currently under 

investigation include Hyaluronan synthesis inhibitors,135 Radiofrequency 

ablation,136 cryotherapy,137 aromatase inhibitors,138 chemical ablation,139 and gene 

transfer.140 

 

1.3 Preclinical models of FAP and Desmoid tumour  

Multiple preclinical models of intestinal tumourigenesis exist. Apc mutant mice 

and variants are used as murine model for both FAP and colorectal carcinoma.  

As with human disease there is a clear genotype-phenotype relationship in 

mice harbouring germline mutations in Apc, stemming from the “just-right” 

model of tumourigenesis. Mice with mutations resulting in high levels of β-

Catenin resulting in intestinal tumourigenesis, with more distal mutations that 

have lower levels of β-Catenin more likely to result in extraintestinal 

manifestations.18  

 

1.3.1 Apcmin/+ mouse 

The Apcmin/+ mouse was originally described by Moser in 1990. They developed 

mutant mice by treating C57BL/6 mice with ethylnitrosourea (ENU), resulting 

in a nonsense mutation at codon 850. Mice developed anaemia resulting from 

multiple intestinal tumours, and investigators noted that the condition was 

passed on in an autosomal dominant fashion to subsequent generations. 

Apcmin/+ mice were found to have multiple small intestine and colon adenomas 

that can progress to invasive carcinoma in older animals. Anaemia develops 

within 60 days and mice rarely survive beyond 120 days.141 Apcmin/+ mice also 
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develop epidermoid cysts, producing a phenotype not dissimilar from that seen 

in human APC mutations. 

 

 

Figure 5 - Genotype-Phenotype relationship in Apc mutant mice (Reproduced 

from: Albuquerque C, Bakker E, van Veelen W, Smits R. Colorectal cancers 

choosing sides. Biochim Biophys Acta. 2011; 1816:219-31.) 

 

Following the development of the Apcmin/+ mouse, multiple other Apc murine 

models were developed with mutations in different areas of Apc. As seen in the 

human disease there is a genotype-phenotype relationship where mice with the 

same mutation share similar phenotype.  Among the multiple Apc mouse 

model, the Apcmin/+ and Apc1572T have been reported to rarely develop desmoid 

tumours. Only the Apc1638N model exhibits significant desmoid tumour 

formation.142  

 

domain (Fig. 3) [11]. Different APC genotypes have been observed in
different tumour types throughout the body, suggesting that tissue-
specific dosages of β-catenin signalling are selected to efficiently
trigger tumorigenesis. In about 80% of colorectal tumours with APC
mutations, at least one of the mutated alleles code for truncated APC
proteins retaining one or, less frequently, two 20 aa repeats, resulting
in relatively high to moderate β-catenin signalling levels [31,45,47–
49]. Colorectal tumours solely expressing truncated APC proteins
lacking all 20 aa repeats or expressing longer truncated proteins, are
less frequently observed. According to the “just-right” signalling
hypothesis, this can be explained by assuming that these truncated
APC proteins do not provide the optimal level of β-catenin signalling
to efficiently initiate colorectal tumour growth.

Desmoid tumours (also named aggressive fibromatosis) are rare
mesenchymal tumours likely selecting for low to moderate β-catenin
signalling defects. This is either accomplished by acquiring truncated
APC proteins retaining two or three 20 aa repeats (~5–10% of cases),
or more frequently an oncogenic CTNNB1 mutation (~80%) [58–60].
These truncated APC proteins with 2–3 repeats, or oncogenic CTNNB1
mutations, are also the most frequently observed alterations in polyps
arising in the gastric and duodenal epithelium [61–64]. The spectrum
of mutations in the β-catenin signalling pathway observed in these
tumour types, is consistent with our hypothesis that oncogenic
CTNNB1 mutations provide an equivalent induction of β-catenin
signalling as truncated APC proteins retaining 2–3 repeats (Fig. 4).

The selection for specific dosages of β-catenin signalling is corrobo-
rated by the phenotypes of familial adenomatous polyposis (FAP)
patients carrying specific germline mutations in the APC gene. Patients

carrying a germline mutation resulting in a truncated APC protein
retaining one 20 aa repeat are associated with the most severe form of
polyposis, whereas patients carrying mutations resulting in truncated
proteins retaining two or three 20 aa repeats are at highest risk for the
formation of desmoid tumours and polyps in the upper GI-tract, in
addition to a reduced risk for severe colorectal polyposis [65,66].

Even more dramatic differences in tumour phenotype are observed
in Apc mutant mouse models generated by us and others [67–69]
(Fig. 5). Mice with Apc mutations resulting in high β-catenin signalling
levels, such as ApcMin and ApcΔ716, mainly develop intestinal tumours
at high multiplicity (N100) with only a low penetrance of extra-
intestinal manifestations. On the other hand, age-matched animals
carrying the hypomorphic Apc1638N mutation resulting in intermedi-
ate β-catenin signalling, are characterised by a reduced incidence of
intestinal tumours (onaverage5–6)combinedwithahigh susceptibility
for several extra-intestinal tumour types such as cutaneous cysts and
desmoid tumours [70]. More recently, the Apc1572T mouse model,
characterised by a mild defect in β-catenin regulation, has been shown
to develop aggressive and metastasising mammary tumours associated
with nuclear accumulation of β-catenin [38], and a histological
appearance similar to the mammary tumours observed in transgenic
models overexpressing Wnt1 or β-catenin [71–74]. Surprisingly,
Apc1572T mice do not develop intestinal tumours, even when followed
up to old age, suggesting that the mild induction of β-catenin signalling
is not sufficient to induce tumour formation in themouse intestine [38].
Further support for a dominant role of β-catenin signalling dosages in
establishing these different tumour phenotypes was provided by
Buchert et al. [50]. By combining different Apc mutant models with a
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Fig. 5. Genotype–phenotype correlations of Apcmutant mouse models. (a) For each model the truncated Apc proteins encoded by the mutation are depicted, as well as the expected
β-catenin signalling strength emerging in a nascent tumour cell following LOH of the wild type Apc allele. LOH is by far the most common spontaneous second hit in mouse models
[75,76]. Please note that Apc1638N and Apc1638T truncated proteins are virtually identical as far as the position of the termination codon is concerned. However, whereas Apc1638T
is present in a 1:1 ratio with wild-type Apc, in Apc1638N only ‘leaky’ amounts (1–2%) of the predicted protein are generated. Tumour multiplicity in the gastro-intestinal tract and
elsewhere are indicated. Extra-intestinal tumour types have not been reported for ApcΔ716. (b)Windows of β-catenin signalling associatedwith specific tumour types in Apcmutant
mouse models. Intestinal tumours are only observed in Apc models associated with high to moderate levels of β-catenin signalling. Desmoid tumours and cutaneous cysts prefer
lower levels of signalling, while mammary tumours readily occur with the low signalling level observed in Apc1572T. The level of β-catenin signalling is derived from β-catenin
reporter assays performed on embryonic stem cells homozygous for each mutation [36–38].

223C. Albuquerque et al. / Biochimica et Biophysica Acta 1816 (2011) 219–231
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1.3.2 Apc1638N 

The Apc1638N mouse was developed by inducing a mutation at codon 1638 (3’ 

end) of the Apc gene.143 These mice develop colon and intestinal adenomas and 

carcinomas, and gastric and duodenal adenomas and carcinomas. Of note when 

compared to Apcmin/+ mice (that have a more amino terminal), they have a 

significantly longer life expectancy, with 30% of mice living greater than one 

year.143 Importantly the Apc1638N mouse also develops cutaneous cysts and 

desmoid tumours. Mice develop on average 16 (female) to 45 (male) 

desmoids.144 Desmoid tumours in this model were located in skeletal muscle or 

subcutaneously, with desmoids only rarely occurring in the mesentery or 

abdominal wall. Desmoid tumour numbers increase when Apc1638N mice are 

crossed with p53 deficient mice, with Apc1638N:p53-/- mice developing seven 

times the number of desmoid tumours, however there is no change in the 

distribution.144 The peripheral location of desmoid tumours in the Apc1638N 

model limits its relevance with respect to abdominal desmoid tumours that 

occur in the FAP population following prophylactic colectomy. 

 

1.3.3 Role of p53 mutation in desmoid tumour formation in Apc mice 

In addition to the observation of Smit et al. that substantially more desmoid 

tumours occur in p53 mutant Apc 1638N mice, Halberg established that 

mutations in p53 were implicated in development of desmoid tumours in Apc 

mutant mice.145 

 

1.3.4 Other animal models   

The F344-Pirc rat was developed by treating rats with ethylnitrosourea. When 

compared to the Apc min mice this rat model produces significantly more 

colonic tumours.146 In addition, there are advantages of a larger animal with 

respect to surgery models. There is no reported incidence of desmoid tumour in 



 44 

this rat model. In addition, there is a porcine model of familial adenomatous 

polyposis that develops colonic adenomas, however no desmoid tumours have 

been documented in this model either.147 

 

1.4 Conclusions 

Desmoid tumours in patients with FAP are the largest cause of mortality 

following prophylactic colectomy. Despite improvements in management of 

risk of colorectal carcinoma and improved understanding of the genotype-

phenotype relationship, there has been no progress in preventing desmoid 

tumour in FAP population. There is a lack of understanding of the molecular 

biology in desmoid tumours and this has contributed to a lack of progress with 

regard to medical therapy. The role of surgical trauma in pathogenesis requires 

clarification in order to minimise desmoid risk following prophylactic 

colectomy. There is no established mouse model of FAP-associated abdominal 

desmoid tumour that can be utilised to investigate the role of surgical trauma. 

Significant heterogeneity and the role of multiple factors in desmoid formation 

means that clinical data cannot define the role of surgical trauma, supporting 

the case for development of a pre-clinical model of FAP-related desmoid 

tumour.  
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1.5 The present study 

The present study aims to investigate desmoid tumours in familial 

adenomatous polyposis through the following aims:  

 

Aim 1: To create a preclinical model of desmoid in familial adenomatous 

polyposis to facilitate the study of desmoid growth (desmogenesis) and 

identification of factors that may influence growth. 

 

Hypothesis 

A murine model of FAP-associated abdominal desmoid tumour can be 

developed using a combination of existing mouse models for FAP, and mice 

deficient in p53.  

 

Summary 

The overarching aim of research presented in this thesis is to develop a murine 

model of abdominal desmoid tumour that arises in familial adenomatous 

polyposis to facilitate future research in this rare tumour. Rarity and significant 

genomic heterogeneity leads to bias in clinical series of FAP-desmoid tumour, 

meaning there is the potential for improvements in understanding of 

pathogenesis from an animal model. The development of a novel murine model 

of abdominal desmoid tumour in FAP (Chapter 3) allowed surgical studies to 

investigate the role of surgical trauma into the development of desmoid tumour 

(Aim 2). The model also facilitates establishment of a cell line and in-vitro 

testing of novel therapeutic agents. (described in Chapters 4 and 7) 
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Aim 2: To develop models of open and laparoscopic surgery in the mouse, to 

investigate the role of surgical trauma on desmoid tumour formation 

 

Hypothesis 

Laparoscopic prophylactic colorectal surgery results in an increased risk of 

future desmoid tumour when compared to open surgery 

 

Summary 

Having established a novel murine model of desmoid tumour in FAP, we 

sought to investigate the role of surgical approach on subsequent desmoid 

tumour formation. A model of small animal anaesthesia, laparotomy and 

laparoscopy was developed, and utilised in conjunction with the murine model 

to assess the impact of surgery on desmoid tumour formation. (Chapter 5) 

 

Aim 3: To profile human desmoid tumours with RNA sequencing and 

immunohistochemistry to establish differential gene expression data in 

FAP and Sporadic desmoid tumours 

 

Hypothesis 

Desmoid tumour arising in FAP and Sporadic desmoid tumours share 

molecular similarity despite occurring from distinct genomic events 

 

Summary 

There is a paucity of data regarding the molecular and genomic alterations that 

occur in desmoid tumour. This aim describes the profiling of human abdominal 

desmoid tumour, both sporadic and that arising in FAP, with 

immunohistochemistry and RNA sequencing. We aimed to identify 
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similarity/differences between sporadic desmoid and desmoids arising in FAP 

and identify novel targets for therapy. (Chapter 6) 
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Chapter 2: Materials and Methods 
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2.1 Animal husbandry  

All scientific procedures were carried out in accordance with the Prevention of 

Cruelty to Animals Act 1986 and the Australian Code of Practice for the Care 

and Use of Animal for scientific research.  

 

Ethical approval was obtained from Peter MacCallum Cancer Centre, Animal 

Experimentation Ethics Committee (AECC), Approval numbers: E496, E532, 

E586 and E512. 

 

Mice were housed in individually ventilated cages with a maximum of 6 mice 

per cage. They were fed standard mice chow and had ad libitum access to water. 

The animal facility was subjected to a 12-hour day-and-night cycle and 

temperature was maintained at 25°C. 

 

2.2 Breeding and Genotyping 

Wild-type C57BL/6 mice were obtained from the Walter and Eliza Hall Institute 

(Melbourne, Australia). Apcmin/+ mice and p53+/- mice (both on C57BL/6 

background) were bred in the Peter MacCallum Cancer Centre animal breeding 

facility. 

 

Crossing of Apcmin/+ mice and p53+/- mice was undertaken at the Peter 

MacCallum Cancer Centre animal breeding facility. Breeding pairs were 

established at 3 weeks of age and tail clips were taken for genotyping. DNA 

was extracted from tail clips according to laboratory protocol and polymerase 

chain reaction (PCR) was undertaken to establish genotype. (details below) 

Apcmin/+ and p53+/- were crossed in order to breed Apcmin/+:p53+/- mice which, after 

genotyping were then crossed with p53+/- in order to breed mice that possess 

Apcmin/+ mutation and are also deficient in both alleles of p53. (Apcmin/+:p53-/-) 
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2.2.1 Extraction of genomic DNA from mouse tails 

Mouse tail clips were digested in 800μL of tail lysis buffer comprising 1% SDS, 

50nM Tris, 100mM NaCl, 100nM EDTA, 20μL of 10mg/mL Protinase K and 

incubated overnight at 56°C. The following day 300μL of NaCl was added and 

samples were shaken for 5 minutes and then incubated on ice for 5 minutes. 

Tubes were then centrifuged for 10 minutes at 13,000rpm at room temperature. 

Eight hundred μL of supernatant was transferred to a new Eppendorf tube 

together with cold isopropanolol, and tubes were centrifuged at 13,000rpm for 5 

minutes at 4°C. The supernatant was aspirated and discarded and the pellet 

was rinsed with 75% ethanol, air dried and then re-suspended in 100μL of 

RNase free H2O. 

 

2.2.2 Apcmin/+ mouse PCR Genotyping 

Primers for Apcmin/+ mice: 

1. MAPCMT  (Primer for Apcmin/+ mutation) – 5’ TGAGAAAGACAGAAGTTA 3’ 

2. MAPC15 (Universal downstream primer) – 5’ TTCCACTTTGGCATAAGG 3’ 

3. MAPC9 (wild-type allele)   – 5’ GCCATCCCTTCACGTTAG 3’  148 

PCR reaction consisted of 94°C for 1 minute followed by 30 cycles of: 94°C for 1 

minute, 56°C for 2 minutes, 72°C for 3 minutes, followed by one cycle of 72°C 

for 10 minutes and 11°C hold. 

 

2.2.3 P53+/- mouse PCR Genotyping 

Primers for p53+/- mice: 

1. p53X6S (Primer for p53:Exon 6)  5’ TTATGAGCCACCCGAGGT 3’ 

2. p53X7AS (Primer for p53:Exon 7)  5’ TATACTCAGAGCCGGCCT 3’ 

3. Neo 18.5 (wild-type)   5’ TCCTCGTGCTTTACGGTATC 3’ 149 
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PCR reaction consisted of 94°C for 4 minutes followed by 30 cycles of: 94°C for 

40 seconds, 55°C for 30 seconds, 72°C for 60 seconds, followed by one cycle of 

72°C for 5 minutes.  

 

2.3 Tissue culture 

The following reagents (Table 6) were used throughout tissue culture protocols, 

for culture of existing cell lines, to derive new murine cell lines as well as in 

vitro therapy experiments. 

 

Table 6 - List of Tissue culture reagents 

Reagent Supplier 

Dulbecco’s Modified Eagle Medium (DMEM) Gibco 

Advanced DMEM/F12 Gibco 

Phenol-free DMEM Gibco 

Glutamax Gibco 

Fetal Bovine Serum (FBS) Gibco 

TrypLE express enzyme Gibco 

Penicillin/Streptomycin Gibco 

Charcoal stripped FCS Gibco 

 

2.3.1 Cell lines  

Established cell lines used in this project are outlined in Table 7. All cell lines 

were maintained in culture media as outlined in Table 7. All culture media 

were supplemented with Glutamax and Penicillin-Streptomycin. Cells were 

incubated at 37°C with 5% CO2 in tissue culture flasks with filter caps. 

 

Cells were cultured in Phenol-red free DMEM with charcoal-stripped FCS 

when used for in-vitro assays with tamoxifen or 4-hydroxytamoxifen. 
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Table 7 - Established Cell lines 

Cell line Description Culture media Reference 

NIH3T3 Immortalised 

fibroblast line (swiss) 

Advanced 

DMEM/F12: 

10%FCS 

Todaro and 

Green, 1963150 

MEF Mouse embryonic 

fibroblast (C57BL/6) 

(Ramsay lab) 

Advanced 

DMEM/F12: 

10%FCS 

Derived in house, 

Ramsay Lab 

CT26 Colon undifferentiated 

carcinoma (BALB/C) 

DMEM:10%FCS Corbett et al, 

1975151 

MC38 Colon adenocarcinoma 

(C57BL/6) 

DMEM:10%FCS Corbett et al, 

1975151 

 

 

2.3.2 Establishment of new cell lines from murine model 

 

2.3.2.1 Desmoid Tumour cell lines 

Table 8 - Reagents used to generate desmoid cell lines 

Reagent Supplier 

Advanced DMEM/F12 Gibco 

Glutamax Gibco 

Fetal Bovine Serum (FBS) Gibco 

Penicillin/Streptomycin Gibco 

Collagenase IV Worthington 

Dispase Gibco 

Nystatin Sigma-Aldrich 

Gentamycin Sigma-Aldrich 
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Novel desmoid tumour cell lines were generated from a transgenic murine 

model of desmoid tumour. Abdominal wall desmoid tumour was identified 

macroscopically and dissected free from the abdominal wall. Given the small 

size of desmoid tumours, all desmoid tumours from one mouse were pooled to 

generate sufficient tissue to generate a cell line. Tumour tissue was incubated in 

phosphate buffered saline (PBS) with gentamycin (1:500) and nystatin (1:500) 

before being incubated in digestion buffer for 30 minutes at 37C with occasional 

mechanical disruption by vortex. Digestion buffer comprised DMEM, 2.5% FBS, 

Penicillin-Streptomycin, Collagenase IV (75U/mL) and Dispase (125ug/mL). The 

resulting solution was further disrupted by pipetting and passed through a 

70μM filter before being centrifuged at 1000rpm for 5 minutes. Supernatant was 

aspirated and pellet was resuspended in culture medium and seeded in a 25cm2 

tissue culture flask. 

 

Culture medium used when deriving the cell lines and for the first 2-3 passages 

was Advanced DMEM/F12 supplemented with 18% FBS, 

Penicillin/Streptomycin and Glutamax. Once established, desmoid cell lines 

were grown in Advanced DMEM/F12 supplemented with 10% FBS, 

Penicillin/Streptomycin and Glutamax. 

 

2.3.2.2 Murine peritoneal mesothelial cell line  

Table 9 - Reagents used to derive murine peritoneal mesothelial cell line 

Reagent Supplier 

Advanced DMEM/F12 Gibco 

Glutamax Gibco 

Fetal Bovine Serum (FBS) Gibco 

Penicillin/Streptomycin Gibco 

Trypsin Gibco 
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A murine peritoneal mesothelial cell line was derived from a wild type C57BL/6 

mouse using a technique similar to that previously described by Bot et al.152 An 

8-week old female mouse was euthanized with carbon dioxide, and placed on a 

heat pad. The skin was excised to reveal the abdominal wall and peritoneal 

cavity. Two 23-gauge needles were used to flush approximately 10ml of PBS 

though the peritoneal cavity in order to remove macrophages and lymphocytes. 

Trypsin, 0.25% was then instilled though one of the 23 gauge needles to fill the 

peritoneal cavity, which the other needle was left in-situ but capped to prevent 

fluid egress. Trypsin was left in the peritoneal cavity for 10 minutes and 

supplemental heating with a heat lamp was used during this time. Following 

this, the trypsin was aspirated from the peritoneal cavity using both needles. In 

addition the peritoneum was opened and any remaining fluid was manually 

aspirated. Aspirated fluid was added to a tube containing medium and FBS in 

order to inactivate the trypsin. The peritoneal cavity was further washed with 2 

mL of medium – which was reaspirated to maximise the yield of peritoneal 

cells. Cell suspension was then centrifuged at 1000rpm for 5mins, resuspended 

in medium and seeded in a 25cm2 tissue culture flask. Culture medium used to 

derive and maintain this cell line was Advanced DMEM/F12 supplemented 

with 10% FBS, Penicillin/Streptomycin and Glutamax. 

 

2.3.3 Cell passaging 

Cells were passaged when they reached 80% confluence in the tissue culture 

flask. Medium was aspirated and cells were washed with PBS. After removal of 

PBS, 1x Tryple was added to the flask and were incubated until cells detached 

from the flask. Tryple was inactivated with culture media containing FCS and 

cells were removed and centrifuged (300g, 5mins). Supernatant was aspirated 

and the cell pellet was resuspended in 1ml of culture medium. Cells were then 

counted with either a haemocytometer or through the use of a Biorad (Hercules, 
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CA, USA) TC-10 automated cell counter, prior to being split into new tissue 

culture flasks as required. 

 

2.3.4 Freezing and thawing 

Cells were frozen down following passaging and cell counting (as described 

above). Cells were resuspended in cell culture medium containing 10% DMSO 

and transferred to cryovial tubes. Tubes were frozen in -80C in a cryo-freezing 

container containing 100% isopropanolol alcohol overnight, prior to being 

transferred to liquid nitrogen for long term storage. 

 

To thaw cells, vials were removed from liquid nitrogen and kept on ice until 

thawed. Cells and culture medium were aspirated from cryovial and 

transferred to a centrifuge tube containing fresh culture medium. Cells were 

then centrifuged and supernatant aspirated to remove all DMSO and pellet was 

resuspended in 1ml of culture medium for cell count and growth in flasks as 

described above. 

 

2.4 Nucleic acid extraction 

2.4.1 DNA Extraction 

Genomic DNA was extracted from cell lines using the Qiagen DNeasy kit.  Cells 

were grown to near confluence and then lifted with tryple as described in 2.3.3. 

Between 1 and 5 x 106 cells were centrifuged and resuspended in PBS. DNA 

extraction was undertaken using DNeasy spin column as per manufacturer’s 

instructions. DNA was eluted in a volume of 100μL. DNA yield was checked 

with nanodrop prior to storage in -80°C. 
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2.4.2 RNA Extraction - Method 1 (fresh xenograft tissue samples and cell lines) 

Total RNA was extracted from cell lines and fresh tissue samples using the 

Qiagen Rneasy kit. Between 20 and 30 µg of tissue was dissected from the 

tumour sample and placed in a MPBio homogenising tube (matrix D) in Buffer 

RLT for homogenisation using the FastPrep-24 benchtop homogeniser (2x 40 

second cycles, 6m/s). Samples were then centrifuged and the supernatant 

transferred to a new Eppendorf tube. Cell grown in tissue culture were lifted 

with Tryple, centrifuged and homogenised with a 20-gauge needle in buffer 

RLT plus. RNA extraction was then performed with RNeasy spin columns 

according to manufacturer’s instructions. An on-column DNase step was 

performed using the Qiagen RNase-Free DNase Set. RNA was eluted in a 

volume of 50µL RNase-free water, and yield was checked with nanodrop prior 

to storage in -80°C. 

 

2.4.3 RNA Extraction - Method 2 (Tissue bank samples and mouse desmoid tissue)  

Initial attempts at extracting RNA with the aforementioned technique (2.4.2) 

from mouse desmoid tumour tissue and snap frozen human desmoid tissue 

bank samples were unsuccessful. Issues arose with both tissue homogenisation, 

and the use of the Qiagen RNeasy kit yielded poor RNA quantity and quality. It 

has been previously noted that RNA isolation from tissues with low cellularity 

and high extracellular matrix can be difficult.153 

 

Optimisation of homogenisation technique for desmoid samples was 

undertaken. The MPBio FastPrep-24 benchtop homogeniser was unable to 

suitably homogenise snap-frozen desmoid tumour tissue despite serial 

homogenisation and different lysing matrixes. Optimal sample homogenisation 

was achieved by mechanical disruption using a purpose-built tissue crushing 

device that was placed into liquid nitrogen prior to use. Samples were placed in 
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the crushing device and a hammer was used to crush the sample to a fine 

powder. The sample was then transferred to an Eppendorf tube and stored in -

80°C freezer until used for RNA extraction. 

 

RNA isolation was performed using TRIzol RNA extraction protocol 

(Invitrogen, Carlsbad, CA, USA), prior to RNA cleanup and on-column DNase 

set was performed using the Qiagen RNeasy kit and RNase-Free DNase Set. (as 

described in 2.4.2) Samples were assessed for yield with nanodrop and stored in 

-80°C. Samples submitted for RNA sequencing were subject to further analysis 

with Agilent 2100 Bioanalyser. (more detail in 2.7.1) 

 

2.4.4 cDNA synthesis 

The cDNA was generated using Invitrogen SuperScript III according to the 

manufacturer’s instructions. 

 

2.5 qRT-PCR    

Real-time PCR was performed using a StepOnePlusTM qRT-PCR detection 

system (Applied Biosystems). Samples were processed in triplicate using Fast 

SYBR® Green Mix (Applied Biosystems) and qRT-PCR primers (see Table 2.3). 

Amplification by thermal cycling began at 50°C for 2 min and 95°C for 15 min 

and subsequently for 40 cycles of 95°C for 15 sec and 60°C for 1 min. Following 

cycling, a fluorescence threshold was set within the linear range of 

amplification. Genes of interest were normalised for total cDNA using the 

housekeeping gene GAPDH and represented as relative units. The cycle 

number at which fluorescence for the gene of interest and housekeeping gene 

signals passed the threshold (CT value) was determined and the ΔCT value 

determined by subtracting CT (housekeeping gene) from CT (gene of interest). 
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ΔCT was then used to calculate the relative transcript abundance according to 

the equation: 1/2ΔCT. Primer sequences are outlined in Table 10 below. 

 

2.6 Olignucleotides 

The oligonucleotide sequences used throughout this study are listed below and 

were all synthesised by GeneWorks (Thebarton, SA, Australia).  

 

Table 10 - qRT-PCR Primers (Mouse) 

Primer Forward 5’ – 3’ Reverse 5’ – 3’ 

p53 CGCCGACCTATCCTTACCATC GCGGAAATTTTCTTCTTCTGTACG 

COX2 CTGGTGCCTGGTCTGATG CAATGCGGTTCTGATACTGG 

Myb AGACCAGACCTCATGGGGATA GTGACCAATGAGAGGAGTGGA 

GAPDH GTATGACTCCACTCACGG GGTCTGGCTCCTGGAAGA 

Cyclin 

D1 

AGGCTACAGAAGAGTATTTATGGGAAA TGCGTTTGAATCAAGGGAGAT 

Myc GCTGTAGTAATTCCAGCGAGAGACA CTCTGCACACACGGCTCTTC 

E-

Cadherin 

CGTGAATGAAGCCCCCATCT TGGCAGTGTCCCTCCAAATC 

VEGF TGTGAATGCAGACCAAAGAAAGA CGTTTTTGCCCCTTTCCC	

 

2.7 RNA Sequencing 

2.7.1 Sequencing 

Quantity and integrity of the total RNA was checked on an Agilent 2100 

Bioanalyzer (Agilent Technologies). Only those samples with a RIN>8 were 

subjected to RNA sequencing. Approximately 1 ug of good quality RNA was 

used for library preparation according to standard protocols (TruSeq RNA, 

Illumina). Poly-A mRNA was purified using poly-T magnetic beads, 

fragmented using divalent cations under elevated temperature and reverse 

transcribed to cDNA with random primers. Indexed adaptors were then ligated 
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and the library was amplified. Six indexed samples were pooled in a single lane 

of a HiSeq2500 flowcell (Illumina) to generate approximately 60 million paired-

end 50bp reads per sample.  

 

2.7.2 Analysis of RNA sequencing results 

Raw reads were aligned to reference genome (either HG19 - Human or MM10 – 

Mouse) with bowtie v2.2.9154 and Tophat v2.1.1.155 Integrated Genomics viewer 

(version 2.3.55) was utilised to visualise to resulting BAM files. 

 

Analysis was performed with Galaxy Melbourne (GVL 4.0.0, Galaxy version 

17.01).156 FeatureCounts157 was used to create a count matrix using the number 

of the reads from each bam file.  

 

Variant calling was undertaken by generating variant calling format (vcf) files 

using MPileup and Varscan 2  on the Galaxy platform. A list of candidate genes, 

and BAM files were sliced (using SAMtools slice) to include only genes of 

interest. MPileup (SAMtools) was undertaken using human reference genome 

to generate pileup file.158 Varscan 2 was then used (consensus genotype) to 

generate a vcf file.159 Raw variants were filtered using PathOS to detect 

clinically significant variants.160  

 

Assessment for gene fusions was undertaken with JAFFA. JAFFA was run in 

assembly mode for short transcripts with Raw RNA-Sequencing reads (FASTQ 

files) used as input, compared to reference genome to assess for fusion genes.161 

 

Differential gene expression testing was performed with EdgeR162 and Limma-

Voom.163  
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Principle component analysis charts were assembled using plot PCA with data 

generated from multibamsummary (Deeptools2).164  

 

Gene Set Enrichment Analysis (GSEA, Broad Institute) was used to determine if 

there was differential expression of annotated gene sets. 165, 166 Specifically, 

GSEA-preranked was used with the input being differential gene expression 

output from limma-voom, with genes ranked by the inverse of the p-value. 

MSigDB gene sets were utilised (H and C2).167 

 

In addition to GSEA, an Ensemble of Gene Set Enrichment Analyses (eGSEA) 

was performed for comparison.168 

 

Single sample gene set enrichment analysis (ssGSEA) was performed using the 

FeatureCounts count matrix as input, against MSigDB gene sets.169 

 

Results of differential gene expression and GSEA/eGSEA/ssGSEA were 

considered statistically significant with p-value <0.05 and false detection rate 

(FDR) <0.25.   

 

Variant calling was performed using PathOS,160 an in-house variant calling 

pipeline (Peter MacCallum Cancer Centre, Department of Pathology). A 

variant-call format (VCF) file was generated from BAM files using mpileup 

(Samtools).170, 171 

 

Immune profiling of RNA Sequencing data was performed using CIBERSORT 

(Stanford University).172 Cufflinks was used to generate FPKM estimates from 

BAM files as input for CIBERSORT.173 
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2.8 Immunohistochemistry and Immunocytochemistry 

2.8.1 Cell fixation for immunocytochemistry 

Cell suspension was seeded onto an 8-well Nunc Lab-Tek II Chamber Slide and 

grown in the incubator until 60-80% confluent. Once desired cell density was 

reached the cells were fixed and permeabilised, prior to application of primary 

antibody on the same day. 

 

Medium was aspirated from each well and 200μL of PBS was used to wash the 

well and then re-aspirated. 300μL of 4% PFA was added to each well and 

allowed to incubate at room temperature for 20 minutes to achieve fixation. 

Following this there was a further wash with PBS before 300μL of 0.2% TritonX 

was added to each well for 10 minutes for permeabilisation. This was then 

aspirated and a PBS wash was performed before immunocytochemistry was 

commenced. Immunocytochemistry was performed as per 

immunohistochemistry protocol, commencing with a blocking step (see 2.8.2 

below). 

 

2.8.2 Immunohistochemistry 

Tissue for positive control was processed with study samples and negative 

control (no primary antibody) was also used to confirm accurate staining.  

  

Tissue blocks were cut into 4μm sections on Superfrost plus slides. Slides were 

placed a 60°C oven for 45-60 minutes prior to being placed in the Leica Jung 

Autostainer on a de-wax protocol. Antigen retrieval was undertaken in a Dako 

pressure cooker with buffer and duration according the lab protocol for each 

antibody. Following this slides were allowed to cool before being blocked in 

10% H2O2 for 10 minutes. Slides were then rinsed in Tris-buffered Saline with 

0.05% Tween, pH7.6 (TBS-Tween). A Pap pen was then used to circle the 
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section on the slide before the primary antibody diluted in Tris-buffered saline 

(TBS) was added to the section. Slides were incubated in a humid chamber at 

4°C for 1 hour or overnight (depending on antibody). 

 

Slides were then washed in TBS-Tween (3x 10 minute washes), and secondary 

antibody was added to the sections, which were incubated in a humid chamber 

at room temperature for 30 minutes. A further TBS-Tween wash followed (3x 10 

minute washes), before slides were developed with DAB Chromogen. Once 

developed, slides were placed in dH2O, before being counterstained with 

haematoxylin, dehydrated (Leica Jung autostainer) and cover-slipped.  

 

2.8.3 Antibodies 

Antibodies used are as outlined in Table 11 below: 
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Table 11 - Antibodies for Immunohistochemistry/Immunocytochemistry 

	 Antibody Antigen Retrieval 
(125°C for 3 mins 
unless otherwise 
stated) 

Dilution Secondary 
antibody 

B-Catenin 
(Mouse) 

BD #610154 1M TRIS pH9.5 
99°C for 18mins 

1:300	 ImmPRESS 
Mouse 

B-Catenin 
(Human) 

Leica NCL-B-
CAT 

Novocastra Epitope 
Retrieval Solution pH 
9 

1:150 Novolink 
Polymer 
Detection  

P53 Leica NCL-p53-
D07 

Novocastra Epitope 
Retrieval Solution pH 
6 

1:800 Novolink 
Polymer 
Detection  

CD117 Dako A4502 Novocastra Epitope 
Retrieval Solution pH 
6 

1:250 Novolink 
Polymer 
Detection  

Cyclin D1 Ventana SP4-R 
#05491266001 

Novocastra Epitope 
Retrieval Solution pH 
6 

Pre-
diluted 

Novolink 
Polymer 
Detection  

Vimentin 
(Human) 

Spring  
M3204 

Novocastra Epitope 
Retrieval Solution pH 
6 

1:200 Novolink 
Polymer 
Detection  

Vimentin 
(Mouse) 

BD #550513 10mM Sodium 
Citrate pH6 

1:200 ImmPRESS 
Mouse 

COX2 Santa Cruz sc-
1745 

EDTA 1mM, pH 8 1:500 ImmPRESS 
Goat 

ER Alpha DAKO #M7047 10mM Sodium 
Citrate pH6 

1:100 ImmPRESS 
Mouse 

ERß  Abcam ab288 10mM Sodium 
Citrate pH6 

1:500 ImmPRESS 
Mouse 

Myb Abcam ab45150 EDTA 1mM, pH 8 1:500 ImmPRESS 
Rabbit 

E-Cadherin Santa Cruz sc-
1500 

(ICC only) 1:500 ImmPRESS 
Mouse 

VEGF-A Acris DP3520S 0.05M TRIS pH8, 
CaCl2, Trypsin 
37°C for 20 mins 

1:100	 ImmPRESS 
Rabbit 

Pancytokeratin Abcam ab27988 (ICC only) 1:500 ImmPRESS 
Goat 

Cell Surface 
Vimentin 

Abnova H7431-
M08 

(ICC only) 1:1000 ImmPRESS 
Mouse 

CBP Santa Cruz sc-
7300 

10mM Sodium 
Citrate pH6 

1:300 ImmPRESS 
Mouse 

p300 Santa Cruz sc-
585 

1M TRIS pH9.5 
	

1:500 ImmPRESS 
Rabbit 
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2.8.4 IHC Scoring 

Slides were scanned with the Olympus VS120 Virtual Slide Microscope and 

viewed with OlyVIA software (Ver 2.9). Immunohistochemistry was quantified 

by scoring both the extent and intensity of chromagen staining, a modified 

version of the scoring system described by Remmele et al,174 as shown in Table 

12. A overall “H-score” was generated by multiplying the extent and intensity 

scores, resulting in a score that ranges from 0-12. Only one researcher 

undertook IHC scoring and this is acknowledged as a limitation when 

considering IHC scoring results. 

 

Table 12 - Immunohistochemistry quantification 

Score Extent Intensity 

0 0-5% None 

1 6-25% Weak 

2 26-50% Medium 

3 51-75% Strong 

4 >76% - 

H Score = Extent x Intensity (Range 0-12) 

 

2.9 Scanning Electron Microscopy 

Mouse abdominal wall and peritoneum was processed for scanning electron 

microscopy. Tissue was fixed overnight with 2% Paraformaldehyde, 2.5% 

glutaraldehyde in 0.1M Sodium Cacodylate Buffer at 4°C. Tissue was then 

washed in 0.1M Sodium Cacodylate Buffer before being stored in 0.08M 

Sodium Cacodylate Buffer with 5% Sucrose at 4°C. 

 

The Leica EM CPD300 critical point drier was used to dehydrate tissue samples. 

Samples were then mounted on a stub and gold splutter coated with a Emscope 
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SC500 before being imaged with the Jeol JCM-6000PLUS Neoscope Benchtop 

scanning electron microscope. Images were acquired at 15kV under high 

vacuum.  

 

2.10 Mouse general anaesthesia 

This section will describe the method developed and utilised to safely 

anaesthetise mice for abdominal procedures whilst maintaining abdominal 

microenvironment, minimising hypoxia and maintaining body temperature. 

This technique recapitulates the anaesthetic conditions present at human 

surgery in order to provide the most translatable results from mouse surgical 

experiments.  

 

Table 13 outlines the equipment used for general anaesthesia and intubation of 

the mouse. 
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Table 13 – Equipment and reagents required for mouse general anaesthesia 

Item description Item Supplier 
Anaesthetic machine “The Stinger” small 

animal anaesthetic 
machine 

Advanced Anaesthesia 
Specialists, Gladesville 
NSW, Australia 

Vaporiser TEC 3 ISO (SM) 
vaporiser 

Advanced Anaesthesia 
Specialists, Gladesville 
NSW, Australia 

Isoflurane Isoflurane 
	

Abbott Laboratories 

Medical Oxygen 	 Air Liquide Healthcare 
Ventilator MiniVent Ventilator for 

Mice (Model 845) 
Harvard Apparatus 
Holliston, MA , USA 

Endotrachel tube 20G Jelco intravenous 
cannula (remove needle 
prior to use) 

Smiths medical, 
Minneapolis, Minnesota, 
USA 
	

Heat mat/monitoring 
equipment 

PhysioSuite for Mice & 
Rats 

Kent Scientific, 
Northwest Connecticut, 
USA 

Carprofen Rimadyl Pfizer 
Eye ointment Poly Visc Eye Ointment Clifford Hallam 

Healthcare 
Light source unit LG-PS2 Olympus 
Adhesive tape Transpore 3M healthcare 
Curved forceps Perry curved dental 

forcep, 12.5cm 
Richards Medical 

Blunt straight forceps Filter forceps, blunt end, 
stainless steel 

Merck Millipore 

Heat Lamp Nesco infrared heat 
lamp 

Nesco Medlab 

Intubation retractor Rubber band, 5/0 nylon 
suture loop secured with 
tape to laboratory bench 

- 

Lung inflation bulb Biolite lung inflation 
bulb 

Braintree Scientific 
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Figure 6 - AAS The Stinger small animal anaesthetic machine 

 

 

 

 

Figure 7 - MiniVent small animal ventilator 

  

	

 

 
Figure 8 - PhysioSuite animal 

monitoring apparatus 
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2.10.1 General considerations – animal care  

Mice used in these experiments where aged 6-8 weeks old, as at this age they 

were large enough for safe general anaesthesia and endotracheal intubation, but 

still had reasonable life expectancy – an important consideration in the Apcmin/+ 

genotype and variants, given their shortened lifespan. All wild type C57BL/6 

mice used were female as this aided efficient animal caging. For mice with the 

Apcmin/+, Apcmin/+p53+/- and Apcmin/+p53-/- genotypes both male and female 

animals were used owing to the difficulty breeding these genotypes (note only 

male offspring of the Apcmin/+p53-/- genotype were bred as discussed in 3.3). The 

mix of male and female animals is a limitation of the surgical experiments and 

is discussed when interpreting results of the surgical experiments. 

  

Mice are susceptible to hypothermia during general anaesthesia, and this is a 

significant and often unrecognised cause of mortality in mouse surgery 

experiments. Throughout mouse surgery core temperature was monitored 

using a rectal thermometer connected to the Physiosuite monitoring suite. Mice 

were placed on a heatmat for the duration of surgical procedures and heatmat 

temperature was also monitored with the Physiosuite monitoring apparatus 

automatically adjusting the heat mat temperature to obtain normothermia in 

the rectal thermometer. Despite this, mice were still prone to hypothermia – In 

particular mice undergoing laparotomy. Investigators manually monitored 

temperature during procedure and mice undergoing laparotomy were 

provided with further supplemental heating with an infrared heat lamp. 

Following surgical procedures mice were placed in a pre-warmed individually 

ventilated cage and placed in a warming cupboard at 32°C for four hours 

before being removed and being placed on a heat pad overnight before 

returning to standard housing conditions the following day. 
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Whilst under a prolonged general anaesthesia, there is a risk of ocular drying 

and subsequent visual impairment as it is not possible to close the mouse 

eyelid. This risk was mitigated by routinely applying moisturising eye gel to 

the eyes of the mouse at the commencement of the procedure. 

 

In addition to general anaesthesia, analgesia was provided at the start of the 

procedure to the mice. Carprofen was delivered (5-10mg/kg, subcutaneously) 

and in the post-operative period further doses were given at a 12-hourly 

interval if required based on assessment of signs of pain in the mouse. Local 

anaesthesia at the time of surgery was proposed as part of a multi-modal 

analgesia regime, however was rejected by the animal ethics committee given a 

lack of published evidence for its use in this setting. 

 

2.10.2 Induction of general anaesthesia 

The induction of general anaesthesia and mouse intubation required a 

proceduralist and an assistant. Prior to commencement of anaesthesia, checks 

were undertaken to ensure the anaesthetic machine was functioning correctly 

and that there was sufficient isoflurane and oxygen for the procedure. The 

Physiosuite monitoring equipment was turned on and the heatmat allowed to 

warm prior to commencement of anaesthesia. Surgical equipment was also 

prepared and checked at this time. The heatmat is positioned at the edge of the 

lab bench and a rubber band with an attached loop of 5/0 nylon suture is 

attached to the edge of the lab bench for use as an intubation retractor of the 

upper jaw to allow endotracheal intubation. (Only required when undertaking 

endotracheal intubation – as shown in Figure 10) 
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The procedure for induction of general anaesthesia is as follows: 

1. Place the mouse in the oxygenated induction chamber (O2 0.8L/min) and 

close the lid.  

2. Deliver isoflurane 2.5% into the anaesthetic chamber with oxygen 

(0.8L/min)  

3. Wait for the mouse to become anaesthetised. 

• Depending on the mouse strain this can take from 2-5 minutes. 

Mice will undergo three stages of anaesthesia: 

i. Induction 

ii. Excitement stage 

iii. Surgical anaesthesia 

• Wait until the mouse has reached the “surgical anaesthesia” stage 

of anaesthesia before proceeding to endotracheal intubation or 

nosecone anaesthesia. 

• Prior to transferring mouse to heatpad: 

i. Shave abdominal fur 

ii. Apply Polyvisc eye gel 

iii. Inject carprofen subcutaneously for analgesia. 

4. Transfer mouse to heat mat 

• If undertaking surgical procedure with nosecone anaesthesia – 

position the animal in the correct position for surgery and place 

the nose in the nosecone.  

• If undertaking prolonged procedure proceed to intubation as 

mechanical ventilator support allows deep anaesthesia without 

the risk of hypoxia. 
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2.10.3 Endotracheal Intubation 

 

Figure 9 – Mouse position for endotracheal intubation with transcutaneous 

illumination of airway with light source 

Endotracheal intubation and mechanical ventilation allows the use of deep 

anaesthesia without the risk of hypoxia and is the preferred option in animals 

of suitable size. Intubation technique is described as follows: 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 

Hold curved forceps with non 

dominant hand 

 

 

Visualise vocal cords and 

insert 20G cannula into airway 

 

Retractor to extend mouse 

neck (rubber band and suture). 

Not shown is nose-cone that 

provides anaesthesia during 

Figure 10 - View for mouse endotracheal intubation 
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1. Position the mouse for intubation 

• Good positioning is essential to successful intubation. Position the 

mouse on the heatmat, and use transpore tape to secure the 

animal’s tail to the heatmat to ensure the animal is positioned 

supine with a straight spine. (as shown in Figures 9/10) 

• Extend the mouse’s neck by placing the upper front teeth around 

the suture that is fastened to the bench with a rubber band.  

• Adjust the position of the heatmat to ensure that there is adequate 

neck extension.  

• Position the nosecone over the nose to allow continuous 

anaesthesia whilst intubation is attempted. Secure the nosecone 

with transpore tape to the laboratory bench.  

• Once appropriately positioned, increase the isoflurane to 5% to 

allow deep anaesthesia to allow intubation. Wait until respiration 

slows in response before attempting intubation. 

2. Prepare the endotracheal tube  

• Moisten the 20g cannula by dipping into water.  

3. Obtain a view of the vocal cords 

• Position the light over the anterior neck, with the light aimed 

posteriorly to transilluminate the vocal folds. 

• Use two forceps to retract the tongue and lift the jaw anteriorly to 

obtain a view of the vocal folds.  

i. Use straight forceps in the proceduralist right hand to 

gently retract the mouse tongue outwards and then 

anteriorly.   

ii. Then use curved forceps (mouse laryngoscope) in the 

proceduralist’s left hand to retract the jaw and tongue in an 

anterior position (towards the ceiling) to obtain a view of 

the vocal cords and trachea.  
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• The vocal cords/trachea will appear as a small hole when mouse 

respires 

• Once an adequate view is obtained the proceduralist can remove 

the straight forceps retracting the tongue and the assistant can 

pass the endotracheal tube (20G cannula) to right hand of the 

proceduralist. 

4. Intubate the trachea 

• Under vision place the endotracheal tube (20G cannula with 

needle removed) into the trachea. The presence of resistance or 

difficulty suggests that the view is not adequate and this is 

usually as a result of oblique positioning of the mouse; should this 

occur, reposition the mouse and reattempt intubation. 

5. Confirm tracheal location 

• Confirm tracheal location by connecting the cannula to the lung 

inflation bulb. Press the bulb. Correct position will result in rise 

and fall of the chest and the bulb will re-inflate. 

i. Incorrect oesophageal intubation will result in abdominal 

distension (often visible stomach/small bowel distension 

through abdominal wall) and the bulb will not reinflate. If 

this occurs remove the cannula and reattempt intubation.  

ii. If there are two oesophageal intubations or if the mouse 

develops marked abdominal distension due to late 

recognition of oesophageal intubation, wake and recover 

the mouse to prevent complications. Provided the mouse 

recovers well, endotracheal intubation can be reattempted 

on another day. 

6. Commence mechanical ventilation  

• Once location confirmed: connect the endotracheal tube to the 

Minivent small animal ventilator: 
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i. Remove nosecone and connect to ventilator circuit to 

ensure isoflurane is now delivered via the ventilator 

ii. Reposition mouse on heatmat to allow connection to the 

Minivent ventilator 

iii. Turn ventilator on and observe for rise and fall of the 

thoracic cage. (to ensure endotracheal tube was not 

dislodged during connection to ventilator) 

iv. Ventilate at 200 strokes/minute with a stroke volume of 

200μl 

v. Reduce the isoflurane concentration to 3-4% (depending on 

animal size and procedure) 

7. Position the mouse for surgery 

• Moisten and remove the tape over the tail to prevent injury 

• Ensure mouse ears are free and not trapped under the torso as this 

can cause pressure injury 

8. Connect Physiosuite monitoring equipment 

• Insert rectal thermometer (lubricate prior) 

• Position heat mat thermometer 

• Apply oxygen saturation probe to rear paw 

• Commence recording on the Physiosuite device 

 

2.10.4 General Anaesthesia without intubation – Nosecone method 

If general anaesthesia without mechanical ventilation is required, as in the case 

of animals not large enough for successful endotracheal intubation, surgical 

procedures can be undertaken using the nosecone and spontaneous ventilation. 

In this case following induction of anaesthesia the animal is positioned on the 

heatmat with the nosecone positioned over the nostrils and the procedure can 

be commenced. 
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Advantages of this method are that there is no risk of tracheal injury or 

mortality from oesophageal intubation, but disadvantages compared to 

intubation and mechanical ventilation are that high doses of isoflurane cannot 

be used as this may result in hypoxia. 

 

2.10.5 Mouse monitoring and recovery 

Mice are monitored throughout anaesthetic:  

• Physiosuite (Kent Scientific, USA) monitoring equipment is used to 

continuously monitor heart rate, oxygen saturation (SpO2) and temperature.   

• Gas flow rate is recorded manually every 10 minutes throughout the 

procedure. 

• Mice are susceptible to hypoxia and are at risk of mortality if temperature 

falls <32°C, apply supplemental heat with infrared heatlamp as required. 

• Isoflurane dosage can be reduced during procedure to 2-3% depending on 

mouse size and procedure. Depth of anaesthesia can be gauged by rate of 

spontaneous ventilation. 

 

At the conclusion of surgical procedure/end of anaesthetic: 

• Isoflurane dose is reduced in the last five minutes of procedure (to 1-1.5%) 

and turned off completely when surgical procedure completed.  

• Ensure adequate rate of spontaneous ventilation prior to removing 

endotracheal tube. Momentarily turn off Minivent ventilator to assess rate of 

spontaneous ventilation, and continue ventilation until respiratory rate >100 

breaths/minute.  

• Once spontaneous ventilation rate >100 breaths/minute, turn off Minivent 

ventilator and remove endotracheal tube (20G cannula) from airway. 
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• Mouse is recovered in a pre-warmed individually ventilated box with, with 

food pellets in bottom of cage and Nectar glucose jelly in petri dish.  

• Mice are recovered in a warming cupboard at 32 before being moved to a 

dedicated recovery room and placed on a heat-mat overnight.  

 
 

In the post procedure period, mice are monitored on a regular basis by the 

investigators. Monitoring occurred daily for the first 3 days and then three 

times a week for the subsequent 2 months. Investigators aimed to undertake 

surgical procedures in the morning to allow for observation in the afternoon. If 

mice are exhibiting signs of pain (such as hunched posture, reduced movement, 

rough hair coat, eyelids partially closed) then further Carprofen analgesia was 

given.  

 

Mice that were deemed unwell when observed (such as abdominal distension, 

rectal bleeding, hunched or ruffled fur) were monitored on increased, daily 

basis. If mice met ethical endpoints (such as gasping respiration, unresponsive, 

lost more than 15% weight) they were euthanized with carbon dioxide. 

 

Mice in the wild-type cohorts (Mouse surgical study 2) were given a time 

endpoint of 8 weeks post surgery. Apcmin/+ mice and variants (Mouse surgical 

study 1) were not given a time endpoint given their shortened life expectancy. 
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2.11 Mouse Laparoscopy 

The following describes the technique developed to establish 

pneumoperitoneum in the mouse with CO2. The conditions of laparoscopic 

surgery were replicated with the use of either conventional cold-dry CO2 or 

humidified-warm CO2 to replicate the use of clinically available peritoneal 

humidification/warming device. 

 

Equipment required for mouse laparoscopy is described in Table 14, and Figure 

11 outlines a schematic of the equipment setup for laparoscopy in the mouse. 

 
Table 14 - Mouse Laparoscopy equipment 

Item description Item Supplier 

Pressure release valve Bubble CPAP System Fisher & Paykel 
Healthcare 

Flow meter Red-y compact series 
flow meter 

Voegtlin 

Gas warmer and 
humidified 

HumiGard (MR860AEU) 
and Laparoscopy 
humidification kit 

Fisher & Paykel 
Healthcare 

Ports for laparoscopy Jelco 18G Smiths Medical 
Australasia 

Medical Carbon dioxide  Air Liquide Healthcare 

Gas release valve AS2000 flow control 
valve 

SMC Pneumatics 
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Figure 11 - Schematic outlining equipment setup for mouse laparoscopy 
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Medical grade carbon dioxide was used for these experiments and connected to 

a y-connector with one end connected to a modified Bubble CPAP generator as 

a pressure release valve to ensure that pressure delivered to the mouse could 

not exceed 3cm H2O pressure. The other outlet of the y-connector was 

connected to the flow meter, which was then connected to the surgical 

humidification unit with the resulting outlet being the insufflation port to 

connect to the port in the mouse peritoneal cavity. The humidification unit was 

in-situ for all cases and only filled with sterile water and turned on when warm-

humidified carbon dioxide was required. A second port was inserted into the 

peritoneal cavity of the mouse to allow gas egress and connected to a gas 

release value to control pneumoperitoneum pressure. 

 

The procedure to establish pneumoperitoneum in the mouse is as follows: 

1. Anaesthetise mouse with or without endotracheal intubation as previously 

outlined. 

2. Prepare insufflation equipment by turning on CO2 (ensure sufficient flow to 

hear bubbling in pressure release valve). Pre-warm humidification device 

and ensure adequate (if undertaking humidification/warming) 

3. Prepare the abdomen of the mouse with ETOH. 

4. Insert insufflation port – an 18G Jelco intravenous cannula is inserted into 

the left iliac fossa and remove the needle to leaving the cannula in-situ. 

Insertion at an angle of 45° whilst securing the adjacent abdominal wall 

with a straight forcep allows safe insertion to ensure intra-peritoneal 

placement. 

5. Connect to insufflation tubing (that runs from the humidification unit) to the 

cannula in the left iliac fossa. The mouse peritoneum should inflate. Secure 

the gas tubing to the laboratory bench with tape to ensure that the cannula is 

not dislodged. 
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6. Insert second, gas egress port in the right side of the abdomen. The 

peritoneal cavity should momentarily deflate on entry. Connect this second 

port to the gas release valve (Thermal mass flow meter). The peritoneum 

should then re-inflate as the release valve limits gas egress from the 

peritoneal cavity. 

7. Start timer for 60 minutes duration of surgical intervention. 

8. If using a cell line (Mouse surgery study 2), cells should be introduced via 

the entry port after the peritoneum is deflated but prior to removal of the 

ports. (more information in 2.11.1) 

9. At the conclusion of the 60-minute time period the gas tubing is 

disconnected, the mouse peritoneum is allowed to deflate naturally and 

both cannulae are removed from the peritoneal cavity. Mice are then 

recovered as described above. 
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Figure 12 - Mouse laparoscopy 
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2.11.1 Preparation of desmoid tumour cells for introduction into the peritoneal 

cavity 

In mouse study 2, it was hypothesised that peritoneal trauma induced by 

laparoscopic and/or open surgery will permit the growth of desmoid tumour 

from the desmoid tumour cell lines in the peritoneal cavity. This required the 

introduction of desmoid tumour cells into the peritoneal cavity at the 

conclusion of the one-hour period of laparoscopy or laparotomy. Desmoid 

tumour cells are grown and passaged as described in 2.3. Cells passaged the 

day prior to use in surgical experiments to ensure they are in a proliferative 

phase when introduced into the animal. Cells are lifted with Tryple, centrifuged 

and counted just prior to instillation into the peritoneal cavity. Two million 

desmoid tumour cells are introduced in 200µL of PBS. Cells are introduced into 

the gas entry port after the gas tubing has been disconnected and the 

peritoneum has been allowed to deflate. Following injection through the 18G 

cannula, the cannula is flushed with 200µL of air to ensure no cell suspension 

remains in the cannula. Both cannulas are then removed and the mouse is 

recovered as previously described. 

 

2.12 Mouse Laparotomy   

Table 15 outlines the equipment required for mouse laparoscopy. In order to 

simulate the laminar flow of air in the operating theatre a device was developed 

to simulate this in mouse surgery. A perspex box was manufactured by a 

biomedical engineer to house a small fan that could be positioned over the open 

mouse abdomen to accurately replicate operative airflow, and resulting 

peritoneal trauma and temperature changes. (Shown in use in Figure 14) The 

fan was set on a fixed (low) speed, calculated to replicate human surgical 

conditions. Airflow is disrupted by fenestrations in the perspex “ceiling” to 

further replicate the conditions of the operating theatre. 
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When humidified warm CO2 was used in the open setting a custom-made open 

carbon dioxide diffuser was manufactured from a modified 19G needle and 

foam diffuser (shown in Figure 13). Equipment setup is as outlined for 

laparoscopic cohorts (shown in Figure 11), with the open diffuser instead of 

laparoscopic port and no exit port is required. When conventional conditions 

were used the gas diffuser was omitted. 

 

Table 15 - Equipment required for mouse laparotomy 

Item description Item Supplier 
Dressing pack Basic dressing pack Multigate 
Skin preparation Iodine 0.5% in alcohol 

70% 
Clifford Hallam 
Healthcare 

Assorted surgical 
instruments 

Sharp straight surgical 
scissors 16cm, Toothed 
Adson braun tissue 
forceps 12cm, Kelly 
straight artery forcep 
14cm, Plain Adson tissue 
forceps 12cm, Needle 
driver 12cm 

Richards Medical 

Suture for closure of 
linea alba 

Vicryl rapide 5/0 Ethicon 

Skin stapler  Autoclip wound clip 
applier and clips 9mm 

Becton Dickinson 

Open surgery gas 
diffuser 

Custom made, modified 
19G needle with foam 
diffuser attached 

Fisher & Paykel 
Healthcare 

Retractor set Base plate with 8 x 12” 
window, 2.5mm 
Retractors  with handles 
(4) and magnetic fixator 

Braintree Scientific 

Fan to simulate the 
laminar airflow of the 
operating theatre 

Custom made Perspex 
box with built in 
electronic fan 

Fisher & Paykel 
Healthcare 
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Figure 13 - CO2 diffuser for use in open mouse surgery 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 14 - Perspex box with fan to replicate laminar airflow. (Pictured in use)  
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Procedure for mouse laparotomy is as follows: 

1. Anaesthetic and intubation as previously described 

2. If using the open CO2 diffuser, prepare insufflation equipment by turning on 

CO2 and by adding water to the HumiGard gas warming and 

humidification device to the level indicated and by turning device on and 

allowing to warm prior to commencing procedure. 

3. Ensure the abdomen is shaved (prior to intubation) 

4. Open sterilised surgical equipment including retractor set onto sterile 

dressing pack. 

5. Prepare the abdominal skin with alcoholic betadine. 

6. Make a midline incision in the skin with scissors. Separate the skin from the 

underlying peritoneum prior to opening the peritoneum as this will assist in 

subsequent layered closure of the abdominal wall. 

7. Incise the peritoneum with scissors. Ensure the skin and peritoneal incisions 

is centred on the midline raphe and between ½ to ¾ of the length from the 

xiphisternum to the pubis. 

8. Insert the retractor set to keep the wound open. This consists of four 

retractor arms that are fixed to magnetic arms that attach to a baseplate that 

lies under the heatmat. 

9. Connect Physiosuite monitoring equipment and insert rectal thermometer 

10. Place the Perspex box and fan to overlying the open mouse peritoneal cavity 

being careful not the dislodge the ETT or monitoring equipment. The walls 

are can be elevated or removed to facilitate this. 

11. Turn the fan on to generate laminar airflow over the open peritoneum. 

12. Start timer for 60 minutes. 

13. At the end of 60 minutes remove the box and monitoring equipment. 

14. Closure of the abdominal wall is safest under nosecone anaesthesia as 

attempting to close the abdomen whilst the endotracheal tube is in-situ can 

result in the tube being dislodged or can cause airway trauma.  
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o Lighten the anaesthesia and ensure the mouse is spontaneously 

ventilating. Then remove the endotracheal tube and change to 

nosecone anaesthesia as previously described. 

15. Close the peritoneum/abdominal wall with absorbable suture (such as 5/0 

vicryl rapide) 

16. Close the skin with clips (Autosuture 9mm wound clips) 

o Note that previous mouse surgical experience in our laboratory 

using suture skin closure resulted in wound complications as 

animals chewed on/through sutures. 

o Wound clips are removed after 5 days. 

17. Mice are recovered in the method described previously. 
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Figure 15 - Mouse Laparotomy with open humidified-warmed CO2 diffuser. 
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2.13 Assessment of murine desmoid disease burden 

Given the slow growing, indolent nature of desmoid tumour, mice were 

allowed to progress to ethical endpoints before being euthanized. Once 

euthanized, autopsy was undertaken to assess for volume of desmoid tumour.  

 

Mouse tissue was assessed macroscopically and microscopically for desmoid 

tumour. Macroscopic assessment was made of number and size of abdominal 

wall desmoid tumours. Microscopic assessment was made through 

histopathology and immunohistochemistry by sectioning the midline 

abdominal wound, and orienting on-edge to provide a cross section to allow 

inspection for desmoid tumour at the site of surgery. 

 

Abdominal wall was also processed for scanning electron microscopy, and 

desmoid tumour snap frozen in dry ice for subsequent use. 

 

Autopsy process was as follows: 

1. Remove abdominal wall by entering peritoneal cavity at xiphisternum 

and use scissors to remove the entire anterior and lateral abdominal wall 

with skin attached. 

a. Make assessment of desmoid tumour burden 

i. Macroscopic assessment – count desmoid tumour number 

and measure desmoid lesions on abdominal wall with 

digital calipers 

b. Divide abdominal wall at midline raphe/linea alba 

i. Immediately fix half in 10% neutral buffered formalin for 

histopathology (mount section “on edge” to give cross 

section of abdominal wall as this best assessment of 

volume and location of desmoid tumour)  
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ii. Fix and section any other areas of macroscopic disease 

(such as laparoscopic port sites 

iii. Remaining tissue can be snap frozen or used for scanning 

electron microscopy. 

c. Assess abdominal viscera and visceral peritoneum for desmoid 

tumour 

i. If identified process as above (depending on volume and 

location) 

d. Remove large and small bowel and open longitudinally to assess 

for adenoma number 

e. Ensure other pathology is identified and confirmed on 

histopathological assessment (such as lymphomatous lesions, 

liver and pancreatic lesions) 
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Chapter 3: Development of a pre-clinical model of FAP-

associated abdominal desmoid tumour
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3.1 Introduction 

Desmoid tumour occurring in patients with FAP is a significant cause of 

morbidity and mortality. Desmoid tumour formation is dependent of multiple 

factors including genotype, gender, surgical trauma, and family history. The 

rarity of desmoid tumour in combination with the aforementioned factors 

means that it can be difficult to glean useful information from clinical series and 

databases. A lack of quality clinical data has fuelled controversy regarding the 

role of abdominal surgical trauma on the pathogenesis of desmoid tumour. In 

particular there is conflicting evidence on the risk conferred by laparoscopic 

surgery when compared to open prophylactic colorectal surgery (as discussed 

in 1.2.2.1.1). Genomic heterogeneity, evolution of surgical technique and lack of 

standardization in prophylactic colorectal surgery represents confounding 

factors underpinning existing clinical data. 

 

The slow growing, indolent nature of desmoid tumours hinders the evaluation 

of existing medical therapies. There is a lack of quality evidence comparing 

existing medical therapies, and no consensus exists on best medical 

management. Whilst there are numerous case reports for novel treatment 

options there are very few resulting clinical trials, owing to rarity of the disease 

and long follow-up time required to assess response to therapy. This has 

accounted for minimal progress with medical treatment, with current 

management being guided by expert opinion and historical experience. 

 

A trend towards non-operative management has reduced the incidence in 

which fresh desmoid tumour tissue is available for research purposes, such as 

for tumour profiling, generation of cell lines and in-vitro testing of potential 

novel therapies. 
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There are significant advantages to the use of preclinical models for the study of 

rare diseases. Animal models are advantageous as they share genetic, anatomic 

and physiological similarity to humans, whilst being readily available at a low 

cost. The ability to control for multiple variables, such as environmental factors, 

genotype and medical/surgical interventions allows scientifically valid research. 

Mice have a genome similar to human (99%), and exhibit an accelerated 

lifespan and thus slow growing tumours can be studied in an achievable 

timeframe.175 

 

There are also limitations of animal models of human disease. Animal models 

do not always accurately recapitulate human disease process and findings of 

animal studies do not always correlate with subsequent human trials. Notably 

murine tumour models frequently produce misleading positive results when 

testing therapies, producing results that cannot be replicated subsequent 

human trials.175 Nevertheless, it remains that preclinical models provide a basis 

for research that would not otherwise be possible in the human arena. 

 

This chapter describes an attempt to develop and validate a novel preclinical 

model of abdominal desmoid tumour associated with FAP. Multiple animal 

species have been used as pre-clinical models, but this work has focused on 

murine models, given their low cost, genetic similarity, and on the basis of pre-

existing murine models for FAP.  

 

3.1.1 Aims  

 

To create a preclinical model of desmoid in familial adenomatous polyposis to facilitate 

the study of desmoid growth (desmogenesis) and identification of factors that may 

influence growth. 
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There is currently no preclinical model of “abdominal” desmoid tumour 

associated with FAP. Importantly, there is no existing murine model that 

replicates the clinical problem of intra-abdominal desmoid tumour in FAP. 

Whilst some murine models of FAP develop desmoid tumour, most notably 

being the Apc1638N, desmoid tumours are peripherally located and not related to 

the abdomen or abdominal wall,144 which limits their applicability to human 

disease. This projected aimed to develop a preclinical model of FAP-associated 

abdominal desmoid tumour. Specifically investigators aimed to use a murine 

model of FAP associated abdominal desmoid tumour to allow subsequent 

experiments to investigate surgical factors involved in desmoid tumour 

formation.  

 

3.2 Methods 

 

Animal ethics was obtained from Peter MacCallum Cancer Centre Animal 

Ethics Committee. All animals were housed at Peter MacCallum Cancer Centre 

(as outlined in 2.1). Breeding was undertaken internally and mice were 

genotyped (as outlined in 2.2). 

 

Although mutations in p53 have not been noted in human desmoid tumours, 

there is evidence that mutations in p53 play a role in desmoid tumour 

formation in the mouse.145 On the basis of these findings, it was hypothesised 

that the co-existence of Apc and p53 mutations might result in murine desmoid 

tumour formation.  

 

The role of p53 mutation in desmoid tumour formation in Apc mutant mice 

was investigated by crossing Apcmin/+ mice with p53+/- mice. In doing so, it was 
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possible to breed mice that harboured both mutations to investigate the role of 

p53 on desmoid tumour formation in Apc mutant mice. 

 

Apcmin/+ mice do not consistently develop desmoid tumours, with desmoids 

reported infrequently.145 Likewise, desmoid tumours are not seen in mice p53+/- 

deficient mice. A mouse model of Li-Fraumeni Syndrome, with germline 

mutations in p53, exists in which exons 2-6 are replaced with a selectable 

marker cassette.176 Mice deficient in p53 develop tumours (predominantly 

sarcomas and lymphomas), with all homozygous mice developing tumour by 

10 months of age, and heterozygous mice developing tumour at a later age, 

with 50% developing tumour by 18 months of age.177  

 

Previous published experience of interactions between Apc and p53 mutations 

have demonstrated an increased incidence of pancreatic neoplasms, with 83% 

of mice deficient in both Apc and p53 developing abnormalities in the pancreas, 

with 22% developing pancreatic acinar cell carcinoma.178 These reports of 

pancreatic acinar cell carcinoma involve loss of wild-type allele of Apc, that has 

not been reported in other extra-intestinal manifestations in the Apc mice.  

 

Of note, there is a high rate of developmental abnormalities that occur in 

homozygous p53 deficient mice. A significant number (up to 23%) of female 

p53-/- mice die during embryogenesis or soon after birth, due to a high rate of 

neural tube defects such as exencephaly and subsequent anencephaly.179 This 

has implications for the use of female p53-/- mice as a model as breeding can be 

troublesome. 

 

Breeding pairs were established between Apcmin/+ and p53+/- and litters were 

genotyped. This resulted in mice with the Apcmin/+:p53+/-  genotype that were 

then crossed again with p53+/- mice to breed lines that were deficient in both 
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alleles of p53; the Apcmin/+:p53-/- mice. Mice with Apcmin/+, Apcmin/+:p53+/-, and 

Apcmin/+:p53-/- genotypes were then observed for desmoid tumour formation. 

Mice were then observed throughout their lifespan and culled when they met 

pre-defined ethical endpoints. Following culling, autopsy was conducted. The 

number of macroscopically apparent desmoid tumours were recorded and 

tissue was blocked for histopathological and immunohistochemical 

confirmation. The number of small and large bowel adenomas was also 

recorded, as was the cause of death. 

 

3.3 Results  

Initial breeding yielded 4 mice with the Apcmin/+:p53+/- and 6 mice with the 

Apcmin/+:p53-/- genotype. The Apcmin/+:p53-/- genotype was the only line that 

produced macroscopically desmoid tumours. The Apcmin/+:p53-/-  mice develop 

on average 25 abdominal wall desmoid tumours. (Range 6-35, as shown in 

Figure 16) There were no tumours noted in the Apcmin/+:p53+/-, p53-/- or the 

Apcmin/+ cohorts of mice. Of note breeding yielded only male mice of the 

Apcmin/+:p53-/- genotype, not an unexpected finding given known difficulty in 

breeding female p53-/- mice. (as discussed in 3.2) 
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Figure 16 - Desmoid tumour number by genotype 

 

 

 

 

 

 

 

 

Figure 17 - Abdominal wall desmoid tumour in an Apcmin/+:p53-/- mouse 

(arrows identify desmoids) 
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3.3.1 Location and appearance of desmoid tumour in Apcmin/+:p53-/- mice 

Desmoid tumours appeared as white plaques (as shown in Figure 17) that were 

intimately related to the abdominal wall and ranged in size from 1-5mm. No 

lesions were greater than 6mm in size and in no instance was there invasion to 

the overlying skin or underlying viscera. No desmoid tumours were identified 

in the peritoneal cavity and in particular there was no evidence of mesenteric 

desmoid tumour. 

 

Macroscopic identification of desmoid tumours was confirmed with Fast Green 

FCF staining of the abdominal wall. (Figure 18) Skin was removed from the 

abdominal wall, and the abdominal wall was then immersed in 0.02% Fast 

Green FCF (Sigma-Aldrich) for 3 minutes before being rinsed in dH2O and then 

inspected to confirm the presence of desmoid tumour. 

 

3.3.2 Adenomas in Apcmin/+:p53-/- mice, and resulting lifespan 

Apcmin/+ mice are known to generate on average 30 adenomas in small and large 

bowel, when inspected microscopically.180 In crossing the Apcmin/+ mouse with 

p53-/+ mice there was no significant change in the number of either small or 

large bowel adenomas in either the Apcmin/+:p53+/- or Apcmin/+:p53-/- genotypes. 

(Figure 19, Figure 20) 

 

Almost all mice became unwell due to anaemia and rectal bleeding with a 

minority of mice suffering from lymphoma (1 in Apcmin/+:p53+/- and 1 in 

Apcmin/+:p53-/- cohorts). This corresponded to no survival difference between the 

Apcmin/+ and the Apcmin/+:p53-/-  genotypes, with median survival of 97 and 81 

days respectively (as shown in Figure 21). The Apcmin/+:p53+/- cohort had 

statistically significant prolonged survival (median survival 151 days) when 

compared to the over two genotypes – although there was no difference in 
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cause of death and there was no obvious reason to explain this finding in the 

pilot cohort. 

 

 

 

 
 

 

 

 

 

 

 

 

Figure 18 - Fast green staining of abdominal wall desmoids (arrows identify 

desmoids) 

 

   

Figure 19 - Small bowel adenomas Figure 20 - Large bowel adenomas 
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Figure 21 - Survival by Genotype (Kaplan Meier Survival Analysis, 

Graphpad Prism) 

 

3.4 Validation of mouse model 

Desmoid tumours from the Apcmin/+:p53-/- mice were validated with 

histopathology and immunohistochemistry. Histopathology and 

immunohistochemistry was independently reviewed by a pathologist to 

confirm diagnosis of desmoid tumour. 

 

3.4.1 Histopathology 

The abdominal wall from mice from each genome was fixed with 10% neutral 

buffered formalin and blocked for histopathology. Slides were cut from blocks 

and stained with Haematoxylin and Eosin. Slides were assessed by a 

pathologist to confirm presence or absence of desmoid tumour. 

Histopathological assessment was concordant with macroscopic inspection in 

all cases and did not identify any desmoid tumour in Apcmin/+ or Apcmin/+:p53+/- 

cohorts.  

 

0 50 100 150 200 250
0

50

100

Time (days)

Pe
rc

en
t s

ur
vi

va
l Apc$%ⁿ/⁺

Apc$%ⁿ/⁺:p53⁺/-

Apc$%ⁿ/⁺:p53-/-

*

**

* p<0.05
**p<0.005



 101 

Histopathology (as shown in Figure 22, Figure 23) of  abdominal wall lesions 

seen in the Apcmin/+:p53-/- mice reveals a bland spindle cell neoplasm with a 

myxoid appearance. It is deep to and intimately related to abdominal wall 

muscle and consistent with desmoid tumour morphology.  

 
 

3.4.2 Scanning Electron Microscopy 

Mouse abdominal wall and peritoneum was harvested, prepared and imaged 

for scanning electron microscopy as described in 2.9.  

 

Figure 24 shows the resulting imaged obtained from scanning electron 

microscopy. Due to the location of desmoid tumour deep to the peritoneum, it 

was not possible to directly visualise desmoid tumour from the peritoneum, 

with areas of desmoid appearing at subtle impressions in the contour of the 

peritoneum (as outlined in figure). Sectioning the abdominal wall through 

Desmoid tumour allowed a cross sectional scanning electron microscopy image 

to be obtained (Figure 25). This reveals the desmoid to be a spindle neoplasm 

just deep to the peritoneum, between the peritoneum and abdominal wall 

musculature.  
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Figure 22 – Desmoid tumour (10x), H&E stain in mouse model 

 

Figure 23 – Desmoid tumour (20x), H&E stain in mouse model 
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Figure 24 - Scanning electron microscopy, desmoid tumour deep to peritoneum  

Figure 25 - Scanning electron microscopy, desmoid tumour cross section   

Peritoneum 

 

 

 

 

 

Desmoid tumour 

 

 

 

Abdominal wall musculature 



 104 

3.4.3 Immunohistochemistry 

Immunohistochemistry was performed to confirm the diagnosis of desmoid 

tumour and demonstrate similarity to human tumour. The method, antigen 

retrieval and antibody choice, and scoring of result occurred as has been 

described in 2.8.  

 

Results are shown in Table 16, with comparison (right column) to a published 

human series181 of immunohistochemistry in desmoid tumours occurring in 

patients with FAP. Representative areas of immunohistochemistry are shown in 

Figure 26. Murine desmoid tumours in Apcmin/+:p53-/- mice, replicate the 

findings seen in human desmoid tumour – staining positive for β-Catenin, 

COX-2 and ERβ, whilst showing no expression of ERα or VEGFA. 

 

 

Table 16 – Immunohistochemistry results for desmoid tumour occurring in 

Apcmin/+:p53-/- mice  

Antibody Result* Location Human 

reference181 

β-Catenin Positive Nuclear 100% 

COX-2 Positive Cytoplasm 100% 

ERα Negative - 0% 

ERβ Positive Nuclear 72% 

VEGFA 
Negative - - 

Myb Negative - - 

* Positive immunohistochemistry defined as visible chromogenic stain in the majority 

(>50%) of tumour cells in either the nucleus or cytoplasm. 
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β-Catenin COX-2 

  
ERα ERβ 

  
Myb  

 

 

 

Figure 26 – Representative areas (10x) – immunohistochemistry for desmoid 

tumour occurring in Apcmin/+:p53-/- mice 
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3.5 PCR on desmoid tumour tissue for Apc and p53 

 RNA was extracted from 3 samples of murine desmoid tumour in the 

Apcmin/+:p53-/- mouse. Desmoid lesions were dissected from the abdominal wall 

and RNA was extracted with the TRIzol technique as described in 2.4.3. Yielded 

RNA was assessed with Nanodrop for quantity. Obtaining sufficient RNA from 

desmoid tumour was challenging, with low yield from RNA extraction and 

poor quality. (As shown in Table 17) 

 

Table 17 – RNA yield from murine desmoid tumours 

Sample RNA Conc. 

(ng/ul) 

260/280* 260/230* 

DT1441 31.6 1.75 0.90 

DT1442 16.3 1.68 0.87 

DT134 28.8 1.71 0.90 

*260/280 and 260/230 ratios refer to spectrophotometer absorbance ratios to assess RNA 

quality. A 260/280 ratio of ~2.0 is accepted as pure, and 260/230 expected to be 2.0 – 2.2. 

 

cDNA synthesis was undertaken with Invitrogen SuperScript III. (2.4.4) The 

resulting cDNA was submitted for PCR for Apc and p53, using the technique 

and primers as described for genotyping. (2.2.2, 2.2.3) Unfortunately due to the 

low RNA yield it was not possible to generate any bands by PCR. Multiple 

attempts were taken to extract useful RNA from small desmoid tumours 

without success. RNA extraction and PCR was however successful from 

desmoid cell lines and xenografts that arise from the same parent tumour 

tissue. (As discussed in 4.6.2 and 4.5.4) 
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3.6 Discussion 

Desmoid tumours in the Apcmin/+:p53-/- mouse replicate the clinical problem of 

desmoid tumour in FAP to some degree. Their location in the abdominal wall, 

histological appearance and biomarker expression are representative of human 

pathology. 

 

There are however, differences between the murine model and the clinical 

problem of desmoid tumours in FAP. None of the desmoid tumours identified 

in the Apcmin/+:p53-/- model extended beyond the abdominal wall, and there was 

no morbidity or mortality resulting from local desmoid enlargement. There was 

also no desmoid tumour seen in the small bowel mesentery. Attempts to induce 

growth of larger, more aggressive desmoid tumour in this model through 

induction of surgical trauma are discussed in Chapter 5. 

 

Fecundability is another limitation of the Apcmin/+:p53-/-  model. Breeding the 

required genotype was difficult; resulting in the multiple mice with the other 

genotypes (p53+/-, Apcmin/+:p53+/-, Apcmin/+) with comparatively few resulting 

offspring with the Apcmin/+:p53-/- genotype. No female Apcmin/+:p53-/- were bred 

during this project, and it is likely that female offspring of this genotype are not 

viable. The male gender of the mice may influence the rate and size of desmoids 

in the model given due to the role of oestrogen in desmoid tumour formation. It 

has been previously demonstrated that gender can influence the survival of 

certain Apc mice genotypes; with male Apcmin/+:MybPlt4/Plt4 mice having a 

significantly reduced life expectancy when compared to their female 

counterparts.182  
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3.7 Conclusions 

This chapter has demonstrated that the Apcmin/+:p53-/- mouse develops 

spontaneous abdominal wall desmoid tumours. This transgenic murine model 

recapitulates desmoid tumour associated in FAP, given its location and 

histopathological findings. The involvement of p53 in desmogenesis in this 

model is a limitation of this model with respect to genomic similarity to human 

tumour. Despite such limitations, there are significant translational prospects 

for this model, such as investigation of the role of surgical trauma in the 

development of abdominal desmoid tumour. 
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Chapter 4: Development of a murine desmoid tumour cell 

line 
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4.1 Introduction 

There is currently no available human or mouse FAP-related desmoid tumour 

cell line available for in-vitro use.  This chapter focuses on attempts to establish 

murine desmoid tumour cell lines from the Apcmin/+:p53-/- mouse model in order 

to allow in-vitro experiments of novel treatments. 

 

4.2 Aims 

To establish a robust murine desmoid tumour cell line to facilitate in-vitro 

studies and allow establishment of tumour xenografts.  

 

4.3 Methods 

Abdominal wall desmoid tumour from a single Apcmin/+:p53-/- mice was 

dissected, collected and digested in order to derive desmoid tumour cells for 

culture. The method used to establish the cell line is as described in 2.3.2.1.  

 

This process was repeated with 3 mice, in order to generate cell lines: DT, 

DT144 and DT148. 

 

4.4 Results 

In all three instances, cell lines were successfully established in culture and 

passaged until at least passage 20. Desmoid cells were adherent to tissue culture 

flasks and had a spindle, fibroblastic appearance in culture. (Figure 27)  

Doubling time ranged from 24-48 hours depending on concentration of fetal 

calf serum used in culture media. 
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DT DT144 DT148 

   

Figure 27 - Desmoid tumour cell lines in culture 

 

4.5 Validation 

4.5.1 Immunocytochemistry on Desmoid cell lines 

Immunocytochemistry was performed to validate the desmoid cell lines by 

demonstrating similar biomarker profile to murine tumour tissue. Desmoid 

tumour cell lines were grown in Nunc Lab-Tek II Chamber Slide to allow for 

immunocytochemistry. Cells were fixed, permeabilised and underwent 

immunocytochemistry as described in 2.8. A negative control well was used in 

which no primary antibody was added. Results demonstrate that desmoid 

tumour cell lines show expression in keeping with parent tumour tissue. 

(outlined in Table 18) 
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Table 18 - Immunocytochemistry for desmoid cell lines 

 Desmoid cell 

lines (ICC)* 

Murine 

desmoid 

tumour (IHC) 

β-Catenin 

(nuclear) 

Positive Positive 

COX-2 Positive Positive 

ERα Negative Negative 

Myb Negative Negative 

*Positive immunohistochemistry/immunocytochemistry defined as visible chromogenic 

stain in the majority (>50%) of tumour cells in either the nucleus or cytoplasm. 

 

4.5.2 qRT-PCR on Desmoid cell lines  

RNA was extracted using Qiagen RNeasy kit and cDNA was synthesised using 

Invitrogen SuperScript III (as described in 2.4.2 and 2.4.4) and used for qRT-

PCR with aforementioned primers (described in 2.5 and 2.6). 

 

A mesothelial cell line was derived from the peritoneum of a wild-type C57BL/6 

mouse to serve as a control to which the desmoid cell lines were compared. 

This cell line (hereafter referred to as Meso1) was derived with the method as 

described in 2.3.2.2, adapted from the technique described by Bot et al.152 This 

cell line grew as an adherent line with cells displaying a fibroblastic appearance 

and was validated with immunocytochemistry with the previously described 

method, demonstrating positive staining for Pan-cytokeratin and cell-surface 

vimentin. Representative immunocytochemistry and Haematoxylin and Eosin-

stained cells are shown in Figure 28. 
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Haematoxylin and Eosin 

 

Pan-cytokeratin 

Immunocytochemistry 

Cell surface vimentin 

Immunocytochemistry 

   

Figure 28 - Meso1 cell line immunocytochemistry 

 

Real time PCR results comparing the expression of DT144 and Meso1 cell lines 

are shown in Figure 29. When compared to the Meso1 cell line, DT144 Desmoid 

cell line demonstrated reduced expression of p53, cyclin D1, VEGF, Myc, COX-2 

and E-cadherin. These low levels of COX 2, Myc and Cyclin D1 are unexpected, 

given that desmoid tumours are often responsive to COX2 inhibition, and the 

fact that Cyclin D1 and Myc are downstream targets of the WNT pathway.183 

Furthermore, all desmoid cell lines and parent murine desmoid tumour tissue 

did not express Myb on immunohistochemistry/immunocytochemistry, and 

thus the finding of elevated Myb when compared to the mesothelial cell line is 

unexpected. 

 

There are limitations with this qRT-PCR experiment. Firstly, only one of the 

three desmoid tumour cell lines has been used, however the experiment was 

repeated twice. Secondly, The choice of control cell line for comparison 

warrants further consideration. It may be that the choice to use a mesothelial 

cell line as a control could explain these unexpected results. The mesothelial cell 

line used in this experiment was derived from a wild-type C57BL/6 mouse, and 

the genetic background may account for these unexpected results. Future work 
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in classifying these cell lines should involve a cell line derived from an 

Apcmin/+:p53-/- mouse. Furthermore, whilst desmoid tumours are mesenchymal 

in nature, a comparison with a fibroblast cell line from the Apcmin/+:p53-/- may 

provide more meaningful results, given than mesothelial cells used in this 

experiment have undergone an epithelial to mesenchymal transition.  



 115 

 

Figure 29 - qRT PCR results - DT144 and Meso1 
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4.5.3 RNA sequencing of Desmoid tumour cell lines 

RNA was extracted from derived desmoid tumour cell lines with the Qiagen 

RNeasy kit, and sequenced with Illumina Hiseq2500, with reads aligned to the 

mm10 genome. (As described in 2.4.2 and 2.7)  

 

Integrated genomics viewer was used to visualise the Apc and Trp53 genes. 

(Figure 31, Figure 32). This demonstrated the germline mutation in Apc at 

codon 850. There was no somatic mutation or loss of heterozygosity identified 

in Apc in any of the three cell lines. Analysis of the Trp53 region revealed 

complete loss of exons 2-6 in all three samples as expected. No other mutations 

were identified in trp53. 

 
Principal component analysis (PCA) with method as described in 2.7.2, to 

determine to variability between the three derived desmoid tumour cell lines. 

Desmoid tumour lines were also compared to CT26 and MC38 cell lines (3 

samples for each cell line of different passage). Figure 30 depicts the PCA chart, 

demonstrating clustering of the three desmoid cell lines when compared to the 

CT26 and MC38 cell lines. The clustering of the three desmoid cell lines 

demonstrates there is little variability, suggesting all three lines are genomically 

similar, and likely to originate from the same tumour of origin. 
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Figure 30 - Principal component analysis cell lines 
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Figure 31 - Desmoid cell lines- IGV screenshot of Apc gene 
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Figure 32 – Desmoid cell lines - IGV screenshot of trp53 region (top sample is control for comparison) 
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4.5.4 PCR for desmoid tumour cell lines 

PCR was performed to determine if there was loss of heterozygosity in Apc in 

the desmoid tumour cell lines. Genomic DNA was extracted from cell lines 

using the Qiagen DNeasy kit as described in 2.4.1. PCR for Apc using the 

technique and primers as described for genotyping. (2.2.2, 2.2.3) Results 

revealed the presence of two bands (Figure 33- wild-type 600bp, mutant 300bp), 

demonstrating germline Apc mutation but no demonstrable loss of 

heterozygosity for Apc. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Whilst the majority of human desmoid tumours exhibit a second mutation in 

Apc,88 this is not the case in the cell line derived from the Apcmin/+:p53-/-  mouse 

model. However, there is evidence that extra-intestinal manifestations in Apc 

mutant mice do not always require a second mutation for tumour formation. 

The Apc1638N mouse model develops peripherally-located desmoid tumours and 

cutaneous cysts. Smits et al. found that a mutation in the wild-type allele of Apc 

was identified in 42% of desmoid tumours and 53% of cutaneous cysts in that 
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Figure 33 - Cell line PCR for Apc 
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model.144 This highlights differences between murine and human desmoid 

disease that need to be considered when utilising mouse models. 

 

 

4.6 Desmoid tumour cell line xenograft model 

4.6.1 Aims and Methods  

It was hypothesised that it would be possible to generate desmoid tumour 

xenografts from the three desmoid cell lines derived from the Apcmin/+:p53-/- 

mice to facilitate in-vivo studies. This was attempted in both wild-type C57BL/6 

and NOD scid gamma (NSG) mice. Mice were kept as described in 2.1. 

 

Desmoid tumour cells were prepared just prior to introduction into the mouse. 

Cells were grown to ~80% confluence and passaged prior to use to ensure 

viability. Cells were lifted with Tryple, counted, centrifuged and resuspended 

in Matrigel (Corning, NY, USA) extracellular matrix. Five million desmoid 

tumour cells in a volume of 100 μL were introduced per mouse.  

 

Mice were anaesthetized with isoflurane and placed on a heatmat. The 

paraspinal region was shaved on one side of the mouse. A short longitudinal 

skin incision was made in this region and muscle fibres were separated. The cell 

suspension in matrigel was introduced to the muscular pocket before a 4/0 

vicryl rapide suture was used to close the muscle layer and subsequently the 

skin. Mice were monitored in the post-operative period, and then observed on a 

weekly basis for development of tumour growth. All mice were followed for 

greater than 150 days post-injection of desmoid tumour cells. 
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4.6.2 Results 

Tumours were successfully grown in both wild-type C57BL/6 and NSG mice. 

Table 19 outlines results and representative images are shown in Figure 34. 

Xenograft tumours were able to be grown from all three desmoid cell lines in 

both C57BL/6 and NSG mice. The DT cell line was the most tumourigenic, with 

mice developing tumours at a rapid rate, compared to the DT148 cell line in 

which clinically appreciable tumours only resulting after more than 100 days in 

mice of C57BL/6 and NSG backgrounds. Doubling times for xenograft tumours 

were not available as the majority of mice (17/22) met ethical endpoints (tumour 

size) when tumour was first appreciable, despite twice-weekly assessment for 

presence of tumour.  

 

Tumours grown in NSG mice were successfully passaged into subsequent mice, 

demonstrating the ability to establish a colony of xenografts that could be 

utilized to trial novel therapies.  

 

Table 19 - Desmoid tumour xenograft results 

 Cell line Number of 
mice 
studied 

Percentage 
developing 
tumours 

Average 
days to 
develop 
tumour  

Range 
of days 
to 
develop 
tumour,  

C57BL/6 

Mice  

DT 3 100% 17 17 - 17 

DT144 6 100% 36 15 - 61 

DT148 6 100% 101 75 - 131 

NSG Mice 

DT 1 100% 4 4 

DT144 3 100% 43 4 - 56 

DT148 3 100% 116 98 - 134 
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NSG Wild-type C57BL/6 

  

Figure 34 - Xenografts grown in NSG and wild type C57BL/6 mice  

 

Xenograft tumours that developed from the cell lines were harvested for 

histopathology, immunohistochemistry and RNA was extracted for PCR. 

Histopathology in these tumours was different from desmoid tumour seen in 

the Apcmin/+:p53-/- mice. Xenografts demonstrated histopathology of a high grade 

sarcomatous lesion, with multiple, large prominent nucleoli (as demonstrated 

in Figure 35). This histological appearance was identical between tumours 

derived from each of the three cell lines, and there was no difference in tumours 

grown in NSG and C57BL/6 tumours.  

 

The different histological appearance could represent malignant transformation 

(in either the cell line, or occurring following injection of the cell line into the 
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mouse), which may have occurred due to the p53-deficient background of the 

original desmoid tumour tissue. When placed in long term culture, p53-/- 

embryonic fibroblasts have been noted to have significantly higher levels of 

genomic instability and spontaneously transform more often when compared to 

wild type fibroblasts.177 

 

 

Figure 35 - H&E stain of desmoid tumour xenograft 

 

Immunohistochemistry was performed on xenograft tumours for the same 

biomarkers that were used for primary tumour. Results are shown in Figure 36, 

and demonstrate negative staining for beta catenin, Myb and ERα, with positive 

nuclear staining for ERβ. The absence of nuclear staining for beta catenin is a 

marked difference from the parent tumour tissue. This is in keeping with 

histopathological appearance that looks different from desmoid tumour, and 

suggests the lesions are another sarcomatous lesion, and result from a different 

pathological process. 
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β-Catenin Myb 

  

ERα ERβ 

  

Figure 36 - Immunohistochemistry on desmoid tumour xenografts 

	

	

	

Genotyping was undertaken for three xenografts for Apc to determine if loss of 

heterozygosity occurs in these tumours. DNA was extracted and PCR was 

undertaken with the previously described method (see 2.4.1 and 2.2.2). Results 

demonstrated that tumours were heterozygous for Apc with two bands 

identified. (wild-type 600bp, mutant 300bp) 
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Figure 37 - Genotyping Xenograft tumours for Apc 

	

This study has demonstrated the ability to grow intramuscular tumours from 

desmoid tumour cell lines. The ability to establish a xenograft colony has 

implications for future research, as the model can be used to trial novel 

therapies in-vivo. Tumour growth in an intramuscular/subcutaneous location 

has significant advantages when compared to the abdominal wall lesions that 

occur in the Apcmin/+:p53-/- murine model, as it allows tumour growth in a 

location that permits periodic measurement during treatment with potential 

therapeutic agents.  

 

There are differences between the morphology of xenografts grown from 

desmoid cell lines that raise questions as to the validity of the xenograft model 

when compared to both murine and human disease. This may limit the validity 

of the xenograft model and needs to be considered should this model be 

utilized in experiments investigating novel therapeutic agents. 

#2
 

#1
 

#3
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4.7 Desmoid tumour growth in peritoneal cavity from cell line 

Following success in developing intramuscular tumour growth in the 

paraspinal region of the mouse following injection investigators sought to 

determine if it was possible to develop desmoid tumour in the peritoneal cavity 

following introduction of desmoid tumour cells. Whilst intraperitoneal tumour 

seeding has not been previously noted in desmoid tumours, investigators 

sought to determine if a peritoneal seeding model could account for clinical 

findings of increased peritoneal desmoid tumour following abdominal surgery 

in patients with FAP. It was hypothesised that surgical trauma may facilitate 

peritoneal tumour seeding from desmoid tumour cells, derived from the 

murine model.  

 

Cells were prepared as described in 4.6.1, however were now prepared in PBS 

instead of Matrigel to facilitate spread of cells inside the peritoneal cavity. Two 

million desmoid tumour cells in a volume of 200μL were introduced per mouse 

via an intraperitoneal injection. No anaesthetic was required. A pilot study was 

conducted with six C57BL/6 mice and the DT cell line.  

 

Mice were culled at the 8-week mark and the peritoneal cavity was assessed. 

There was no macroscopic desmoid tumour (or other pathology) present. 

Random sections of abdominal wall and peritoneum were processed for 

histopathology with no microscopic desmoid disease identified. 

 

It is was therefore hypothesized that surgical trauma to the peritoneum is 

required to assist in the successful seeding of desmoid tumour cells and this 

was further investigated as part of surgical experiments. (Discussed further in 

0) 
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4.8 Discussion 

The establishment of desmoid tumour cell lines and resulting xenografts 

described in this chapter represents promise with respect to applications in-vitro 

and in-vivo testing of novel therapeutic agents. 

 

There are however significant concerns regarding the behaviour of these cells in 

culture and in-vivo; the propensity to transform with resulting rapid growth in 

xenograft is not in keeping with desmoid tumour pathology. The role of p53-/- 

seems significant in maintaining these cell lines, and likely invalidates their use 

with respect to desmoid tumour. 

 

Desmoid tumour cell lines and xenografts from the Apcmin/+:p53-/- model only 

demonstrate single allelic loss in Apc resulting from their germline mutation. 

Whilst it has not been possible to test the parent tumour, these results are 

thought to be reflect the lack of a second mutation in parent desmoid tumour in 

the Apcmin/+:p53-/- model. 

 

There is no “second hit” mutation accounting for tumourigenesis. The majority 

of human desmoid tumours have an identifiable somatic mutation in Apc, 83% 

in a series by Latchford.88 There are examples of mouse models in which there is 

no somatic mutation is required for tumourigenesis, such as intestinal 

tumourigenesis in the Apc1638N/+ mice in which the majority of tumours retain a 

wild-type allele of Apc.145 It is likely be that the functional loss of p53 acts 

synergistically with the germline Apc mutation to result in desmoid tumour in 

the absence of a somatic mutation in Apc – given that desmoids were only seen 

in the Apcmin/+:p53-/- cohort.  
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4.9 Conclusions 

The desmoid tumour cell lines developed and described here are limited by 

their p53 background, resulting in malignant transformation that limits their 

clinical and laboratory relevance.  

 

The methods described in this chapter can be employed to develop future 

desmoid tumour cell lines. An ideal murine model to develop a cell line would 

require at least one copy of p53 to prevent malignant transformation. Future 

works could investigate the utility of developing a cell line from the 

peripherally located desmoid tumours seen in the Apc1638N mice, or other Apc 

mice with a 5’ mutations with/without a heterozygous mutation in Apc. 
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Chapter 5: Investigating the role of abdominal surgical 

trauma in desmoid tumour formation in the context of 

FAP
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5.1 Introduction 

Desmoid tumour is the largest cause of morbidity in patients with FAP who 

have undergone prophylactic colectomy.4 Desmoid disease occurs 

predominantly following prophylactic colorectal surgery, with total 

proctocolectomy with ileal pouch anal anastomosis conferring a highest risk 

when compared to total colectomy and ileorectal anastomosis.100 

 

Whilst decision for total colectomy or proctocolectomy is dependent on genetic 

factors, polyp burden and patient preference, the planning for surgical 

approach is driven by surgeon preference, expert opinion and dogma. There is 

a paucity of evidence regarding desmoid tumour risk following laparoscopic 

surgery, and conflicting series as to whether traditional open surgery or 

laparoscopic surgery confers a higher risk of subsequent desmoid disease. 

(Discussed in detail in 1.2.2.1.1) 

 

The significant morbidity associated with desmoid disease, and a clear 

relationship to surgical trauma inflicted at time of prophylactic colorectal 

surgery raises the possibility that surgical approach can be modified to 

minimise the risk of subsequent desmoid tumour. This chapter describes 

processes and results of surgical experiments using a mouse model of FAP 

associated desmoid tumour in order to build evidence for the role of surgical 

trauma in the development of abdominal desmoid tumour.  

 

5.1.1 Hypothesis and Aims 

Whilst open surgery results in tissue trauma at the site of incision, it is 

hypothesised that abdominal wall and peritoneal stretch and distension 

associated with laparoscopic surgery results in more widespread tissue trauma. 

In the situation of FAP, investigators propose that this trauma corresponds to 
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increased desmoid tumour in laparoscopic surgery when compared to open 

surgery.  

 

A further hypothesis proposes that altering the surgical conditions or peritoneal 

environment at the time of surgery (such as by warming and humidification of 

CO2) can ameliorate the trauma to the peritoneal surfaces at the time of 

laparoscopy and that this may reduce desmoid burden. Existing evidence 

suggests that humidification and warming of the peritoneum at the time of 

laparotomy and open surgery results in less damage to the mesothelial cells and 

this may corresponds to a lower rate of peritoneal carcinomatosis.
184, 185

 

 

Overall Aim: To develop models of animal open and laparoscopic surgery and conduct 

experiments to investigate the role of surgical trauma on desmoid tumour formation. 

 

In this chapter investigators aimed to undertake both laparoscopic and open 

surgery on both wild-type C57BL/6 mice, and mice with Apc
min/+

, Apc
min/+

:p53
+/-

, 

and Apc
min/+

:p53
-/- 

genotypes to determine if desmoid tumour can be induced 

and/or increased in number/size following surgical trauma. 

 

In this murine model of FAP-associated desmoid tumour, the Apc
min/+

:p53
-/- 

mouse, it is hypothesised that different surgical interventions will result in 

different burden and location of desmoid disease. In particular investigators are 

interested in whether surgical intervention will result in locally enlarging 

desmoid tumour that will result in similar morbidity and mortality to that seen 

in the human abdominal desmoid tumour. This would both further validate the 

Apc
min/+

:p53
-/-

  mouse model by demonstrating the role of surgical trauma in 

pathogenesis and may assist in determining if open or laparoscopic surgery 

results in more desmoid tumour formation. Furthermore a surgical 

humidification device was employed for both open and laparoscopic surgery to 
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identify if altering the peritoneal environment at the time of surgery will 

influence the growth of desmoid tumour. 

 

In the Apcmin/+ and Apcmin/+:p53+/- genotypes investigators hypothesise that 

surgical intervention will induce desmoid tumour. These genotypes do not 

develop desmoid tumours innately and the finding of desmoid tumour 

following surgery would clarify both the role of surgery and the role of mutant 

p53 in desmoid tumour formation in the mouse.  

 

Experiments undertaken with wild type C57BL/6 mice will also be undertaken 

to determine if desmoid tumour cells can seed to the peritoneal cavity and 

result in tumour formation. It is postulated that desmoid tumour cells will not 

seed to the peritoneal cavity in the absence of surgical trauma. It is 

hypothesised that the induction of surgical trauma may facilitate the seeding 

and growth of desmoid tumour cells to the peritoneal cavity.  

 

5.2 Study outline 

All animal experiments were conducted in an ethical manner. Ethics approval 

was obtained from Peter MacCallum Cancer Centre Animal Ethics Committee, 

approval numbers E495, E532, and E586. 

 

Experiments investigating the role of surgical trauma in the role of desmoid 

tumour formation consisted of two separate studies; those using the murine 

models for FAP and FAP-associated desmoid tumour (Mouse surgery study 1), 

and those using wild-type C57BL/6 mice and the introduction of desmoid 

tumour cell lines (Mouse surgery study 2). Study schema that outlines the 

interventions and numbers of mice involved is shown in Table 20. 
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Table 20 - Mouse surgery studies schema 

 Mouse Surgery study 1:  
Laparoscopy or Laparotomy 

Mouse surgery study 2: 
Laparoscopy/Laparotomy 

and intra-peritoneal 

injection of murine 

desmoid tumour cell line 
Genotype: Apcmin/+ Apcmin/+:p53+/- Apcmin/+:p53-/- Wild type C57BL/6 

Cohort 1:  
Dry-cold CO2 
Laparoscopy 

3 mice 3 mice 3 mice 6 mice 

Cohort 2: 
Humidified-
warm CO2 

Laparoscopy  

3 mice 3 mice 3 mice 6 mice 

Cohort 3: 
Laparotomy 
(Conventional 
conditions) 

3 mice 3 mice 3 mice 6 mice 

Cohort 4: 
Laparotomy 
with 
humidified-
warm CO2 

3 mice 3 mice 3 mice 6 mice 

Cohort 5: 
Control 
(No Surgery) 

Control cohort initially planned but  

omitted owing to difficulty breeding 

sufficient numbers of animals 

6 mice 

(Described in 4.7) 

 

In this study mice were anaesthetized and underwent their surgical 

intervention for duration of 60 minutes before being recovered. Mice were then 

monitored on a regular basis and culled if they reached pre-defined time or 

ethical endpoints. 

 

Six mice were planned for each cohort per genotype for these surgical 

experiments however difficulty breeding the Apcmin/+ mice and variants 

(especially the Apcmin/+:p53-/- genotype) meant numbers were adjusted to three 

mice per cohort per genotype for these genotypes. 
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5.3 Materials and Methods 

Previous studies report the use of laparoscopy and laparotomy in the mouse,186, 

187 although there is significant variability in surgical and anaesthetic procedure 

with no consensus on optimal techniques to best model clinical practice. Murine 

laparoscopy is rarely used in surgical research due to significant equipment 

expense, and lack of researcher surgical skills and training in small animal 

laparoscopy.188  

 

In the absence of established protocols for mouse anaesthesia and surgical 

technique investigators first sought to develop robust and safe protocols for 

mouse anaesthesia and surgery that did not compromise experimental needs. 

 

The majority of published mouse surgical studies rely on the delivery of intra-

peritoneal anaesthesia, such as ketamine and pentobarbital. In this study 

investigators were interested in the role of surgical trauma in abdominal 

desmoid tumour formation, and thus delivery of anaesthesia through the 

peritoneum would compromise the validity of this research. Intraperitoneal 

anaesthetic results in changes to the peritoneal micro-environment, potentially 

creates trauma, and can be unpredictable. The long intended procedure 

duration (1 hour) would mean that repeat dosing of intraperitoneal anaesthetic 

would be required, which is not optimal in the presence of abdominal surgery. 

Other anaesthetic routes were investigated, resulting in the development of an 

inhalational (isoflurane) protocol for mouse anaesthesia that would allow us to 

safely conduct prolonged abdominal surgical procedures on mice. Isoflurane 

inhalants have benefits of simple delivery, rapid induction of anaesthesia, stable 

cardiovascular state and infrequent complications.189  

 



 137 

Hypoxia is another consideration during anaesthesia. Bourdel et al. reported 

that less hypoxia occurred in mice undergoing general anaesthesia when 

mechanical ventilated during abdominal procedures involving insufflation with 

CO2, when compared to animals that were spontaneously ventilated.190 

Investigators developed a system of endotracheal intubation and mechanical 

ventilation to minimise hypoxia in mouse surgical experiments. This was 

employed successfully in wild-type C57BL/6 mice aged from 6-8 weeks, 

however was not successful in Apcmin/+ mice and variants at this age due to 

these genotypes resulting in smaller animal size, with tracheal diameter too 

narrow for the endotracheal tubes used for wild type mice. In these instances 

general anaesthesia was undertaken without endotracheal intubation, using a 

nosecone despite the risk of increased hypoxia. 

 

A detailed description of the method developed and employed for mouse 

anaesthesia is described in 2.10. 

 

 The aim of laparoscopy in the mouse is to replicate the conditions of human 

laparoscopic surgery. The conditions of laparoscopic surgery were replicated 

with conventional cold-dry CO2 and also humidified-warm CO2 to determine if 

this resulted in different trauma to the peritoneum and abdominal wall, and 

decipher if this corresponds to different rates of desmoid tumour in the murine 

model of FAP associated desmoid tumour. 
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Figure 38 – View at mouse laparoscopy 

 

 

A 2mm rigid endoscope was trialled as a laparoscope in the mouse and was 

technically successful (as shown in Figure 38), however there was difficulty in 

maintaining consistent pneumoperitoneum (due to gas leakage around the 

rigid endoscope) and thus the final technique used in these experiments was 

“blind laparoscopy”, in which pneumoperitoneum was established but no 

camera was introduced. This reduced a variable and allowed the establishment 

of constant intraperitoneal pressure to better control conditions between 

different mice. A full description of the developed method for mouse 

laparoscopy is described in 2.11. 

 

In a similar manner to mouse laparoscopy, investigators intended to accurately 

replicate open surgery by performing laparotomy on the mouse. Human 

surgical conditions were recapitulated by performing a midline abdominal 

incision on the mouse, and using a fixed abdominal wall retractor. Desmoid 

tumour has a predilection for the site of surgical wounds and in this aspect of 
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the study it was hypothesised that increased desmoid tumour would develop in 

the postoperative period at the site of midline incisions in the Apcmin/+:p53-/- 

mouse model. A description of mouse laparotomy protocol is presented in 2.12. 

 

5.3.1 Statistical analysis 

Statistical analysis was performed using Graphpad Prism. Kaplan–Meier 

survival curves were generated and log-rank (Mantel-Cox) test was performed 

to determine if there was a survival difference between cohorts. For the 

occurrence of desmoid tumours and adenomas, an unpaired t-test was 

performed to determine if a significant difference exists between groups. In 

both analyses, a two-tailed p-value of <0.05 was considered significant. 

 

5.4 Results  

5.4.1 Development and use of mouse models of laparoscopic and open 

surgery  

The development of the murine model of laparoscopy and laparotomy was 

successful, and accurately replicated conditions of human surgery. Strengths of 

this surgical model include accurate replication of human anaesthesia and 

mechanical ventilation that does not interfere with the peritoneal 

microenvironment. Laparoscopic and open surgery in the mouse has been 

achieved in a safe, reproducible manner and will allow future murine 

experiments involving procedures on the abdominal viscera. Furthermore 

investigators have accurately reproduced operating theatre airflow conditions 

to accurately replicate conditions of human open surgery.  

 

There are however challenges with this surgical model. Endotracheal intubation 

in particular is technically challenging and investigators experienced a learning 

curve of approximately 30 intubations to become proficient in this procedure. 
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During the learning curve there were numerous (~5-10 per proceduralist) cases 

of mouse mortality resulting from unrecognised oesophageal intubation, and 

more rarely tracheal injury. Refinement of intubation technique was 

undertaken; the routine use of a lung inflation bulb was commenced to aid in 

prompt recognition of oesophageal intubation, preventing mortality from 

oesophageal intubation.  

 

Another challenge encountered with endotracheal intubation was mouse size. 

Attempting intubation of animals before age of 6 weeks was almost always 

unsuccessful as animals lacked sufficient airway diameter to accommodate the 

20G intravenous cannula used as an endotracheal tube. Smaller intravenous 

cannulas could not be used, as they did not have enough length to safely 

connect to the mouse ventilator. This limitation did not restrict experiments on 

wild type C57BL/6 mice as these animals were of sufficient size after 6 weeks of 

age. Attempts at intubations on mice with the Apcmin/+, Apcmin/+p53+/- and 

Apcmin/+p53-/- genotypes were unsuccessful due to smaller animal size when 

compared to wild type animals. Short life expectancy in these cohorts meant 

that investigators were reticent to defer surgical experiments until mice were 

older as this would limit the post-surgical follow up period. Given the difficulty 

breeding these genotypes, and no success with intubation with 5 animals at 8 

weeks of age, a decision was made to complete this aspect of the project with 

nosecone anaesthesia. As previously mentioned, there are disadvantages to 

nosecone anaesthesia, including hypoxia and these are considered in 

interpreting results for these cohorts of mice. Future consideration could be 

made to manufacture or source a suitable endotracheal tube that would meet 

the needs of smaller animals. 

 

Significant morbidity resulting from surgery became apparent in 4 mice, with a 

single mortality in the perioperative period. Four mice had tail damage that 
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became apparent following their surgical procedure (2 mice in the wild type 

cohort undergoing cold-dry laparoscopy, and 2 mice [one Apcmin/+ and one 

Apcmin/+p53+/-] that underwent conventional laparotomy). This was postulated to 

be resulting from retraction in the wild type mice, as their tails were taped to 

facilitate intubation. No obvious reason was identified in the Apcmin/+ and 

Apcmin/+p53+/- mice, however potential causes include pressure from the rectal 

thermometer or thermal injury from the heatmat. 

 

In addition to tail damage, 9 mice suffered minor morbidity in the form of ear 

damage – consisting of partial loss of the pinna that became apparent in the first 

week following surgery. This likely resulted from pressure injury from the mice 

being in the supine position for 60 minutes of surgery. Following the 

identification of this complication – greater efforts were taken to ensure the 

mouse was positioned in a supine position with the pinna lying free in the 

lateral positions, to ensure no part of the pinna was positioned underneath the 

animal during the procedure.  

 

One mouse was found deceased on post-operative day 1 of surgery; an 

Apcmin/+:p53+/- mouse that underwent laparoscopy with use of the surgical 

humidification device. Autopsy revealed rectosigmoid perforation almost 

certainly due to rectal thermometer insertion.  

 

There was no incidence of visceral injury following blind insertion of 

intravenous cannulas into the peritoneal cavity. There were no instances of 

wound complications or infection in mice undergoing surgical interventions. 

The use of skin clips likely contributed to this success as our laboratory has 

noted complications following skin closure with suture. Anecdotally mice 

appeared to tolerate surgical intervention well with all mice exhibiting normal 

behaviour 24 hours post-procedure. 
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Despite a learning curve with mouse intubation, minor morbidity and a single 

mortality, investigators have developed a robust reproducible technique for 

laparoscopy and laparotomy in the mouse. This has applications for other 

experiments investigating the role of surgical trauma on development of 

peritoneal carcinomatosis in epithelial malignancies, and also provides a basis 

for future experiments on abdominal viscera in the mouse. 

 

5.4.2 Mouse Study 1 (Apcmin/+,  Apcmin/+:p53+/- and Apcmin/+:p53-/- cohorts) 

Thirty seven mice proceeded to general anaesthesia and surgical intervention. 

One mouse was found dead on post-operative day 1 as a result of rectal 

perforation (described in 5.4.1), and thus another mouse was allocated to this 

cohort. 

 

Table 21, Table 22, and Table 23 outline the results for the Apcmin/+,  

Apcmin/+:p53+/- and Apcmin/+:p53-/- cohorts respectively. 
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Table 21 - Results for Apcmin/+ mice 

 

Apcmin/+ 
 
 

Mouse 
No: 

Age at 
surgery 

Operative 
findings 

Reason for 
culling 

Age at 
death 

Days 
post-
surgery at 
death 

Desmoid 
tumour 
burden 

Adenoma 
burden 
(small, 
large 
bowel) 

Other findings 

1: Laparoscopy, 
Dry-cold CO2  

62 56 N/A Rectal 
prolapse 

112 56 Nil 0, 8  

74 53 N/A Anaemia 223 170 Nil 19,1 Mesenteric mass- 
lymphoproliferative  

84 61 N/A Anaemia 154 93 Nil 16, 3 SB intussusception, 
Mesenteric mass- 
lymphoproliferative 

2: Laparoscopy, 
Humidified-warm 
CO2  

89 52 N/A Anaemia 234 182 Nil 12, 0  
109 63 N/A Anaemia 132 69 Nil 21, 0 Small bowel intussusception 
154 71 N/A Anaemia 160 89 Nil 21, 0 Mesenteric mass-

lymphoproliferative 
3: Laparotomy, 
Conventional 

33 91 Nil desmoid Anaemia 310 219 Nil 14, 4  
55 56 Nil desmoid Anaemia 275 219 Nil 18  
57 59 Nil desmoid Anaemia, 

tachpnoea 
97 38 Nil 1,2  

4: Laparotomy, 
humidified-warm 
CO2 

152 71 Nil desmoid Enlarging 
gluteal mass 

149 78 Nil 16, 0 Gluteal tumour mass – 
Epidermal cyst 
Mesenteric mass-
lymphoproliferative 

153 71 Nil desmoid Anaemia 204 133 Nil 17, 0  
150 71 Nil desmoid Anaemia 204 133 Nil 19, 0 RIF mass – cystic 

panfolliculoma 
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Table 22 - Results for Apcmin/+:p53+/- mice 

 

Apcmin/+:p53+/- 
 
 

Mouse 
No: 

Age at 
surgery 

Operative 
findings 

Reason for 
culling 

Age at 
death 

Days 
post 
surgery 
at death 

Desmoid 
tumour 
burden 

Adenoma 
burden 
(small, 
large 
bowel) 

Other findings 

1: Laparoscopy, 
Dry-cold CO2  

70 53 N/A Prolapse 167 114 Nil 9, 3  
61 58 N/A Anaemia 161 103 Nil 2, 0 Mesenteric mass- lymphoproliferative  
75 54 N/A Anaemia 273 219 Nil 18, 3  

2: Laparoscopy, 
Humidified-
warm CO2  

90 52 N/A Anaemia 155 103 Nil 16, 2 Intussusception 
85 52 N/A Anaemia 193 141 Nil 17, 0  
161 56 N/A Anaemia 154 98 Nil 18, 4 Mesenteric mass- lymphoproliferative 
(131) (57) N/A (Found dead) (58) (1) (Nil) N/A (Found dead Day 1 -Rectosigmoid 

perforation from rectal thermometer) 
3: Laparotomy, 
Conventional 

126 62 Nil 
desmoid 

Large mass in 
axilla 

144 82 Nil 9, 1 Large axillary mass- cystic 
panfolliculoma 
Mesenteric mass- lymphoproliferative 

129 57 Nil 
desmoid 

Anaemia, 
abdominal 
distension 

195 138 Nil 13, 0 Small bowel intussusception  

188 46 Nil 
desmoid 

Anaemia 180 134 Nil 15, 1  

4: Laparotomy, 
humidified-
warm CO2 

158 70 Nil 
desmoid 

Anaemia  141 71 Nil 29, 0 Mesenteric mass- lymphoproliferative 

189 46 Nil 
desmoid 

Anaemia 85 39 Nil 24, 5  

192 53 Nil 
desmoid 

Anaemia 91 38 Nil 22, 5 Mesenteric mass- lymphoproliferative 
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Table 23 - Results for Apcmin/+:p53-/- mice 

 

Apcmin/+:p53-/- 
 

Mouse 
No: 

Age at 
surgery 

Operative 
findings 

Reason 
for 
culling 

Age at 
death 

Days 
post-
surgery at 
death 

Desmoid 
tumour 
burden 

Adenoma 
burden 
(small, large 
bowel) 

Other findings 

1: Laparoscopy, 
Dry-cold CO2  

66 52 N/A Anaemia 76 24 5.  0, 3 Mesenteric mass– pancreatic acinar 
cell carcinoma 

196 57 N/A Anaemia 112 55 18 14, 1 Mesenteric mass - lymphoproliferative  

279 43 N/A Enlarging 
neck mass 

77 34 8 4, 3 Enlarging neck mass ~1.5cm in size – 
sarcomatous. Mesenteric mass- 
lymphoproliferative 

2: Laparoscopy, 
Humidified-warm 
CO2  

173 53 N/A Anaemia 113 60 10 17, 3 Intussusception. Lesion on hind leg 
muscle – peripheral desmoid 

225 42 N/A Anaemia 97 55 27 16, 4 Mesenteric mass - lymphoproliferative 

276 47 N/A Enlarging 
LIF mass 

103 56 19 11, 1 5 Retroperitoneal desmoids. LIF mass - 
angiosarcoma 

3: Laparotomy, 
Conventional 

167 56 10 desmoids Prolapse 72 16 10.  3, 6 Pancreatic nodule - pancreatic acinar 
cell carcinoma 

207 54 10 desmoids Tachypnoe
a 

99 45 14 19, 0 Grossly enlarged thymus – 
Lymphoma. 2 retroperitoneal 
desmoids 

261 46 15 desmoids Anaemia 109 63 14 12, 3 Mesenteric mass - 
lymphoproliferative, multiple 
intussusceptions, 6 retroperitoneal 
desmoids 

4: Laparotomy, 
humidified-warm 
CO2 

219 48 13 desmoids Anaemia 96 48 12 19, 2 3 retroperitoneal desmoids. Mesenteric 
mass - lymphoproliferative 

254 47 7 desmoids Anaemia 85 38 9 16, 2  Mesenteric mass - lymphoproliferative 

278 44 9 desmoids Anaemia 105 61 19 11, 4 Grossly enlarged thymus- Lymphoma 
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5.4.2.1 Desmoid tumour burden 

In the Apcmin/+ and Apcmin/+:p53+/- genotypes of mice, surgical trauma (by any 

means) was unable to induce the development of any desmoid tumour. 

Macroscopic inspection of the peritoneal cavity and abdominal wall did not 

reveal any abnormalities in these cohorts of mice, and histopathology of the 

abdominal wall did not identify any microscopic desmoid disease. 

 

In the Apcmin/+:p53-/- mice, there was no difference in the size or number of 

desmoid tumours between any of the four cohorts of mice (as shown in Figure 

40). In this cohort, desmoid tumour was encountered at the time of initial 

surgical intervention and was visualised in the open surgical cohorts (as 

depicted in Figure 41). When these mice were assessed at end point there was a 

similar burden of desmoid disease when compared to intraoperative 

assessment (Table 23). There was no significant change in observed desmoid 

tumour following surgery and no statistical difference between change in 

burden between the humid-warm and conventional laparotomy cohorts.  

 

There was however, microscopic evidence of macroscopically occult desmoid 

tumour in the midline wound of Apcmin/+:p53-/- mice that underwent 

laparotomy. All 6 mice that underwent open surgery displayed microscopic 

evidence of desmoid tumour. By comparison, the midline abdominal wall 

sections of mice of this genotype that underwent laparoscopy did not display 

desmoid tumour, with typical sparing of the linea alba seen in non-surgical 

cohorts.  

 

An example of laparotomy-associated microscopic desmoid tumour is shown in 

Figure 42 (Mouse #167). There is the presence of desmoid tumour along the 

midline wound, closely related to the surgical sutures. Immunohistochemistry 
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demonstrates positive staining for ß-catenin and ERß, confirming diagnosis of 

desmoid tumour. 

 

There was no objective means to compare the quantity of desmoid tumour 

microscopically given limitations in tissue processing and mounting, and thus it 

was not possible to determine if there was a different microscopic desmoid 

burden in laparotomy cases with and without the warming-humidification 

device.  

 

Autopsy of the Apcmin/+:p53-/- mice also revealed the presence of retroperitoneal 

desmoid tumours in half of the mice in this cohort. Desmoids were identified in 

the flank musculature and hind legs and confirmed on histopathology to have 

an identical appearance to the abdominal wall desmoid tumours. 

 

An analysis of the correlation between the desmoid tumour burden and age at 

death and number of days following surgery was conducted in the Apcmin/+:p53-

/- mice to generate a correlation coefficient (r) using Graphpad Prism. As shown 

in Figure 39, there was no correlation between mouse age and desmoid tumour 

burden. There was however a correlation between the number of days post-

surgery and desmoid tumour burden (r 0.6305, p<0.05), suggesting an increase 

in desmoid tumour burden following surgery. 
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Figure 39 - Correlation between desmoid tumour burden and age at death and 

days post-surgery 
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Figure 40 - Macroscopic desmoid tumour burden (number) in Apcmin/+:p53-/- 

mice by surgical intervention. A) Individual surgical cohorts, B) Grouped 

Laparotomy vs. Laparoscopy and C) Grouped by use of humidification-

warming device. ns = non significant 
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Figure 41 - Desmoid tumour visualised at time of laparotomy in Apcmin/+:p53-/- 

mouse  
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Haematoxylin and Eosin stain. Note suture material on left side with 

surrounding desmoid tumour  

 

β-catenin ERβ 

  

 

Figure 42 - Cross section of midline abdominal wound following laparotomy 

(Mouse #167) 

 

Suture 

Suture Suture 
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5.4.2.2 Survival following surgery 

The majority of mice in this study became unwell with anaemia from intestinal 

adenomas, with a minority suffering obstruction or prolapse from adenomas. 

No mouse deceased directly from desmoid disease. A few mice developed 

lymphoma. Although some mice developed pancreatic lesions they did not 

contribute to mortality in the presence of adenomas.  

 

Figure 43, Figure 44, and Figure 45 depict the Kaplan–Meier survival curves for 

the Apc
min/+

, Apc
min/+

p53
+/-

, and Apc
min/+

p53
-/-

 genotypes respectively. These 

curves demonstrate that for the Apc
min/+

 and Apc
min/+

p53
-/-

 genotypes there was 

no survival difference by individual surgical cohort, mode of surgical 

intervention (laparotomy or laparoscopy) or presence of absence of 

humidification-warming device.  

 

The Apc
min/+

p53
+/-

 genotype did however have statistically significant reduced 

survival when assessed by individual surgical intervention, with mice 

undergoing Humid-warm laparotomy having a statistically significant reduced 

survival when compared to the other interventions (p=0.0020). This difference is 

however not borne out when comparing either laparotomy versus laparoscopy 

or presence or absence of humidification-warming device. This suggests that no 

single surgical factor is responsible for this result and it may be anomalous 

given our small sample size, especially given the inability to demonstrate any 

difference in the other genotypes of mice. 

 

5.4.2.3 Impact of surgical humidification on desmoid rate and survival 

This study shows no appreciable benefit of surgical humidification. The 

provision of warmed, humidified carbon dioxide did not result in a reduced 
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risk of desmoid tumour, and did not alter survival in any of the genotypes 

studied.  
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Figure 43 - Survival, Apcmin/+ by surgical intervention: A) Individual surgical 

cohorts, B) Grouped laparotomy vs. laparoscopy and C) Grouped by use of 

humidification-warming device. ns = non significant 
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Figure 44 - Survival, Apcmin/+:p53+/- by surgical intervention: A) Individual 

surgical cohorts, B) Grouped laparotomy vs. laparoscopy and C) Grouped by 

use of humidification-warming device. ns = non significant 
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Figure 45 - Survival, Apcmin/+:p53-/- by surgical intervention: A) Individual 

surgical cohorts, B) Grouped laparotomy vs. laparoscopy and C) Grouped by 

use of humidification-warming device. ns = non significant 
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5.4.2.4 Overall survival following surgery – all genotypes  

 

Analysis was performed to compare the survival outcomes of mice from all Apc 

genotypes used in this study. This is analogous to human series in which FAP 

patients with many different genotypes are included in clinical series. Figure 46 

outlines the resulting survival curves, demonstrating no difference when 

compared by individual intervention, surgical approach or use of peritoneal 

warming and humidification. 

 

Given the absence of a survival difference by surgical intervention, 

Investigators then sought to compare the survival of all mice in this study by 

genotype. Figure 47 demonstrates a significantly reduced survival in mice with 

the Apcmin/+p53-/- genotype. This is not an unexpected finding given the 

genotype-phenotype relationship seen clinically.  
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Figure 46 - Survival, all genotypes by surgical intervention: A) Individual 

surgical cohorts, B) Grouped laparotomy vs. laparoscopy and C) Grouped by 

use of humidification-warming device. ns = non significant 
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Figure 47 - Survival by genotype; all surgical interventions 
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5.4.2.5 Polyp Burden 

An assessment of colonic and small bowel polyposis was made at autopsy for 

each mouse that underwent surgical intervention. A summary of polyp burden 

by genotype and surgical intervention is shown in Figure 48. 

 

There was no difference in polyp burden in the three genotypes used in these 

experiments, an expected finding given the identical Apc mutation in the three 

genotypes. Furthermore this indicates that uniform end points were used to 

determine time of euthanasia of mice. 

 

There was however a significant difference in polyp burden by surgical 

intervention, with a significantly higher polyp burden in mice undergoing 

surgical intervention with the humidification/warming device when compared 

to conventional surgical conditions. This was statistically significant when 

assessing each of the four surgical interventions individually and also when 

grouping the presence and absence of the humidification/warming device. 

 

There was also no difference in polyp burden when mice were grouped into 

laparotomy and laparoscopy cohorts – suggesting that this unlikely to be a 

confounding factor when considering the apparent negative impact of the 

humidification/warming device with respect to polyp burden.  
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Figure 48 – Polyp burden (combined small and large bowel) of mice at autopsy: A) by genotype, B-C) by surgical interventions 

(all genotypes). ns = non significant 
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5.4.2.6 Novel findings 

Pancreatic neoplasms were found in mice subjected to surgical intervention, 

with acinar cell neoplasms found in two Apcmin/+:p53-/- mice. Figure 49 

demonstrates the clinical location and haematoxylin and eosin stain of 

pancreatic acinar cell carcinoma identified in mouse #66 (Apcmin/+:p53-/-, cold-dry 

insufflation cohort). Interestingly, all pancreatic lesions were located in close 

proximity to the small bowel/small bowel mesentery but were all confirmed to 

be of pancreatic origin. 

 

 

  

Figure 49 - Pancreatic acinar cell carcinoma identified in mouse #66 

 

Pancreatic lesions were not identified in any breeding prior to commencement 

of this surgical study, raising the possibility of a link to surgical trauma. 

However, pancreatic lesions have been previously reported in this genotype at 

a rate of 22% in published literature in the absence of surgical trauma.178 

 

In addition to these pancreatic lesions, a larger number of mice of all three 

genotypes were found to have mesenteric masses that did not involve the 
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pancreas. These were lymphoproliferative in nature and were particularly 

common in the Apcmin/+:p53-/- genotype. There was no evidence of invasive 

epithelial malignancy, desmoid tumour or sarcoma in these lesions and they 

likely represent lymphoma, a phenomenon not unexpected for this genotype. 

Two Apcmin/+:p53-/- mice developed advanced lymphoma causing respiratory 

compromise from thymus enlargement. 

 

Other findings of note include a gluteal epidermal cyst (Apcmin/+), two sarcomas 

in left iliac fossa (Apcmin/+:p53-/-), and neck (Apcmin/+:p53-/-), and two cystic pan-

folliculomas, axillary (Apcmin/+:p53+/-) and in the right iliac fossa (Apcmin/+). 

 

5.4.3 Mouse Study 2  (Wild-type C57BL/6 mice with injection of desmoid cell 

line)  

In this aspect of the study investigators were interested in whether surgical 

trauma could promote the seeding and growth of free desmoid tumour cells in 

the peritoneal cavity. Free injection of derived desmoid tumour cells into the 

peritoneal cavity was attempted and did not result in any macroscopic or 

microscopic desmoid tumour development. (as described in 4.7) In this 

experiment 6 mice were planned for each cohort (as shown in table 14), with 

laparoscopic and open cohorts, with or without the use of the surgical 

humidification unit. Note that the control cohort for this experiment is 

described in 4.7, and there was no tumour identified. 

 

Evidence from epithelial malignancies suggest that there is increased seeding of 

tumour cells following surgery, and that cold-dry conditions of laparoscopy 

results in more peritoneal seeding when compared to conditions obtained with 

a humidification device.184 Given these findings investigated commenced with 
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the cold-dry laparoscopy cohort of mice and allowed these mice to reach an 8-

week time point before commencing the other cohorts. 

 

Seven mice underwent cold-dry laparoscopy and introduction of desmoid 

tumour cells. One mouse had its endotracheal tube dislodged after 50 minutes 

of surgical intervention necessitating early end to the procedure. This mouse 

still received intraperitoneal desmoid tumour cells however another mouse was 

added (accounting for 7 mice in this cohort) to ensure that there were six mice 

in the cohort that had the full duration of surgical trauma.  

 

No mice became unwell in the post-operative period of 8 weeks duration, when 

all mice were culled. The mouse that underwent 50 minutes of cold-dry 

laparoscopy was included in the evaluation for desmoid tumour. No 

macroscopic tumour was identified in any of the mice. The abdominal wall was 

harvested and histopathology undertaken to look for microscopic desmoid 

tumour, however this was not identified in any mouse in this cohort. 

 

Given these findings investigators elected not to proceed with the other cohorts 

of this study, as it was anticipated that there would be a very low chance of any 

desmoid tumour developing in any cohort. 

 

Desmoid tumour is by definition a benign tumour that lacks metastatic 

potential and thus these results are not unexpected. Although it was possible to 

grow intramuscular desmoid tumours in the flank of wild-type C57BL/6 mice, 

the resulting tumour has a different appearance from that of native desmoid 

tumour in the Apcmin/+:p53-/- mouse model. (See 4.6) The use of an extracellular 

matrix and the implantation into a confined vascular space (muscle pocket) 

likely contributed to the growth seen in the xenograft model. In the peritoneal 
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cavity, even in the situation of trauma, it is unlikely that a cell line of a non-

malignant tumour will result in tumour formation. 

 

5.5 Discussion 

This research has shown significant limitations of existing murine models of 

FAP, with respect to FAP-associated desmoid tumour. Whilst approximately 

25% of patients with FAP develop desmoid tumour following prophylactic 

colectomy, it was not possible to induce any desmoid tumour in the Apcmin/+ or 

Apcmin/+p53+/-  murine models of FAP despite multiple surgical interventions. 

This mouse model is limited by the phenotype producing numerous intestinal 

polyps that result in intestinal obstruction and anaemia. 

 

Whilst surgery on the Apcmin/+p53-/-  murine model of FAP-associated desmoid 

tumour did not result in clinically significant increase in desmoid tumour, the 

presence of microscopic desmoid in midline laparotomy scars has 

demonstrated the link of desmoid tumour to surgical trauma. In doing so, this 

provides validation and clinical relevance to the Apcmin/+p53-/- model. This 

provides promise to future models based on the Apc:p53 interaction. It may be 

possible to use an Apc mouse with a more 3’ mutation in order to develop 

larger, more clinically relevant desmoid tumours, and result in mice with a 

prolonged lifespan to allow longer duration for desmoids to develop. 

 

By demonstrating no increased risk of desmoid tumour, and possible a reduced 

risk given the aforementioned microscopic findings in the laparotomy mice, this 

study has validated the role of laparoscopic prophylactic colorectal surgery in 

FAP.   
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This study demonstrates the impact of genotype on survival. Clinical research 

has demonstrated a clear genotype-phenotype relationship and this study has 

replicated these findings in the mouse. The impact of genotype demonstrated 

here is far more significant than any surgical intervention highlighting the need 

to consider a patient’s individual genotype in clinical decision-making. 

 

This study has shown that there is no role for peritoneal humidification and 

warming at the time of surgery, as this did not alter desmoid tumour risk or 

overall survival. The finding of significantly increased polyp burden following 

surgery with the surgical humidification unit is unexplained and requires 

further investigation. Whilst this experiment has not replicated human surgery 

as the small and large bowel was left in-situ, this finding is still significantly 

concerning clinically given the morbidity that arises from duodenal polyposis 

and subsequent malignancy– a significant cause of mortality following 

prophylactic colectomy. 

 

This work has also provided a platform for future animal surgical experiments. 

Despite major surgical intervention and prolonged general anaesthesia, mice in 

this study exceeded the life expectancy published for Apcmin/+ mice. This should 

reassure investigators that animal husbandry, anaesthetic and surgical 

techniques utilized are safe. 

 

5.6 Conclusions and future directions 

This project has demonstrated that surgical trauma associated with laparotomy 

in the Apcmin/+:p53-/- murine model of FAP-associated desmoid tumour results in 

increased (microscopic) desmoid tumour growth at the site of surgical trauma. 

It was not possible to demonstrate any evidence of increased desmoid tumour 

in the Apcmin/+:p53-/- model in response to laparoscopic surgery. Murine surgical 
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experience presented in this chapter suggests that open surgery results in more 

surgical trauma and increased desmoid formation when compared with 

laparoscopic surgery. Translating these findings to the clinic it could be 

suggested that laparoscopic prophylactic colectomy does not increase the rate 

of subsequent desmoid tumour. 

 

Whilst these experiments have not resulted in large desmoid tumours or 

disease that results in morbidity using the murine model, there is the 

opportunity to replicate this research using the multitude of other Apc mutant 

mice to determine if other genotypes will result in disease. As in this 

Apcmin/+:p53-/- model, these genotypes can also be crossed with p53-deficient 

mice to encourage desmoid tumour formation. In particular the Apc1638N mouse 

that develops peripheral desmoid tumours could be employed to determine if 

clinically relevant desmoids will develop using these techniques. 

 

Future directions using the Apcmin/+:p53-/- mouse model include further 

techniques to encourage desmoid tumour development in the Apcmin/+:p53-/- 

model. There is the potential to explore hormonal manipulation of the mouse 

through treatment with oestrogen, and the opportunity to increase the amount 

of surgical trauma to encourage the development of desmoid disease. Further 

experiments to induce damage inside the peritoneum at a location distant to the 

abdominal wound may allow the development of desmoid tumour in locations 

that are challenging to manage clinically, such as the small bowel mesentery.  

 

Mouse surgery experiments described in this chapter have demonstrated a 

robust method for safe and reproducible mouse anaesthesia and abdominal 

surgery. This has applications for future research, in particular in rare diseases. 

The ability to control for multiple patient and experimental variables is 

unparalleled in human studies. Further technical developments with mouse 
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laparoscopy will extend the ability of this model to answer clinical questions. It 

may be that it will be possible to undertake colorectal resection on mice to 

investigate technical factors associated with colectomy and proctectomy.  
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Chapter 6: Profiling human desmoid tumour tissue 
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6.1 Introduction 

There are similarities in a desmoid tumour that arises sporadically and those 

that develop in patients with a known germline APC mutation in FAP. 

Tumours from these two groups are histologically indistinguishable, despite 

them occurring in the context of different genetic changes. Whilst tumour 

location can influence management choice, management options are identical 

for sporadic tumours and tumours occurring in FAP. There is a paucity of work 

that investigates the gene expression between tumours arising in these two 

groups. Due to the rare nature of this tumour, the majority of published series 

include both groups but are dominated by the relatively more frequent 

occurrence of sporadic tumours.191 There is thus a need to compare tumours 

from these two groups to determine if the molecular profile differs and thus 

determine if different management strategies are required for the more rare 

FAP-associated desmoid tumour.  

 

Whilst there is a general understanding that dysfunctional in WNT signalling is 

involved in desmoid tumour formation, there is a lack of understanding of 

other factors involved in desmogenesis. It has been claimed that the formation 

of a desmoid tumour requires a “just right” level of WNT signalling,88 yet there 

is poor understanding of what molecular processes result in these conditions 

for tumourigenesis. It is also unclear which downstream mechanisms are 

responsible for tumour formation and whether there are targetable pathways or 

mutations that are not previously identified. 

 

Existing genomic research is largely based on microarrays and shows a paucity 

of genomic abnormalities in desmoid tumour.  Salas et al. undertook 

comparative genomic hybridization on 194 tumours finding that 76% had no 

gains, losses or amplifications of genomic material. Among the minority with 
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chromosomal abnormalities, most common alterations included loss of 6q, loss 

of 5q, gain of 20q and gain of chromosome 8.192  

 

Microarray data identified genes that are overexpressed in desmoid tumour 

when compared to normal tissue. Skubitz investigated 12 sporadic desmoid 

tumours, finding that ADAM12, WISP-1, SOX-11, and fibroblast activation 

protein-alpha were overexpressed when compared to skeletal muscle.193 

Colombo investigated 14 sporadic tumours and found ADAM12, MMP2 and 

midkine were expressed, and demonstrated a reduced time to recurrence in 

patients with elevated midkine expression.194 Whilst genomic research in 

sporadic tumours has identified genes of interest, none of the identified genes 

are targetable with current therapeutic agents. 

 

There is a lack of published genomic expression data for desmoid tumours that 

occur in FAP. Bowden published sequencing data demonstrating a number of 

differentially expressed genes in two desmoid tumours that occurred in 

patients with FAP, however this study was limited by very low sample 

numbers and the use of a fibroblast cell line from a third individual as normal 

comparison.195 This highlights some of the challenges when undertaking 

genomic profiling of desmoid tumours. Desmoid tumours exist in a variety of 

anatomical locations, and it can be difficult to select an appropriate matched 

normal sample for comparison.  

 

Genomic data have been used to differentiate desmoid tumour from nodular 

fasciitis, with desmoid tumour differentially expressing certain tyrosine 

kinases, transcription factors and members of WNT-signalling pathway.196 It 

has also been shown that a CTNNB1 S45 mutation is predictive of a high risk of 

recurrence following resection of desmoid tumour.81 Subsequently Salas used 

microarray data to develop a gene-expression signature to predict progression 
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free survival, proposing that a genomic prediction of recurrence can be used to 

support a watch-and-wait strategy for management.129 

 

Next generation sequencing for desmoid tumours has been limited by the rarity 

of desmoid tumour and the need to extract RNA from fresh or snap-frozen 

tissue. Beck demonstrated that 3’ RNA sequencing is possible using RNA 

extracted from FFPE blocks of desmoid tumours. Their study involved six 

desmoid tumour FFPE blocks and demonstrated up-regulation of genes 

involved in the ECM–receptor interaction pathway when compared to solitary 

fibrous tumours.197 This technique shows promise, as it may be possible to 

undertake large-scale 3’ RNA sequencing on archival tissue, achieving a large 

number of biological replicates to improve statistical significance of differential 

gene expression. There are however limitations of 3’ RNA sequencing when 

compared to conventional RNA sequencing, as sequencing is uni-directional 

and does not cover the entire transcript, particularly of long mRNAs. 

 

Immunohistochemistry series demonstrates nuclear immune-positivity for β-

catenin in 80% of sporadic desmoids and 67% of desmoids that occur in patients 

with FAP.198 Other positive stains include COX2, Cyclin D1, PDGFα and 

PDGFRα,114, 181 Immunohistochemistry is almost always negative for ERα, 

HER2, progesterone receptor and c-Kit.199 ERβ is reported to be variable, with a 

series by Leithner reporting only 9% staining positive in sporadic cases, 

however a series of FAP-associated desmoid tumours reported immuno-

positivity in 19%.  

 

The immune landscape in desmoid tumours is largely unknown, and 

immunotherapy has not been explored in desmoid tumours. D’Angelo 

undertook immunohistochemistry to define the implications of PD-L1 in a 

series of sarcomatous lesions. Their series included two desmoid tumours, with 
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results showing negative (<5%) staining for PD-L1, CD3, CD4, CD8 and FOXP3 

in both samples. However they were able to demonstrate tumour infiltrating 

lymphocytes and macrophages in the desmoid microenvironment.
200

 Thus a 

more detailed examination of the involvement of the immune system is 

required in order to assess whether immunotherapy could be a prospect for 

patients with desmoid tumour. 

 

6.1.1 Hypothesis and Aims 

Desmoid tumours that occur in FAP and patients with sporadic disease share 

histological similarity. It is hypothesised that although these two populations 

have distinct germline mutations, desmoid tumours in these distinct groups both 

arise through the same process of dysfunction of the WNT-signalling pathway. 

Demonstrating molecular similarity/disparity between tumours that arise in both 

situations has both investigative and therapeutic implications. 

 

Aim: To profile desmoid tumours with RNA sequencing and immunohistochemistry to 

establish differential gene expression data in FAP and Sporadic desmoid tumours.  

 

This chapter describes experiments undertaken to characterise the molecular 

and genomic alterations that occur in desmoid tumour. Desmoid tumour tissue 

was obtained through prospective recruitment of patients prior to surgery and 

radiological biopsy, and will also through access banked desmoid tumour 

tissue. Desmoid tumour samples were subjected to RNA sequencing and 

immunohistochemistry. Investigators also aimed to derive cell lines from 

human desmoid tumour tissue taken at time of surgery to allow further in-vitro 

studies. 
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6.2 Methods 

The candidate was responsible for all aspects of this project including the 

research proposal, ethics application, application for biobank tissue, nucleic 

acid extraction and RNA sequencing data analysis. Acknowledgement is given 

to Dr Maria Doyle for advice with galaxy and GSEA for RNA sequencing data 

analysis, Dr Ken Doig for assistance with variant calling and A/Prof Paul Ekert 

for assistance with gene fusion assessment. 

 

6.2.1 Ethical considerations 

Ethics and Governance approval was obtained from Peter MacCallum Cancer 

Centre Human Research Ethics committee. (Peter Mac Project No: 16/105, AU 

RED HREC Reference No: HREC/16/PMCC/137) Sponsorship was obtained by 

Peter MacCallum Cancer Centre, Department of Cancer Research. Patients 

involved in this study were fully informed of the nature of the research and the 

implications of donating tissue for research.  

 

Patient tumour samples were de-identified and given an individual specimen 

code. All identifying patient information was stored electronically on a secure 

network drive that will only be accessible to the investigators.   

 

Samples used for research were taken ex-vivo and thus did not compromise the 

oncological outcomes of the surgery. Researchers liaised with hospital 

pathologists to ensure that the provision of samples for research did not 

compromise pathological examination of tumour specimen. (For example 

assessment of invasive tumour margin) 

 

Undertaking genomic sequencing on tumour tissue opened up the possibility 

of identifying germline or somatic mutations that may influence patient care. 
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Patients were informed of this possibility verbally and it was further discussed 

on the patient information and consent form. Investigators made provision for 

referral to treating surgical teams and the familial cancer centre for formal 

genetic counselling should sequencing find clinically relevant mutations. 

  

6.2.2 Study schema 

Figure 50 outlines how tumour tissue was obtained and utilised in this study. 

For patients presenting to our institution with a desmoid tumour, fresh tumour 

tissue was collected at the time of surgery or radiological guided biopsy. These 

samples were divided into four, with tissue being used immediately for nucleic 

acid extraction and generation of a cell line, as well as being snap frozen for 

long term storage and also blocked for histopathology and 

immunohistochemistry. Tumour samples obtained from the cancer biobank 

consisted of snap frozen tumour and also FFPE blocks. In these cases RNA was 

extracted from snap frozen samples. All samples were then processed for RNA 

sequencing, histopathology (to confirm diagnosis) and immunohistochemistry. 
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Figure 50- Study schema for profiling of human desmoid tumours 



 177 

6.2.3 Sample collection and inclusion criteria 

The following criteria were used for sample collection: 

Population:  Male and female adults with abdominal desmoid tumour 

Target Sample Size:  n=20  

Recruitment site:  Peter MacCallum Cancer Centre, Parkville 

Cohorts: 1. Patients with desmoid tumour associated with FAP (5)  

 2. Patients with sporadic desmoid tumour (15) 

 

Inclusion criteria:  

• Desmoid tumour located in abdominal wall or peritoneal cavity 

undergoing surgical resection or radiological biopsy  

• Male or Female 

• 18-80 years old 

• Participants must be able to read and understand the project 

information and provide informed consent to be included in the study, 

or have previously consented to submit their samples to the Victorian 

cancer biobank. 

   

Exclusion criteria: 

• Inability to provide consent or understand the nature of the study 

 

6.2.4 Prospective collection of desmoid tumour samples at time of surgery or 

radiological biopsy  

These patients were consenting individuals who attend Peter MacCallum 

Cancer Centre and underwent surgical resection or biopsy of their desmoid 

tumour as standard treatment for their desmoid disease. A fresh sample of the 

resected tumour was taken in the operating theatre immediately following 

specimen resection. Fresh tumour sample obtained was divided for use to 
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establish a cell line, immediate extraction of nucleic acid, fixation for 

histopathology and immunohistochemistry (formalin fixed and paraffin 

embedded) and the remainder was snap frozen on dry ice for future use. 

 

6.2.5 Tissue bank 

The Victorian Cancer Biobank (VCB) is an open-access, not-for-profit resource 

established by the Victorian government that collects biospecimens and clinical 

data for subsequent use in translational research. Patients donating tissue to the 

VCB are informed of the nature of tissue storage, and subsequent use of their 

tissue samples in ethically approved research. These patients provide 

unspecified research consent at the time they donate their tissue to the VCB. 

 

In addition to the VCB, all other Australian tissue banks were contacted. Whilst 

interstate tissue banks did have desmoid tumour tissue, there was no FAP-

associated desmoid tumour available in these tissue banks.   

 

6.2.6 Laboratory Methods  

Methods used in this chapter have been previously described in Chapter 2.  

 

6.2.7 Storage 

Samples were identified by an individual specimen code as outlined above. 

FFPE block samples were stored in the research laboratory and snap-frozen 

tumour samples were stored in a negative 80-degree freezer for the duration of 

the study. 

 



 179 

6.3 Results 

6.3.1 Prospective recruitment of patients 

Despite the study being open to recruitment for nearly 24 months, there were 

no patients prospectively recruited during the study period. During this time, a 

number (~6) of patients were referred to our service with abdominal desmoid 

tumour, but all were managed with medical therapy or a “watch-and-wait” 

approach. There is a trend towards less operative management in abdominal 

desmoid tumour, (As discussed in 1.2.7) which is reflected in the management 

of patients managed at our institution. 

 

The failure to prospectively recruit any patients to this study reflects the rare 

nature of abdominal desmoid tumour and a shift towards less operative 

management. The inability to obtain fresh tumour tissue meant that it was not 

possible to derive a human desmoid tumour cell line.  

 

There was however one patient who had undergone resection of a sporadic 

abdominal desmoid tumour (prior to the study period) who was willing to 

permit use of excess tissue (FFPE block obtained from pathology) to be used in 

the study. This tissue was thus available for use in histopathology and 

immunohistochemistry. 

 

6.3.2 Tissue bank samples 

Following ethical approval, investigators made an application to the VCB to 

obtain desmoid tumour tissue. Whilst there were multiple sporadic desmoid 

tumours available in the VCB there was only one FAP-associated desmoid 

tumour available. In total, 10 specimens were obtained from the VCB, with 

snap-frozen tumour and FFPE blocks obtained for each sample. In addition to 
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selecting the sample that arose in a patient with FAP, 9 sporadic intra-

abdominal and abdominal wall tumours were selected. 

 

6.3.3 Patient and tumour characteristics 

Table 24 outlines the patient and tumour characteristic for the 11 human 

desmoid tumour samples used in this study.  

 

In order to compare biomarker expression seen on immunohistochemistry and 

gene expression from RNA sequencing data, different patient and tumour 

characteristics were compared among the 11 patient samples. These 

characteristics are outlined in Table 25. This analysis was necessitated by the 

absence of matched normal tissue, which is a weakness in the assessment of 

sequencing analysis and differential gene expression. 
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Table 24 - Human Desmoid tumour sample characteristics, samples collected by VCB and used in this study 

SAMPLE 
ID 

FAP or     
Sporadic 

Gender Age Location Size (mm) Skeletal 
muscle 
involvement 

Margin 
Involvement 

Any 
Mitoses 

Successful 
RNA 
Extraction 

04PM2436	 Sporadic	 F	 35	 Anterior	abdominal	
wall	

34x24x22	 N	 N	 Y	 Y	

06PM1219	 Sporadic	 F	 37	 Abdominal	wall	 40x15x120	 Y	 Y	 N	 Y	

07PM0274 Sporadic M 45 Abdominal wall 35x42x91 Y	 N	 Y	 Y	

07RMH115 Sporadic M 53 Ileum, caecum 130x90x80 N	 N	 Y	 Y	

07RMH257 FAP F 31 Abdominal wall 230x190x17
0 

Y	 N	 N	 Y	

07WH100 Sporadic M 34 Pancreas 85x55x53 N	 Y	 Y	 Y	

09RMH311 Sporadic F 29 Abdominal wall 45x45x35 Y	 Y	 Y	 Y	

10RMH289 Sporadic F 33 Posterior 
abdominal wall 

45x35x40 Y	 Y	 Y	 Y	

11WH0144 Sporadic F 34 LUQ, Spleen, 
Large Bowel 

130x95x80 N	 Y	 Y	 Y	

09BH030 Sporadic M 65 Mesenteric 380x260x45
0 

N	 N	 N	 N	

17B5623 Sporadic M 66 Small bowel 110x90x50 N	 Y	 ?	 N	

 

Note: First two digits of sample ID denote the year of block generation (i.e. Sample 04PM2436 was collected in 2004) 
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Table 25 - Tumour sample groups for differential expression (gene and IHC). Red font denotes samples in which no RNA was available. 

FAP	 Sporadic	
07RMH257	 04PM2436	

	
06PM1219	

	
07PM0274	

	
07RMH115	

	
07WH100	

	
09RMH311	

	
10RMH289	

	
11WH0144	

	
09BH030	

	
17B5623	

 

Female	 Male	
04PM2436	 07PM0274	

06PM1219	 07RMH115	

07RMH257	 07WH100	
09RMH311	 09BH030	

10RMH289	 17B5623	
11WH0144	

	
 

Age<35	 Age≥35	
07RMH257	 04PM2436	

07WH100	 06PM1219	

09RMH311	 07PM0274	
10RMH289	 07RMH115	

11WH0144	 09BH030	

	
17B5623	

 

Size<100mm	 Size>100mm	
04PM2436	 06PM1219	

07PM0274	 07RMH115	

07WH100	 07RMH257	
09RMH311	 11WH0144	

10RMH289	 09BH030	

	

17B5623	

(Largest	
dimension)	

 

Involves	
muscle	

No	 muscle	
involvement	

06PM1219	 04PM2436	

07PM0274	 07RMH115	

07RMH257	 07WH100	
09RMH311	 11WH0144	

10RMH289	 09BH030	

	
17B5623	

 

Involved	
margins	

Clear	
margins	

06PM1219	 04PM2436	

07WH100	 07PM0274	

09RMH311	 07RMH115	
10RMH289	 07RMH257	

11WH0144	 09BH030	
17B5623	

	
 

No	mitoses	 Any	mitoses	

06PM1219	 04PM2436	

07RMH257	 07PM0274	
09BH030	 07RMH115	

	
07WH100	

	
09RMH311	

	 10RMH289	
	 11WH0144	

 

Abdominal	
viscera	

Abdominal	wall	

07RMH115	 04PM2436	

07WH100	 06PM1219	

11WH0144	 07PM0274	
09BH030	 07RMH257	

17B5623	 09RMH311	

	
10RMH289	
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6.3.4 Immunohistochemistry 

This experiment sought to profile this cohort of abdominal and abdominal wall 

desmoid tumour samples with immunohistochemistry. Immunohistochemistry 

was undertaken for biomarkers known to be involved in desmoid tumour as 

well as other markers suspected to be involved in tumourigenesis. The 

following biomarkers were investigated: ß-catenin, CD117, p53, cyclin D1, 

vimentin and ERß protein expression. 

 

Immunohistochemistry was undertaken with the method and antibodies as 

described in 2.8. A positive and negative control was included to confirm 

accuracy of staging. Scoring was performed to assess both extent and intensity 

of positive staining in the desmoid tumour tissue. 

 

6.3.4.1 Results 

Immunohistochemistry results are outlined in Table 26, and representative 

images for sample 07PM0274 are shown in Figure 52. Immunohistochemistry 

was scored with H-score as described in 2.8.4. 

 

Table 26 - Quantitation of immunohistochemistry results (H-Score) 

	
β-Catenin	 CD117	 Cyclin-D1	 p53	 Vimentin	 ERβ 

10RMH289		 4	 0	 4	 1	 12	 3	
09BH030		 9	 0	 4	 6	 12	 12	
07PM0274		 9	 1	 4	 6	 12	 12	
07RMH115		 6	 0	 6	 6	 12	 3	
06PM1219		 0	 0	 1	 0	 9	 1	
04PM2436		 6	 1	 4	 6	 12	 9	
07RMH257		 12	 0	 2	 6	 9	 6	
11WH144		 6	 0	 4	 3	 12	 6	
07WH100		 6	 2	 4	 2	 12	 6	
09RMH311		 12	 0	 1	 3	 12	 6	
17B5623	 12	 0	 6	 4	 12	 6	
Any	positive	staining	 10	 3	 11	 10	 11	 11	
Average	score	 7	 0	 4	 4	 11	 6	
Range	 0-12	 0-3	 1-11	 0-10	 9-12	 1-12	
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In general terms the desmoid immunohistochemistry results are in keeping 

with the published literature.112 Almost all samples stained positive for β-

Catenin and ERβ and there was minimal/no definitive staining for CD117 

consistent with published experience. (as discussed in 1.2.4) These results are 

consistent with desmoid tumour occurring as a result of dysfunction of the 

WNT-signalling pathway. 

 

Cyclin D1 expression is influenced by overexpression of β-Catenin as it is a 

WNT target gene. Saito demonstrated a relationship between β-Catenin 

immunohistochemistry and expression of Cyclin D1, suggesting that the 

accumulation of β-Catenin in desmoid tumours results in overexpression of 

cyclin D1.201 Whilst the majority of samples demonstrate some expression of 

cyclin D1, this series was unable to replicate the correlation of β-Catenin and 

cyclin D1. (as shown in Figure 51)  

 

 

 

Figure 51 - Immunohistochemistry scores:  β-Catenin vs. Cyclin D1 
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Whilst p53 loss has been utilized to induce desmoid tumour in the Apcmin/+:p53-/- 

murine model of desmoid tumour there is conflicting evidence regarding the 

involvement of p53 in human desmoid tumours. A study of 42 sporadic 

tumours demonstrated positive staining in only 4 patients.202 Positive p53 

staining is indicative of the presence of mutated p53 protein or loss of MDM2.203 

Another study by Gebert et al. demonstrated positivity in 12 of 37 sporadic 

cases, demonstrating correlation between β-Catenin and p53 

immunohistochemistry results.204 This group also demonstrated increased 

recurrence in cases that expressed p53 on immunohistochemistry. A study by 

Walton et al. demonstrated that 4 of 6 desmoid tumours that arose in the 

presence of FAP displayed some immuno-positivity for p53. These authors also 

found increased miRNA levels of miR-34a in desmoid tumours, proposing that 

the p53/miR-34 axis is involved in desmoid tumour formation, and a potential 

target for therapy.205 Interestingly despite positive immunohistochemistry 

staining there is a lack of evidence for a mutation in p53.206 

 

This series shows significantly higher rate of p53 expression on 

immunohistochemistry when compared to the published literature. This is not 

surprising given the known complex inter-relationship between β-Catenin and 

p53.207 It could be hypothesised that this could be due to the selection of 

abdominal and abdominal wall desmoid tumours when compared to mainly 

peripheral tumours in published literature. Future works could investigate 

differential expression of p53 based on tumour location and could be used to 

guide p53 directed therapy as new options in this regard are beginning to 

emerge (such as APR-246, that targets mutant p53, NCT02999893). 

 

This series demonstrated moderate to strong staining for Vimentin in all 11 

samples, an expected result, confirming mesenchymal origin of these desmoid 

tumours. 
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Sample 06PM1219 is a notable outlier in the immunohistochemistry results – 

with no staining seen for β-Catenin, and minimal expression of all other 

markers with the exception of Vimentin. On haematoxylin and eosin staining 

this sample showed desmoid tumour among abundant intervening fibro-

collagenous tissue. Although the reporting pathologist has classified this 

sample as a desmoid tumour, Immunohistochemistry results (which was not 

performed by the reporting pathologist) raise the possibility that this sample 

could be another fibromatous lesion. This sample arose in the presence of 

abdominal scar and differentials include hypertrophic scar, superficial 

fibromatosis, myofibromatosis, collagenous fibroma or even sarcoma. 

Misdiagnosis of desmoid tumour has been reported to occur in up to 29% of 

cases, highlighting the combined role of specialist pathologist and 

immunohistochemistry in diagnosis.208 Other considerations when interpreting 

the results for this sample is the sample age; being over a decade old at the time 

of use that may influence immunohistochemistry results. 
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Haematoxylin and Eosin 

 
� -Catenin CD117 

  
Cyclin-D1 p53 

  
Vimentin ER�  

	  

 Figure 52 – Representative images for IHC: Sample 07PM0274 
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6.3.4.2 Differential immunohistochemistry 

The H-scores were compared for samples according to the groups outlined in 

Table 25 to determine if there was any correlation between tumour 

characteristics and biomarker expression on immunohistochemistry. This was 

undertaken for β-catenin, Cyclin D1, p53 and ERβ. This was not undertaken for 

CD117 and vimentin given consistent staining across all 11 samples. 

 

Statistically significant results are shown in Figure 53. Whilst analysis is limited 

by the small sample size (particularly with respect to FAP-desmoid tumours) 

there are four cases in which statically significant difference in H-Score was 

revealed.  

 

These results demonstrated higher Cyclin D1 expression in tumours involving 

abdominal viscera when compared with abdominal wall tumours, and tumours 

not involving skeletal muscle when compared to tumours involving skeletal 

muscle. These results suggest that intra-abdominal desmoid tumours could 

harbour a higher level of WNT signalling when compared to abdominal wall 

tumours. It could be hypothesised from this that intra-abdominal tumours are 

biologically more aggressive, which is in keeping with higher recurrence seen 

in intra-abdominal lesions.  

 

Whilst immunohistochemistry for Cyclin D1 demonstrates higher expression in 

male samples, gender has been shown not to influence prognosis in desmoid 

tumour,209 and these results likely represents bias due to the majority (4/5) of 

male samples being intra-abdominal tumours. 

 

With respect to other characteristics there were no significant differences 

identified in immunohistochemistry. These results need to be considered in the 

context of small sample number and significant sample heterogeneity that 
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could confound results. Regardless these results are hypothesis generating for 

future research. In particular, the lack of replicates for patients with desmoid 

tumour that occurred in the setting of familial adenomatous polyposis means 

that it is not possible to infer any findings with regard to differences between 

sporadic and FAP-related desmoids. 
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Figure 53 - Immunohistochemistry results: Patient and tumour characteristics  (only significant results shown, *=p<0.05) 
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6.3.5 RNA Sequencing 

RNA extraction was attempted from 10 VCB snap-frozen desmoid tumour 

samples. Obtained samples underwent quality control at the biobank prior to 

inclusion to ensure samples were mostly tumour tissue. As discussed in 2.4.3, 

obtaining usable RNA from the snap-frozen desmoid tumour samples was 

challenging. It has been previously noted that obtaining RNA from low-

cellularity, sarcomatous tumours can be difficult.153 After refining the technique 

for tissue homogenisation and RNA extraction meaningful RNA was extracted 

from 9 of 10 available VCB samples. When RNA yield was low, extraction was 

repeated. RNA extraction was attempted 3 times for sample 09BH030 

unsuccessfully. RNA yield and quantity was initially assessed with Nanodrop 

spectrophotometer to determine ratio of A260/280 and A260/230 wavelengths.  

Table 27 outlines the characteristics of eluted RNA from the 9 samples in which 

RNA extraction was possible. 

 

Table 27 - RNA extracted from snap frozen tumour samples 

SAMPLE	ID	
SAMPLE	QC	
(%	tumour)	 VOLUME	

(ul)	

CONCENT-
RATION	
(ng/ul)	

QUANTITY	
(ng)	 A260/A280	 A260/A230	

10RMH289	 100%	 55	 82.9	 4559.5	 2.15	 1.92	
09RMH311	 100%	 55	 152.5	 8387.5	 2.16	 0.74	
07RMH115	 95%	 55	 329.87	 18142.85	 2.11	 2.05	
06PM1219		 N/A	 55	 48	 2640	 2.09	 0.77	
07RMH257		 95%	 55	 55.15	 3033.25	 2.18	 0.79	
04PM2436	 N/A	 55	 288.57	 15871.35	 2.06	 1.85	
07WH100	 100%	 55	 64.8	 3564	 2.18	 1.74	
11WH0144	 N/A	 55	 426.52	 23458.6	 2.11	 1.99	
07PM0274	 N/A	 55	 68.29	 3755.95	 2.12	 1.67	

 

Prior to being submitted for RNA sequencing, select samples underwent 

quality control on Bioanalyser with samples tested revealing suitability for 

sequencing (RIN>8). All nine samples proceeded to RNA sequencing via the 
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method as described in 2.7. Table 28 outlines the number of raw reads obtained 

per sample and alignment to a reference genome. 

 

Table 28 - RNA Seq: Raw reads and alignment 

Sample	Name	
Number	 Of	
Raw	Reads	

Reference	
Genome	 Aligner	Used	

04PM2436	 30,516,819	 Human(HG19)	 bowtie	v2.2.9	&	Tophat	v2.1.1	
06PM1219	 28,079,862	 Human(HG19)	 bowtie	v2.2.9	&	Tophat	v2.1.1	
07PM0274	 39,674,841	 Human(HG19)	 bowtie	v2.2.9	&	Tophat	v2.1.1	
07RMH115	 37,185,532	 Human(HG19)	 bowtie	v2.2.9	&	Tophat	v2.1.1	
07RMH257	 35,824,421	 Human(HG19)	 bowtie	v2.2.9	&	Tophat	v2.1.1	
07WH100	 32,635,620	 Human(HG19)	 bowtie	v2.2.9	&	Tophat	v2.1.1	
09RMH311	 32,574,109	 Human(HG19)	 bowtie	v2.2.9	&	Tophat	v2.1.1	
10RMH289	 36,941,703	 Human(HG19)	 bowtie	v2.2.9	&	Tophat	v2.1.1	
11WH0144	 37,630,562	 Human(HG19)	 bowtie	v2.2.9	&	Tophat	v2.1.1	

 

6.3.5.1 Principal component analysis 

Principal component analysis was performed to determine variability between 

samples and identify outliers. Figure 54 demonstrates the principal component 

analysis chart for the 9 RNA sequencing samples. When viewed in the content 

of aforementioned clinical-pathological data there was no sample clustering on 

the basis of patient or pathological characteristics. There was however one 

outlier identified (sample 07PM0274), consistent with pathology data.  
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Figure 54 - Principal component analysis. Sample 07PM0274 (circled) is an 

outlier, suggesting significantly different transcriptome profile when compared 

to the other tumour samples. 

  

6.3.5.2 Variant calling 

Variant calling was undertaken to look for novel mutations that may be 

involved in the pathogenesis of desmoid tumours. A list of candidate genes (77 

genes as shown in Table 29) was generated that comprised genes known to be 

involved in the pathogenesis of desmoid tumours, other genes mutated in other 

cancers, and mutations for which targeted therapy exists. Investigators aimed to 

detect variants (SNVs, indels) that would assist in better understanding 

pathogenesis and potentially identify mutations for which targeted therapy 

exists. 
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Table 29 - Candidate gene list for variant calling 

APC 
CTNNB1 
AKT1 
TP53 
BRAF 
KIT 
PIK3CA 
MED12 
PDGFRA 
PDGFRB 

ERBB2 
EGFR 
KRAS 
VEGFA 
RET 
RAC1 
CDKN2A 
CDKN1A 
CDKN2B 
NOTCH1 

NOTCH2 
NOTCH3 
NRAS 
HRAS 
SMAD4 
PTGS2 
MTOR 
RAF1 
PTEN 
SUFU 

AXIN2 
CCND1 
MYB 
MYC 
SMARCB1 
TERT 
GNAS 
TSC2 
PRKAR1A 
RB1 

FGFR1 
FGFR2 
FGFR3 
GADD45A 
MGMT 
STK3 
STK4 
WIF1 
EZH2 
EZR 

MDM2 
CDK4 
MYOCD 
NF1 
IDH1 
IDH2 
COL1A1 
COL2A1 
COL6A3 

SDHA 
SDHB 
CSF1 
ALK 
ABL1 
ARG2 
FLT3 
NTRK3 
JAK2 

SUZ12 
EED 
KDR 
STAG2 
MYOD1 
SERPINB11 
TNF 
LAMP5 
ADAM12 

 

Variant calling format (vcf) files were generated using MPileup and Varscan on 

the Galaxy platform. (Further details in 2.7.2) A large number of raw variants 

were detected, and PathOS was used to filter and curate detected variants to 

detect clinically significant variants. PathOS is a program developed and used 

clinically at Peter MacCallum cancer centre to support clinical-decision making 

by allowing detection of pathogenic variants from next generation 

sequencing.160  

 

Results are shown in Table 30. There were 21 variants that passed all filters to 

be considered significant. These variants occurred in 10 different genes, with at 

least one variant detected in each sample. 
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Table 30 - Variant calling overview 

Sample Raw 
Variants 

Filter 
Passed 

Genes 

04PM2436 870 3 PDGFRB, EZR, CTNNB1 
06PM1219 

1032 3 CSF1, NOTCH2, COL6A3 
07PM0274 

1018 1 SDHA 
07RMH115 

887 4 COL6A3, ABL1, CTNNB1, SDHB 
07RMH257 

887 1 COL6A3 
07WH100 

1009 3 CTNNB1, CSF1, SDHA 
09RMH311 

819 3 IDH2, COL6A3, CTNNB1 
10RMH289 

869 2 COL6A3, SDHA 
11WH0144 

706 1 CTNNB1 
 

Detailed information of variants identified in PathOS are shown in Table 31. 
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Table 31 – Variant calling (detailed view) 

Sample Gene HGVSg Consequences Zygosity 

Variant 
Frequen
cy 

Variant 
Depth 

Read 
Depth dbSNP/Cosmic Exon 

04PM2436 PDGFRB chr5:g.149512407G>A missense_variant Het 51.3 81 158 rs2229558 ex7/23 
04PM2436 EZR chr6:g.159206423C>T missense_variant Het 38.1 16 42 - ex4/13 
04PM2436 CTNNB1 chr3:g.41266124A>G missense_variant Het 24.4 76 312 COSM5664 ex3/16 
06PM1219 CSF1 chr1:g.110466709T>C missense_variant Hom 100.0 59 59 rs333971 ex6/9 
06PM1219 NOTCH2 chr1:g.120458270G>C missense_variant Het 60.9 39 64 rs75831573 ex34/34 

06PM1219 COL6A3 chr2:g.238257027_238257028insT frameshift_variant, 
splice_region_variant Het 20.9 380 1815 - - 

07PM0274 SDHA chr5:g.254599A>T missense_variant Het 46.6 41 88 
rs6960, 
COSM1666612 ex14/15 

07RMH115 COL6A3 chr2:g.238257027_238257028insT frameshift_variant, 
splice_region_variant Het 21.0 733 3485 - - 

07RMH115 ABL1 chr9:g.133738340A>G missense_variant Het 53.1 34 64 rs34549764 ex4/11 
07RMH115 CTNNB1 chr3:g.41266124A>G missense_variant Het 41.1 138 336 COSM5664 ex3/16 
07RMH115 SDHB chr1:g.17354297A>G missense_variant Het 45.5 50 110 rs33927012 ex5/8 

07RMH257 COL6A3 chr2:g.238257027_238257028insT frameshift_variant, 
splice_region_variant Het 20.3 739 3638 - - 

07WH100 CTNNB1 chr3:g.41266124A>G missense_variant Het 28.6 55 192 COSM5664 ex3/16 
07WH100 CSF1 chr1:g.110466709T>C missense_variant Hom 100.0 56 56 rs333971 ex6/9 
07WH100 SDHA chr5:g.233651A>C missense_variant Het 47.6 30 63 rs377509915 ex8/15 
09RMH311 IDH2 chr15:g.90627553G>A missense_variant Het 46.8 102 218 rs118053940 ex11/11 

09RMH311 COL6A3 chr2:g.238257027_238257028insT frameshift_variant, 
splice_region_variant Het 21.5 503 2337 - - 

09RMH311 CTNNB1 chr3:g.41266124A>G missense_variant Het 37.4 101 270 COSM5664 ex3/16 

10RMH289 COL6A3 chr2:g.238257027_238257028insT frameshift_variant, 
splice_region_variant Het 20.7 905 4377 - - 

10RMH289 SDHA chr5:g.254599A>T missense_variant Het 45.0 45 100 
rs6960, 
COSM1666612 ex14/15 

11WH0144 CTNNB1 chr3:g.41266124A>G missense_variant Het 39.4 97 246 COSM5664 ex3/16 
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The most common somatic mutation identified in desmoid tumours is 

CTNNB1, but less commonly mutations are also seen in APC, AKT1, BRAF, 

TP53, KIT and MED12.210 In this series of 9 desmoid tumours,  a mutation in 

CTNNB1 has been identified a CTNNB1 mutation in 5 samples. In all five of 

these samples the most commonly found p.T41A mutation (COSM5664) has 

been identified in CTNNB1.  Lazar et al. reported that CTNNB1 mutations 

occur in 85% of sporadic desmoids, with T41A mutation being the most 

commonly identified mutation. Failure to identify mutations in CTNNB1 in the 

remaining 4 four patients could be accounted for by mutations in APC (as 

suspected clinically in sample 07RMH257), or limitations in the variant calling 

technique. (Discussed in more detail below) 

  

Variant calling failed to identify a germline mutation in APC in the sample with 

a history of FAP (07RMH257). There are a number of possible explanations for 

the inability to identify this germline mutation, and the lack of mutations in 

CTNNB1 in the remaining 3 samples. Firstly, these samples are provided from 

the VCB in de-identified form, and although there is a history of FAP in sample 

07RMH257 there is no available genetic testing to confirm this diagnosis. 

Secondly, there are a number of technical limitations of variant calling with the 

RNA Sequencing pipeline that may account for this failure. Conventional RNA 

sequencing is not able to detect mutations located at introns, and this method 

will not identify fusion transcripts (discussed further in 6.3.5.3). Furthermore 

there are limitations in the methods used to generate vcf files, and no method is 

able to detect all variants.211 Finally, the sequencing depth may have limited the 

detection of variant in APC in sample 07RMH257. Raw variants were detected 

in APC in this sample, as shown Table 32, however no variant met statistical 

significance when assessed using PathOS due to low variant frequency. Note 

the low read depth in these variants (9-13 reads), suggesting inadequate depth 

of sequencing to adequately assess for all variants.  
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Table 32 - Raw variants in APC gene in sample 07RMH257 (not met criteria 

for significance) 

HGVSg Consequences Zygosity 
Variant 
Frequency 

Variant 
Depth 

Read  
Depth dbSNP 

chr5:g.112164561G>A synonymous_variant Unknown 15.4 2 13 rs351771 
chr5:g.112176325G>A synonymous_variant Het 22.2 2 9 rs42427 
chr5:g.112177440dup frameshift_variant Unknown 16.7 2 12 - 

 

Crago et al. demonstrated that whole exome sequencing will account for a 

CTNNB1 mutation, APC mutation or other genomic alterations accounting for 

Wnt activation in nearly all cases of desmoid tumour.82 Within the limitation of 

RNA sequencing and variant calling methods, variant calling results for this 

series are in keeping with the published literature. Deeper sequencing would 

likely identify mutations in CTNNB1 or APC in the remainder of the desmoid 

samples but this may not be the case for all. 

 

In addition to CTNNB1, variant calling results identified a number of other 

mutated genes in this cohort of desmoid tumours. Five samples demonstrate a 

novel insertion in COL6A3 (collagen, type VI, alpha 3), resulting in a 

frameshift/splice region variant. Mutations in COL6A3 have not been 

previously reported in desmoid tumour, and this particular mutation is not 

reported in either TCGA or COSMIC databases. Mutations in COL6A3 have 

been associated with the collagen VI myopathapies; Bethlem myopathy and 

Ullrich congenital muscular dystrophy.212 COL6A3 is associated with 

tenosynovial giant-cell tumour and pigmented villonodular synovitis through 

fusion transcripts with CSF1.213 Note that this variant calling does not assess 

fusion transcripts (covered in 6.3.5.3). In addition to the 5 variants found in 

COL6A3 there are two variants detected in CSF1, one in a patient without a 

variant in COL6A3. Of note tenosynovial giant-cell tumours share clinical 

similarity to desmoid tumours, being mostly benign tumours that have a 
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tendency to recur following surgical excision (particular diffuse type giant cell 

tumours), and these respond to treatment with imatinib.214 It is postulated that 

response to imatinib in tenosynovial giant-cell tumour occurs as CSFR1 is a 

group III tyrosine kinase with structural homology to KIT. This combined with 

the involvement of CSF1 and COL6A3 could explain the response of desmoid 

tumour to imatinib despite not expressing c-Kit.  

 

The finding of variants in succinate dehydrogenase (SDHA/SDHB) in four 

patients is of uncertain significance. SDHA and SDHB are typically associated 

with phaeochromocytoma and paraganglioma, however both SDHA and SDHB 

mutations have been reported in “wild-type” GISTs that lack mutations in 

KIT/PDGFRA215, 216. Whilst variant calling from tumour tissue is unable to 

determine if these mutations are germline or somatic, future work could 

address this question as an unrecognised germline mutation may account for 

familial clustering of desmoid tumour predisposition. 

 

Sample 07RMH115 showed a missense variant in ABL1 (Abelson murine 

leukaemia viral oncogene homolog 1), a proto-oncogene associated with 

chronic myelogenous leukaemia. The tyrosine kinase inhibitor imatinib was 

originally developed to target ABL1 kinases in chronic myelogenous leukaemia, 

with activity against GISTs occurring as a result of cross-reactivity against KIT. 

However the activity of imatinib in GISTs is not limited to KIT, as ABL1 has 

recently been shown to expressed in the majority of GISTs.217 This furthers a 

hypothesis that desmoid tumours share some genomic similarity to GISTs. 

 

The finding of a variant in PDGFRB in sample 04PM2436 furthers this theory. 

Whilst previous mutations in PDGFRB are rarely reported, it has been 

suggested that response of desmoid tumours to imatinib is mediated by 

inhibition of PDGFRB.218 
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IDH2 has been implicated in multiple disorders including acute myeloid 

leukaemia and chondrosarcoma. Of interest there is a recently developed 

selective inhibitor of mutant-IDH2 enzymes, Enasidenib, which has been 

utilised in IDH2-mutated acute myeloid leukaemia.219 This finding could 

prompt more widespread testing for IDH2 mutations in desmoid tumours and 

could lead to trials of enasidenib in desmoid tumour.  

 

One sample (06PM1219) has an identified variant in NOTCH2. The NOTCH 

pathway has been previously identified as a potential target in desmoid 

tumours. Five of seven patients treated with γ-secretase inhibitor PF-03084014 

achieved partial response in a phase 1 trial.134 A phase two trial specifically 

looking at the impact of this inhibitor in desmoid tumours is currently 

underway (NCT01981551). 

 

The finding of a mutation in EZR is of unclear significance in desmoid tumours. 

Nevertheless, Ezrin has been found to be involved in growth and metastasis in 

osteosarcoma and Ewing’s sarcoma.220 

 

6.3.5.3 Fusion genes 

Assessment for fusion genes was undertaken using JAFFA (as described in 

2.7.2). FASTQ files were used as JAFFA input. Only results classified as high 

confidence (aligns to exons and has at least one spanning read and one 

spanning pair) were considered as possible fusions.  
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Table 33 - Fusion gene assessment results 

Sample Total fusion 

genes 

identified 

Number of 

potential fusions 

(high confidence) 

Maximum number 

of spanning reads 

in any fusion 

identified 

04PM2436 58 12 4 

06PM1219 70 4 4 

07PM0274 70 10 4 

07RMH115 85 20 4 

07RMH257 77 17 5 

07WH100 80 12 3 

09RMH311 63 9 5 

10RMH289 79 15 5 

11WH144 98 29 4 

Total 680 128  

 

A full list of fusion genes identified with high confidence is outlined in 

Appendix 4. The far majority (104/128) of identified fusions involve collagen 

genes that are highly transcribed in these desmoid tumour samples. These 

genes returned a very high number of raw reads (>50,000 reads) in RNA 

sequencing results. Despite very high read levels in these genes there is only 

very few spanning reads, with the majority of identified fusions having only 

one spanning read. Furthermore there is a significant discrepancy between 

spanning reads and spanning pairs.  These factors indicate that these identified 

fusion genes are most likely false positives. 

 

This assessment for fusion genes has been limited by short read length RNA 

sequencing. Short read length significantly hampers efforts to identify fusion 
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genes. In order for JAFFA to identify a spanning read, the reads needs to align 

to the breakpoint with at least 15 bases of flanking sequence either side. 

Undertaking RNA sequencing with short-reads limits assessment for fusion 

transcripts as fewer reads will meet JAFFA criteria for a spanning read.    

 

The failure to identify significant fusions from these samples reflects 

methodology of RNA sequencing (that was optimised for differential gene 

expression), and does not exclude clinically significant gene fusions in these 

desmoid samples. Investigators are considering future whole exome sequencing 

to undertake a more thorough assessment for gene fusions. 

 

6.3.5.4 Differential gene expression 

Differential gene expression was undertaken to determine if any of the clinical 

or pathological factors outlined in Table 25 corresponded to different gene 

expression. Methods used are as described in 2.7.2. Two bioinformatics 

methods were utilised for differential gene expression; EdgeR and Limma-

Voom in order to compare results between each method. 

 

Results are demonstrated in Table 34.  
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Table 34 - Differential gene expression (No of differentially expressed genes, 

p>0.05) 

Tumour/patient	characteristic	 EdgeR	
Limma-
Voom	

Both	EdgeR	and	
Limma-Voom	

FAP	vs.	Sporadic	tumours	 151	 58	 55	
Muscle	 involvement	 vs.	 no	 muscle	
involvement	 52	 0	 -	
Gender:	Female	vs.	Male	 201	 22	 22	
Margins	involved	vs.	clear	margins	 23	 0	 -	
Age	<35	vs.	>/=35	 185	 0	 -	
No	mitoses	versus	ANY	mitoses	 308	 0	 -	
Size:	<100mm	vs.	>100mm		 155	 0	 -	
Abdominal	viscera	vs.	Abdominal	wall		 146	 0	 -	

 

When comparing the two techniques for differential gene expression it is clear 

that Limma-voom is more specific when compared to EdgeR method. 

Statistically significant genes identified by the Limma-Voom method are listed 

in Table 35  (FAP vs. Sporadic tumours, ranked by adjusted p-value), and Table 

36 (Gender: Female vs. Male). A full list of statistically significant differentially 

expressed genes derived by the EdgeR method is listed in	Appendix 2. 
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Table 35 - Differentially expressed genes FAP vs. Sporadic tumours (Limma-

Voom), ranked by adjusted p-value 

Gene	name logFC AveExpr t P.Value adj.P.Val NReads
PAX6 5.581313931 1.119531797 20.79076757 1.87E-09 4.97E-05 2352
HCN1 6.266319391 -1.458523381 13.74031168 9.66E-08 0.000671015 554
SLC52A1 5.312728224 -0.826471797 13.71327887 9.84E-08 0.000671015 522
FEZF2 6.600663381 -4.778387144 13.67644994 1.01E-07 0.000671015 61
SMIM2 5.715362603 -5.049280425 12.0448411 3.30E-07 0.0016319 30
RP11-496D24.2 6.050091273 -4.838750829 11.88552878 3.73E-07 0.0016319 43
RP11-114H21.2 6.237880649 -4.312704704 11.70649772 4.29E-07 0.0016319 72
TRIM51GP 4.882124559 -5.339961263 11.27681898 6.06E-07 0.00201503 14
MTHFD2P1 6.574652754 -4.563482044 10.87490084 8.45E-07 0.002498034 74
CTB-1I21.1 5.993259607 -4.596561457 10.72306021 9.61E-07 0.002556348 51
LINC00390 5.469104848 -4.891524802 10.38176807 1.29E-06 0.003119673 30
DTX2 1.900902223 3.698234299 10.21971477 1.49E-06 0.003298344 3983
HSD17B2 7.123910066 -0.432216228 9.921220497 1.94E-06 0.003843018 1893
GRIN1 6.133113344 -4.075230207 9.878304833 2.02E-06 0.003843018 82
TRPM3 5.127806529 -0.279662867 9.643751446 2.51E-06 0.004451945 715
AC007126.1 5.693619355 -3.981167223 9.348548658 3.31E-06 0.005512407 68
RP11-527H14.2 4.107413273 -0.466356016 9.239657642 3.68E-06 0.005759275 401
TFAP2B 6.288331195 -4.223279746 8.871813248 5.28E-06 0.0077988 85
VAC14-AS1 3.807194938 -1.554070641 8.750601499 5.96E-06 0.008341609 158
LRP1B 4.632143851 -0.133976388 8.522625029 7.51E-06 0.009992726 648
SLC1A2 5.546449108 2.445198767 8.350306138 8.98E-06 0.010827676 5755
RP11-79E3.3 4.480963829 -5.186435844 8.344093078 9.04E-06 0.010827676 13
RP5-978I12.1 4.675881955 -4.989898235 8.310659752 9.36E-06 0.010827676 18
KCNH5 5.794584661 -3.380243843 8.227284251 1.02E-05 0.011328019 108
C8orf34 3.899558297 -0.624398536 8.128789721 1.13E-05 0.012073171 331
SP5 3.674389519 0.921886683 8.056883689 1.23E-05 0.012177918 908
NME8 3.731304888 0.142386622 7.987173028 1.32E-05 0.012177918 527
RP11-824M15.3 5.70204346 -2.513058961 7.965407893 1.35E-05 0.012177918 196
SYT9 5.503935535 -3.875807926 7.957406377 1.36E-05 0.012177918 68
HOXB13 4.889629371 -4.672256981 7.951179774 1.37E-05 0.012177918 27
SNAP91 2.93651556 -0.980843553 7.686290044 1.84E-05 0.015763566 183
LYPD6B 5.975703943 -3.101987311 7.596511976 2.03E-05 0.016391279 153
CCKAR 4.862003693 1.099274965 7.595358853 2.03E-05 0.016391279 1656
CACNA2D3-AS1 4.920214734 -4.810333294 7.503165573 2.26E-05 0.017650998 24
RP11-696D21.2 4.030390729 -2.312182635 7.330301862 2.75E-05 0.02076407 102
WFDC1 4.592617925 2.094071203 7.31099454 2.81E-05 0.02076407 3036
HS3ST1 1.834493973 1.770334942 7.174390226 3.29E-05 0.023675926 1040
ACTA2-AS1 2.571853623 1.4929636 7.132923008 3.46E-05 0.024200415 990
EMILIN3 3.800962721 2.599806277 7.103309556 3.58E-05 0.024415278 3117
UNC13C 5.326365701 -0.389676358 7.051071704 3.81E-05 0.025129354 742
DENND2A 1.794288551 4.295327683 7.036570006 3.87E-05 0.025129354 5987
DRD5 5.180693811 -2.3096119 6.994369795 4.07E-05 0.025791886 182
SOX3 5.517805254 -4.215214103 6.966620811 4.21E-05 0.026039165 56
RP11-243E13.1 4.149691636 -5.172167429 6.875357649 4.69E-05 0.028179135 12
TMED7 -1.214163018 5.187808051 -6.862892227 4.77E-05 0.028179135 10170
AC004980.7 1.71799739 1.357512646 6.748617375 5.47E-05 0.031664715 765
SSMEM1 4.029912816 -5.062490384 6.703219746 5.79E-05 0.032202713 12
RP11-956J14.1 5.096465395 -3.433335733 6.700035402 5.81E-05 0.032202713 76
SLC24A3 3.683221769 3.097623597 6.64887679 6.19E-05 0.033592562 4405
RP11-419J16.1 5.750216834 -3.522293069 6.572936028 6.80E-05 0.036162868 99
FAM19A2 4.174271297 0.925737938 6.501436314 7.43E-05 0.038757715 1140
SBSPON 4.677248499 2.357934 6.362288425 8.85E-05 0.045293987 3759
VWDE 4.96436774 -0.289143579 6.345110104 9.05E-05 0.045419213 690
NCKAP5 2.345900458 2.482169912 6.328819972 9.24E-05 0.045511262 1885
SLC45A2 3.738852397 -0.159072345 6.302321215 9.55E-05 0.045603787 433
NBEA 2.145266932 3.796142793 6.297571608 9.61E-05 0.045603787 4413
ZNF556 4.478190778 -1.440388761 6.284843578 9.77E-05 0.045603787 243
RP11-664D7.4 4.346286289 -4.711185939 6.208118492 0.000107807 0.049455659 22  



 205 

Table 36 - Differentially expressed genes by Gender (Female vs. Male, 

Limma-Voom), ranked by adjusted p-value 

Gene	name logFC AveExpr t P.Value adj.P.Val NReads
DDX3Y -11.885299 -1.7078015 -33.889905 1.58E-11 3.63E-07 6981
ZFY -9.4460129 -2.7266478 -32.04593 2.73E-11 3.63E-07 1100
EIF1AY -9.1978564 -2.8068314 -28.171478 9.59E-11 8.51E-07 927
RPS4Y1 -12.136536 -1.1309653 -26.715668 1.61E-10 1.07E-06 11523
TXLNG2P -10.548505 -1.5773021 -25.128267 2.92E-10 1.55E-06 4054
UTY -9.3059327 -2.1922773 -23.069481 6.68E-10 2.57E-06 1494
TTTY15 -8.6476257 -2.9892026 -23.043691 6.76E-10 2.57E-06 636
PRKY -7.333188 -0.5921292 -22.35519 9.06E-10 3.01E-06 1820
USP9Y -10.548129 -1.9469905 -21.709391 1.20E-09 3.56E-06 3208
KDM5D -10.923328 -1.1550755 -21.296699 1.45E-09 3.85E-06 6499
TTTY14 -6.895569 -3.5746166 -20.849854 1.78E-09 4.30E-06 186
XIST 8.71137983 5.19513222 13.4888743 1.13E-07 0.00025068 48015
NLGN4Y -6.4949002 -0.165076 -11.766438 4.04E-07 0.00082678 1718
RP11-424G14.1 -5.1032609 -4.1675567 -11.575801 4.70E-07 0.00089282 54
RP11-576C2.1 -5.1058293 -4.1644874 -11.361507 5.58E-07 0.00095701 54
TMSB4Y -4.8869612 -4.2520368 -11.323746 5.75E-07 0.00095701 50
LINC00278 -4.1425705 -4.5004066 -9.0889152 4.21E-06 0.00659627 30
ZNF736P9Y -4.9036671 -4.2305403 -8.0155721 1.27E-05 0.01876059 54
RNASEH2CP1 -4.1460363 -4.5052834 -7.6867157 1.82E-05 0.02548663 35
TTTY10 -3.2650168 -4.7911575 -7.4365262 2.41E-05 0.03177167 15
DDX43 -4.360693 -0.2250361 -7.386176 2.56E-05 0.03177167 688
TMPRSS2 -3.6184164 -3.0629841 -7.3622488 2.63E-05 0.03177167 68  

 

As outlined in Table 34, there were only a small number of differentially 

expressed genes when using the sensitive, Limma-voom method. Differentially 

expressed genes by this method in the FAP versus sporadic tumours 

comparison may be false positives given the solitary FAP sample available for 

comparison. Despite these limitations, statistically significant differentially 

expressed genes by the limma-voom method were examined for significance 

(pathways of interest or targetable genes) with no significant genes identified.  

 

Genes differentially expressed via the EdgeR method (Appendix 2) were also 

examined for significant genes of interest. Among the genes differentially 

expressed when comparing FAP to sporadic tumours were R-Spondin-1 (LogFC 

3.56), Axin-2 (LogFC 2.23) and wnt-2 (LogFC -7.85). This raises the possibility 
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that a different level of WNT signalling is required for desmoid formation in 

cases that arise in FAP versus sporadic tumours. Given this study has only one 

desmoid sample arising in FAP, such a hypothesis would require much further 

validation with a larger cohort of samples. 

 

No genes of interest were identified on review of EdgeR results when 

comparing margin and muscle involvement. 

 

Gender comparison revealed that tumours arising in male patients exhibited 

higher expression of ROS1 (LogFC -3.02), a tyrosine kinase with similar 

structure to ALK. Fusions of ROS1 have been implicated in multiple 

malignancies including inflammatory myofibroblastic tumour and 

angiosarcoma.221 ROS1 mutations are targetable with novel tyrosine kinase 

inhibitors that are currently under trial, including entrectinib (Phase 2, 

STARTRK-2 trial, NCT02568267), and TPX-0005 (Phase 1, TRIDENT-1 trial, 

NCT03093116). Whilst the relationship of gender to ROS1 in this cohort is 

uncertain (and could be non-significant given the small sample size), the 

expression of ROS1 raises the possibility of targeted therapy in this area, and 

suggests that deeper genomic sequencing may reveal further fusion genes. 

 

Older patients demonstrated higher expression of MYOD1 (LogFC -7.17), an 

effector of the WNT-signalling pathway. 

 

Comparing samples with no mitoses versus those with any mitoses revealed 

cases with no mitoses to have elevated progesterone receptor (PGR; LogFC 

2.98), which is interesting given the gender disparity in desmoid tumours and 

response to hormonal therapy such as tamoxifen. Other findings when 

comparing mitoses were DNER (LogFC 2.92), which activates notch pathway, 

as well as FIGF, also known as VEGF-D (LogFC 3.68) – both belonging to 
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pathways targeted by existing or promising therapy in desmoid tumours. 

WNT10B is also elevated in the no-mitoses group (LogFC 2.38), suggesting that 

tumour not displaying mitoses may exhibit higher WNT signalling. 

 

When comparing tumour size using the EdgeR method, statistically significant 

differentially expressed genes included R-Spondin-2 (RSPO2; LogFC 6.06), 

involved in WNT signalling and APCDD1, an inhibitor of Wnt (LogFC -2.97), 

suggesting that smaller desmoid tumours have a higher level of WNT 

signalling. This is supported by reduced LEF1 in smaller tumours (LogFC 1.58), 

a downstream transcription factor of WNT pathway. 

 

Intraperitoneal desmoid tumours demonstrated significantly higher R-Spondin-

2 expression (LogFC -7.35), when compared to abdominal wall lesions, 

suggesting differential WNT signalling between these locations. 

 

6.3.5.5 Gene set enrichment analysis 

Gene set enrichment analysis (GSEA) was performed on RNA sequencing data 

to determine if there was differential enrichment of molecular pathways when 

comparing tumours by the aforementioned clinical/pathological factors. The 

output of Limma-voom differential gene expression was used as input for 

GSEA, with genes ranked by the sign of the fold change multiplied by the 

inverse of the p-value. 

 

Gene sets derived from the BioCarta pathway database (Broad institute, 

MSigDB C2 BioCarta) were utilised for GSEA. 

 

Gene sets were considered significantly expressed if they met statistical 

significance by both p-value (<0.05) and false detection rate (FDR, <25%). 



 208 

 

Results are shown in Table 37. When subjecting the clinical and pathological 

cohorts to GSEA there was only one category that met statistical significance by 

both p-value and false detection rate: tumour size. Tumours greater than 

100mm in greatest dimension demonstrated differential (elevated) expression of 

43 gene sets. 

 

Table 37 - Number of gene sets (C2 BioCarta) differentially expressed 

	clinical/pathological	factors	 Enriched	in	first	group	 Enriched	in	second	group	

		 p<0.5	 FDR	<0.25	

Both	p<0.5	
and	
FDR<0.25	 p<0.5	 FDR	<0.25	

Both	p<0.5	
and	
FDR<0.25	

FAP	vs.	Sporadic	 0	 2	 0	 0	 4	 0	
Muscle	involvement	vs.	no	
muscle	 0	 0	 0	 0	 7	 0	

Female	vs.	Male	 0	 1	 0	 0	 0	 0	
Margins	involved	vs.	clear	
margins	 0	 1	 0	 0	 0	 0	

Age	<35	vs.	>/=35	 0	 2	 0	 0	 0	 0	

No	mitoses	vs.	ANY	mitoses	 0	 9	 0	 0	 4	 0	

Size	<100mm	vs.	>100mm		 0	 10	 0	 54	 43	 43	
Abdominal	wall	vs.	
intraperitoneal	 0	 11	 0	 0	 4	 0	

 

 

Figure 55 outlines the distribution of normalised enrichment scores (NES), p-

value and false detection rate (FDR) for gene set enrichment analysis of the 

tumour size. Note that NES scores were negative for the larger tumours 

(>100mm) as larger tumours were the second parameter in limma-voom 

differential gene expression analysis. The 43 gene sets that meet statistical 

significance by both methods are clustered in the lower left corner of this figure 

(as indicated by circle). 
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Figure 55 - GSEA of tumour size (small vs. large tumours), NES vs. statistical 

significance. Gene set groups that meet statistical significance for both p-value 

(<0.05) and FDR (<0.25) are highlighted in blue. Gene sets in this region are 

negatively enriched in smaller tumours (positively enriched in larger tumours).  

 

Differentially expressed gene sets are outlined in Table 38, ranked by NES. 

 

A full list of the genes that comprise these gene sets is available on the Broad 

Institute Molecular Signatures Database. 

(http://software.broadinstitute.org/gsea/msigdb/index.jsp) 
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Table 38 - GSEA differentially expressed gene sets, tumours >100mm  

	
Gene	set	 SIZE	 ES	 NES	

NOM	
p-val	

FDR	 q-
val	

FWER	
p-val	

1	 BIOCARTA_FCER1_PATHWAY	 38	 -0.98	 -1.87	 0.005	 0.093	 0.125	
2	 BIOCARTA_CREB_PATHWAY	 26	 -0.98	 -1.86	 0.007	 0.058	 0.152	
3	 BIOCARTA_VEGF_PATHWAY	 29	 -0.99	 -1.85	 0.008	 0.058	 0.219	
4	 BIOCARTA_GCR_PATHWAY	 18	 -0.99	 -1.85	 0.002	 0.05	 0.243	
5	 BIOCARTA_MET_PATHWAY	 37	 -0.96	 -1.84	 0.003	 0.046	 0.271	
6	 BIOCARTA_IGF1_PATHWAY	 21	 -0.99	 -1.84	 0.002	 0.042	 0.29	
7	 BIOCARTA_ECM_PATHWAY	 24	 -0.99	 -1.83	 0.008	 0.039	 0.312	
8	 BIOCARTA_EIF4_PATHWAY	 24	 -0.98	 -1.83	 0.005	 0.035	 0.314	
9	 BIOCARTA_IGF1MTOR_PATHWAY	 20	 -0.98	 -1.83	 0.007	 0.033	 0.333	

10	 BIOCARTA_RAS_PATHWAY	 23	 -0.99	 -1.83	 0.008	 0.03	 0.34	
11	 BIOCARTA_TCR_PATHWAY	 44	 -0.96	 -1.83	 0.018	 0.028	 0.341	
12	 BIOCARTA_MTOR_PATHWAY	 23	 -0.97	 -1.83	 0.01	 0.027	 0.361	
13	 BIOCARTA_GLEEVEC_PATHWAY	 23	 -0.99	 -1.83	 0.003	 0.026	 0.374	
14	 BIOCARTA_TFF_PATHWAY	 20	 -0.99	 -1.83	 0.012	 0.024	 0.375	
15	 BIOCARTA_NFAT_PATHWAY	 48	 -0.97	 -1.83	 0.015	 0.023	 0.381	
16	 BIOCARTA_PDGF_PATHWAY	 32	 -0.96	 -1.82	 0.012	 0.024	 0.412	
17	 BIOCARTA_HER2_PATHWAY	 22	 -0.97	 -1.82	 0.009	 0.027	 0.476	
18	 BIOCARTA_PAR1_PATHWAY	 36	 -0.98	 -1.82	 0.009	 0.026	 0.485	
19	 BIOCARTA_HCMV_PATHWAY	 17	 -0.98	 -1.81	 0.007	 0.026	 0.499	
20	 BIOCARTA_BCELLSURVIVAL_PATHWAY	 16	 -0.98	 -1.81	 0	 0.026	 0.513	
21	 BIOCARTA_NGF_PATHWAY	 18	 -0.99	 -1.81	 0.007	 0.026	 0.533	
22	 BIOCARTA_LONGEVITY_PATHWAY	 14	 -0.99	 -1.81	 0	 0.027	 0.561	
23	 BIOCARTA_PTEN_PATHWAY	 18	 -0.98	 -1.81	 0.007	 0.026	 0.562	
24	 BIOCARTA_GH_PATHWAY	 26	 -0.97	 -1.81	 0.014	 0.025	 0.565	
25	 BIOCARTA_CXCR4_PATHWAY	 23	 -0.99	 -1.8	 0.005	 0.025	 0.583	
26	 BIOCARTA_ERK5_PATHWAY	 18	 -0.97	 -1.8	 0.012	 0.028	 0.638	
27	 BIOCARTA_PPARA_PATHWAY	 53	 -0.95	 -1.8	 0.019	 0.027	 0.644	
28	 BIOCARTA_TPO_PATHWAY	 24	 -0.97	 -1.79	 0.007	 0.029	 0.686	
29	 BIOCARTA_INSULIN_PATHWAY	 21	 -0.99	 -1.79	 0.003	 0.029	 0.694	
30	 BIOCARTA_RACCYCD_PATHWAY	 26	 -0.99	 -1.78	 0.006	 0.032	 0.733	
31	 BIOCARTA_EGF_PATHWAY	 31	 -0.97	 -1.78	 0.024	 0.031	 0.734	
32	 BIOCARTA_EDG1_PATHWAY	 25	 -0.97	 -1.78	 0.026	 0.033	 0.764	
33	 BIOCARTA_ARF_PATHWAY	 17	 -0.98	 -1.77	 0.009	 0.034	 0.78	
34	 BIOCARTA_RAC1_PATHWAY	 23	 -0.95	 -1.76	 0.02	 0.038	 0.839	
35	 BIOCARTA_IL7_PATHWAY	 17	 -0.96	 -1.76	 0.014	 0.042	 0.876	
36	 BIOCARTA_TRKA_PATHWAY	 12	 -0.98	 -1.75	 0.009	 0.045	 0.898	
37	 BIOCARTA_BAD_PATHWAY	 24	 -0.93	 -1.74	 0.039	 0.046	 0.917	
38	 BIOCARTA_AKT_PATHWAY	 21	 -0.93	 -1.74	 0.02	 0.046	 0.919	
39	 BIOCARTA_CTLA4_PATHWAY	 18	 -0.97	 -1.74	 0.013	 0.049	 0.938	
40	 BIOCARTA_ACH_PATHWAY	 15	 -0.94	 -1.73	 0.022	 0.05	 0.945	
41	 BIOCARTA_IGF1R_PATHWAY	 22	 -0.93	 -1.71	 0.036	 0.06	 0.966	
42	 BIOCARTA_HDAC_PATHWAY	 28	 -0.92	 -1.69	 0.019	 0.074	 0.987	
43	 BIOCARTA_IL2RB_PATHWAY	 38	 -0.91	 -1.68	 0.04	 0.082	 0.992	
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There are a number of clinically significant pathways that are enriched in larger 

desmoid tumours. Targetable pathways such as VEGF, Gleevec (Imatinib), EGF, 

PDGF and HER2 suggest that larger tumours may have up regulation of these 

pathways when compared to smaller tumours. It could be hypothesised that 

such pathways may play a role in desmoid tumour formation and thus 

desmoids may respond to therapy inhibiting these pathways. Whilst Imatinib is 

utilised in desmoid tumours, inhibitors of the other pathways are currently not 

utilised for therapy. Bevacizumab (VEGF inhibitor) and Cetuximab (EGF 

inhibitor) could be trialled alone or in combination with existing chemotherapy 

regimes in clinically troublesome cases. The finding of the HER2 pathway is of 

uncertain significance. Although these findings suggest there may be a role for 

Trastuzumab; previous immunohistochemistry series suggest that desmoid 

tumours do not show immunoreactivity for HER2.199 

 

The PI3K/AKT/mTOR pathway was represented in a number of the 

differentially expressed gene sets (IGF1/mTOR, CREB, mTOR, and PTEN 

BioCarta pathways). This pathway may be involved in desmoid tumour growth 

and is targetable. A number of mTOR inhibitors are currently available, such as 

Everolimus used in neuroendocrine tumours and Ridaforolimus used in 

sarcoma. There is currently a pilot study investigating the effect of the mTOR 

inhibitor Sirolimus in desmoid tumour occurring in young patients 

(NCT01265030). PI3K inhibitors are in use in lymphoma and leukaemia 

(Idelalisib and Copanlisib), with trials underway in solid organ malignancies. 

Furthermore dual inhibitors of mTOR/PI3K are under development. AKT is 

also a target for therapy, with Miltefosine being used in the treatment of 

leishmaniasis, but not yet used for treating cancer.  
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The use of GSEA for comparing small and larger desmoid tumour samples has 

also highlighted the role of the immune system in desmoid tumour. Larger 

tumours demonstrated up regulation of T-cell receptor gene set, CTLA-4, B-cell 

survival gene set, and suggests a role of mast cells (FCER1/Fc Epsilon Receptor 

I Signalling in Mast Cells gene set). There is a paucity of evidence regarding the 

role of the immune system in the development and progression of desmoid 

tumour. The findings here suggest that the immune system may play a role in 

desmoid growth, and further investigations should be undertaken in this area. 

 

Notably absence in this GSEA analysis is the WNT pathway. This likely 

represents uniform WNT expression among all desmoid tumours in this study. 

The lack of differential WNT expression in any of the clinical/pathological 

parameters suggests that WNT may not be associated with larger 

tumours/tumour progression, and supports a hypothesis that another pathway 

(such as PI3K/mTOR) might be involved. 

 

Leading-edge analysis was undertaken to determine if any single gene was 

predominantly responsible for gene set enrichment. Figure 55 outlines that 

PIK3R1 is the only common gene when comparing genes that make up the 

enriched gene sets. Note that PIK3R1 was not elevated individually in larger 

tumours on EdgeR or Limma-voom analysis, suggesting that this finding is not 

occurring as a result of an outlier in differential gene expression. This supports 

an argument for a role of the P13K/mTOR pathway in the pathology of desmoid 

tumour. 
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Figure 56 - Leading edge analysis of differentially expressed gene sets. The 

common influence of PIK3R1 in the enrichment of multiple gene sets suggests 

that this gene had a significant role in GSEA results. 

 

6.3.5.6 SSGSEA 

Single-sample-gene-set enrichment analysis (SSGSEA) was performed to 

determine individual sample transcription profile at a pathway level. Gene 

expression data was used as input and C2 BioCarta gene set was utilised to 

reveal an enrichment score for each gene set per sample. 

 

Table 39 outlines the top 10 enriched pathways for each individual sample. A 

full table of results with enrichment scores for each gene set for individual 

samples are listed in Appendix 3.  

Gene Enrichment 
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Table 39 - SSGSEA results: top ten expressed pathways per sample 

Sample	 		 Gene	Set	 		 Sample	 		 Gene	Set	
04PM2436	 1	 ACTINY_PATHWAY	

	
07WH100	 1	 ACTINY_PATHWAY	

	
2	 CDC42RAC_PATHWAY	

	 	
2	 CDC42RAC_PATHWAY	

	
3	 GLYCOLYSIS_PATHWAY	

	 	
3	 GLYCOLYSIS_PATHWAY	

	
4	 UCALPAIN_PATHWAY	

	 	
4	 UCALPAIN_PATHWAY	

	
5	 EIF2_PATHWAY	

	 	
5	 FIBRINOLYSIS_PATHWAY	

	
6	 SALMONELLA_PATHWAY	

	 	
6	 SALMONELLA_PATHWAY	

	
7	 RHO_PATHWAY	

	 	
7	 WNT_PATHWAY	

	
8	 MTOR_PATHWAY	

	 	
8	 EIF2_PATHWAY	

	
9	 WNT_PATHWAY	

	 	
9	 RHO_PATHWAY	

	
10	 ARAP_PATHWAY	

	 	
10	 MTOR_PATHWAY	

	 	 	 	 	 	 	06PM1219	 1	 CDC42RAC_PATHWAY	
	

09RMH311	 1	 ACTINY_PATHWAY	

	
2	 ACTINY_PATHWAY	

	 	
2	 CDC42RAC_PATHWAY	

	
3	 GLYCOLYSIS_PATHWAY	

	 	
3	 GLYCOLYSIS_PATHWAY	

	
4	 UCALPAIN_PATHWAY	

	 	
4	 EIF2_PATHWAY	

	
5	 MCALPAIN_PATHWAY	

	 	
5	 UCALPAIN_PATHWAY	

	
6	 LONGEVITY_PATHWAY	

	 	
6	 SALMONELLA_PATHWAY	

	
7	 FIBRINOLYSIS_PATHWAY	

	 	
7	 EIF_PATHWAY	

	
8	 MTOR_PATHWAY	

	 	
8	 MTOR_PATHWAY	

	
9	 RHO_PATHWAY	

	 	
9	 WNT_PATHWAY	

	
10	 CCR5_PATHWAY	

	 	
10	 RHO_PATHWAY	

	 	 	 	 	 	 	07PM0274	 1	 ACTINY_PATHWAY	
	

10RMH289	 1	 ACTINY_PATHWAY	

	
2	 CDC42RAC_PATHWAY	

	 	
2	 CDC42RAC_PATHWAY	

	
3	 GLYCOLYSIS_PATHWAY	

	 	
3	 GLYCOLYSIS_PATHWAY	

	
4	 UCALPAIN_PATHWAY	

	 	
4	 UCALPAIN_PATHWAY	

	
5	 FIBRINOLYSIS_PATHWAY	

	 	
5	 WNT_PATHWAY	

	
6	 ARAP_PATHWAY	

	 	
6	 EIF2_PATHWAY	

	
7	 EIF2_PATHWAY	

	 	
7	 RHO_PATHWAY	

	
8	 SALMONELLA_PATHWAY	

	 	
8	 SALMONELLA_PATHWAY	

	
9	 RHO_PATHWAY	

	 	
9	 MEF2D_PATHWAY	

	
10	 MEF2D_PATHWAY	

	 	
10	 ARAP_PATHWAY	

	 	 	 	 	 	 	07RMH115	 1	 ACTINY_PATHWAY	
	

11WH0144	 1	 GLYCOLYSIS_PATHWAY	

	
2	 CDC42RAC_PATHWAY	

	 	
2	 ACTINY_PATHWAY	

	
3	 GLYCOLYSIS_PATHWAY	

	 	
3	 CDC42RAC_PATHWAY	

	
4	 EIF2_PATHWAY	

	 	
4	 UCALPAIN_PATHWAY	

	
5	 UCALPAIN_PATHWAY	

	 	
5	 EIF2_PATHWAY	

	
6	 MTOR_PATHWAY	

	 	
6	 WNT_PATHWAY	

	
7	 SALMONELLA_PATHWAY	

	 	
7	 MTOR_PATHWAY	

	
8	 RHO_PATHWAY	

	 	
8	 RHO_PATHWAY	

	
9	 PITX2_PATHWAY	

	 	
9	 MEF2D_PATHWAY	

	
10	 WNT_PATHWAY	

	 	
10	 EIF_PATHWAY	

	 	 	 	 	 	 	07RMH257	 1	 ACTINY_PATHWAY	
	 	 	 	

	
2	 CDC42RAC_PATHWAY	

	 	 	 	
	

3	 GLYCOLYSIS_PATHWAY	
	 	 	 	

	
4	 MTOR_PATHWAY	

	 	 	 	
	

5	 UCALPAIN_PATHWAY	
	 	 	 	

	
6	 MEF2D_PATHWAY	

	 	 	 	
	

7	 EIF2_PATHWAY	
	 	 	 	

	
8	 WNT_PATHWAY	

	 	 	 	
	

9	 RHO_PATHWAY	
	 	 	 	

	
10	 ARAP_PATHWAY	
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In this SSGSEA analysis, each sample was analysed independently. Despite the 

desmoid samples occurring in different anatomical, clinical and pathological 

situations there was marked similarity in the SSGSEA results between the nine 

desmoid tumour samples. Only 17 different gene sets comprise the top ten 

enriched gene sets indicating very high transcriptome homogeneity between 

these samples (as demonstrated in Table 40). 

 

Table 40 - Frequency of gene set enrichment (top ten enriched pathways) 

Gene	set	
No.	of	samples	in	
which	gene	set	
occurs	in	top	10	

ACTINY_PATHWAY	 9	
CDC42RAC_PATHWAY	 9	
GLYCOLYSIS_PATHWAY	 9	
RHO_PATHWAY	 9	
UCALPAIN_PATHWAY	 9	
EIF2_PATHWAY	 8	
MTOR_PATHWAY	 7	
WNT_PATHWAY	 7	
SALMONELLA_PATHWAY	 6	
ARAP_PATHWAY	 4	
MEF2D_PATHWAY	 4	
FIBRINOLYSIS_PATHWAY	 3	
EIF_PATHWAY	 2	
CCR5_PATHWAY	 1	
LONGEVITY_PATHWAY	 1	
MCALPAIN_PATHWAY	 1	
PITX2_PATHWAY	 1	

 

The majority of desmoid tumours exhibited high expression of the WNT 

signalling pathway as expected. It is interesting that SSGSEA correlated with 

immunohistochemistry for β-catenin; the only sample (06PM1219) that failed to 

have any immunoreactivity for β-catenin, revealed the lowest enrichment score 

for WNT pathway (0.461) of the samples, significantly lower than other samples 

(Range 0.541-0.596 for the other 8 samples) 
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The mTOR pathway was consistently enriched in all samples, (enrichment score 

range 0.552-0.580). PI-3 kinases are also implicated in SSGSEA results, as seen in 

CDC42RAC pathway, and also through PI3K involvement in the Rho cell 

motility signalling pathway, and closely related uCalpain and mCalpain 

protease pathways that also feature highly in these samples. This finding 

further suggests there may be a role of mTOR/PI3K in desmoid tumour 

formation. 

 

6.3.5.7 CIBERSORT  

The immune landscape of desmoid tumours is currently an unknown entity. 

GSEA suggested that desmoid tumours of different sizes might exhibit different 

immune infiltrates. Given the recent increase in understanding of the role of the 

immune system in cancer and progress in immunotherapy it is appropriate to 

characterise the immune response in desmoid tumours on an individual sample 

level. 

 

CIBERSORT was utilised to assess the immune infiltrate on RNA sequencing 

data. CIBERSORT (Stanford University, USA) is a method of characterising cell 

composition from complex tissues using gene expression profiles. The LM22 

immune signature was used, comprising 22 distinct immune cell types, 

constructed from gene expression profiles.  

 

Cufflinks was used to generate FPKM estimates from BAM files. These were 

then used as input for CIBERSORT. (Settings: Disable quartile normalization, 

100 permutations, absolute mode) 
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CIBERSORT results are shown in Table 41. All desmoid tumours expressed 

gene signature associated with mast cells and M2 macrophages. By comparison, 

expression of gene signature associated with CD8 T cells was inconsistent, and 

the majority of CD4 cells present in these samples were CD4 memory resting T 

cells. 
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Table 41 - CIBERSORT analysis of immune infiltrate in desmoid tumour samples 
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These CIBERSORT results revealed that M2 macrophages were the most 

common immune cell in the majority of tested desmoid tumour samples. M2 

macrophages lack the function of M1 macrophages, and have poor antigen 

presenting capacity, functioning to suppress inflammation and T-helper1 

adaptive immunity. M2 macrophages are involved in wound healing, 

angiogenesis and tissue remodelling.222 It is thus unsurprising to find M2 

macrophages in these desmoid tumours given the close relationship to tissue 

trauma and similarity to hypertrophic scar. Tumour-associated macrophages, 

typically behave as M2 macrophages and have been shown to be pro-tumoural 

by supressing T-cell responses and playing a role in angiogenesis and tumour 

cell invasion.223 Tumour-associated macrophages are a potential therapeutic 

target, with current strategies under investigation including targeting 

macrophage colony-stimulating factor 1 (CSF-1) with a monoclonal antibody 

that inhibits CSF-1 receptor (CSF-1R) activation.224 

 

The other immune cells ubiquitously expressed in CIBERSORT analysis were 

mast cells. The relationship of mast cells to cancer is complex and depending on 

tumour type, playing a pro-tumourigenic role in some tumours but not 

others.225 Whilst there are no published data regarding the role of Mast cells in 

desmoid tumours, it could be hypothesised that their role in inflammation and 

wound healing could implicate them in contributing to tumour formation. Mast 

cells have been found to be pro-tumourigenic in a mouse model of bladder 

cancer, and ERβ antagonist can block mast cell-enhanced cell invasion.226 This of 

particular relevance given the expression of ERβ in these desmoid tumour 

samples. 

 

Although there is limited evidence regarding the role of the immune system 

and immunotherapy in sarcomas, there is emerging evidence of a correlation 

between tumour T-cell infiltrate and PD-1 and PD-L1 expression.227 This implies 
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that tumours with significant T-cell infiltration could be candidates for 

immunotherapy. The presence of tumour infiltrating lymphocytes in these 

abdominal and abdominal wall desmoid tumours suggests that 

immunotherapy may be a therapeutic option.  

 

 

6.4 Discussion 

This chapter described profiling of human desmoid tumour tissue and has been 

limited by a lack of fresh tissue and difficulty obtaining a sufficient number of 

samples that arose in patients with familial adenomatous polyposis to allow for 

meaningful comparison with sporadic tumours. 

 

Despite these limitations, the analysis of abdominal and abdominal wall 

desmoid tumours has several significant findings. The finding of significantly 

greater p53 staining on immunohistochemistry when compared to the 

published literature has given weight to the genetic basis of the aforementioned 

mouse model of FAP-associated desmoid tumour. These results of differential 

of Cyclin D1 on immunohistochemistry in tumours involving abdominal 

viscera when compared with abdominal wall tumours, and tumours not 

involving skeletal muscle when compared to tumours involving skeletal muscle 

are likely not significant, given that these results could not be replicated on 

GSEA. 

 

Variant calling has demonstrated that it may be possible to ‘personalise’ 

desmoid treatment based on tumour mutations as a number of the genes 

identified in variant calling have therapeutic options. Furthermore variant 

calling has identified a number of genes that are identified in GISTs and/or are 

targetable by tyrosine kinase inhibitors (SDHA/SDHB, CSF1, ABL1). This 
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suggests closer similarity to the pathology of GISTs than previously 

appreciated. In particular the finding of SDH mutations resembles that seen in 

“wild type” GISTs.  

 

Differential gene expression was challenging given the low sample size and 

absence of normal tissue control. GSEA and SSGSEA assisted in providing 

meaningful results for interpretation. GSEA identified the known WNT 

pathways involved in desmoid tumour formation as well as identifying 

pathways responsible for current medical therapies (such as imatinib). The 

novel finding in both the GSEA and SSGSEA analysis is the PI3K/AKT/mTOR 

pathway. This pathway was significantly expressed in both methods of gene set 

enrichment and thus may play a role in desmoid formation and growth. 

Multiple targeted therapies exist for this pathway, which may have clinical 

efficacy against desmoid tumour. Validation to demonstrate the involvement of 

these pathways in the pathogenesis of desmoid tumour formation should be 

performed on a larger scale to confirm the findings. 

 

The CIBERSORT tumour immune cell analysis has provided the first insight 

into the immune system in desmoid tumours. M2 macrophages and mast cells 

are abundant in these desmoid tumour samples and future works could include 

multiplex immunohistochemistry to provide a structural map of immune cell 

infiltrate location to further characterise the immune microenvironment of 

desmoid tumours. 

  

6.5 Conclusions and future directions 

The establishment of a human desmoid cell line was not achieved in this project 

but the generation in the future would provide a platform for in-vitro 

experiments of therapeutic agents and remains a research gap. Novel genomic 
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finding in this chapter will need to be validated on a larger data set. Moreover 

widespread sequencing of desmoid tumours (such as whole exome sequencing) 

could reveal further findings with biological and therapeutic implications.  

  

Novel targets identified through this human tumour profiling should be 

investigated with new therapeutic options in-vitro and in-vivo using the murine 

model of desmoid tumour. 
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Chapter 7: In-vitro assays of existing and novel therapeutic 

agents
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7.1 Introduction and aims 

Whilst the existing literature and this desmoid tumour profiling has shown that 

desmoid tumours are largely driven by the WNT signalling pathway this has 

not yet been successfully targeted for therapy. Existing treatments for desmoid 

tumour are limited with no consensus regarding best agent or regime for 

therapy. 

 

This chapter aims to utilise a murine desmoid tumour cell line developed from 

the novel mouse model are utilised to test the efficacy of existing and novel 

therapeutic agents. In particular investigators aimed to test novel inhibitors of 

the WNT pathway, ICG-001 and YH-250. 

 

WNT signalling results in excess β-catenin in the cytoplasm, which is 

translocated to the nucleus. The effect of nuclear β-catenin is dependent on 

association with transcriptional co-activators CBP (cyclic AMP response 

element-binding protein) or p300 for transcription to occur. There is differential 

co-activator usage with binding to CBP resulting in maintenance of cell 

proliferation and inhibition of differentiation, whereas binding with p300 

triggers differentiation (Figure 57). WNT signaling resulting in excess nuclear β-

catenin can result in either of these cellular outcomes depending on internal 

and external factors.228 

 

Inhibitors of these transcriptional co-activators exist and provide a means to 

inhibit transcription arising from excess WNT signalling/nuclear β-catenin. 

YH249 and YH250 are small molecule p300 antagonists that are specific for 

p300 and do not bind to CBP, resulting in inhibition of differentiation.229 
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Figure 57 - The role of CBP and p300 in WNT signalling and targeting with B-

catenin antagonists. (From: Higuchi, Y., C. Nguyen, S. Y. Yasuda, M. McMillan, 

K. Hasegawa and M. Kahn (2016). "Specific Direct Small Molecule p300/&#946;-

Catenin Antagonists Maintain Stem Cell Potency." Current Molecular 

Pharmacology 9(3): 272-279.) 

 

 

ICG-001 is a small molecule that down-regulates β-catenin – TCF (T cell factor) 

signalling by specifically binding to CBP. In the Apcmin/+ model, ICG-001 

induces apoptosis in transformed cells but not in normal colon cells and 

reduces in-vitro growth of colonic carcinoma cells. It has also been shown to 

reduce polyp number in the Apcmin/+ mouse.230  

 

The hypothesis was that novel inhibitors of the WNT pathway will negatively 

influence the growth of the murine desmoid tumour cell lines in-vitro, and that 

this could lead to future in-vivo studies in the Apcmin/+:p53-/-  murine model of 

desmoid tumour. 
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7.2 Methods  

7.2.1 Cell lines 

 The DT, DT144 and DT148 cell lines were grown and passaged as described in 

2.3. Cells were transferred to either a 96-well plate or an E-plate (xCELLigence 

system). All desmoid cell lines express β-catenin as assessed by 

immunocytochemistry as described in 4.5.   

 

A mesothelial cell line was successfully established from the peritoneum of 

C57BL/6 mouse as a control line using the method described in 2.3.2.2. 

Validation of this cell line was performed by immunocytochemistry for Pan-

cytokeratin and cell-surface vimentin. (Outlined earlier in 4.5.2) 

 

A mouse embryonic fibroblast cell line (MEF) and the immortalised fibroblast 

cell line, NIH3T3 were also employed as a secondary controls for in-vitro assays. 

 

7.2.2 Therapeutic agents 

Drugs used in in-vitro experiments are outlined in Table 42. 

 

Table 42 - drugs used for in-vitro experiments 

Drug Solvent Manufacturer Notes 
Imatinib DMSO Sigma  
Sulindac DMSO Sigma  
ICG-001 DMSO USC Norris 

Comprehensive cancer 
centre, USA 

Gift from M. 
Kahn, USC 

YH-250 DMSO USC Norris 
Comprehensive cancer 
centre, USA 

Gift from M. 
Kahn, USC 

4-
Hydroxytamoxifen 
(Z-isomer) 

Methanol Sigma  

Triton-X 0.1% - Sigma Positive control 
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7.2.3 Resazurin assays (Alamar blue) 

Cells were grown in 96-well plates and allowed to adhere prior to drug 

treatment. Three replicates were used for each drug and dose. Negative control 

wells contained cells but no therapy and positive control wells were treated 

with Triton X 0.1%. Drug diluted in warmed culture medium was added to 

wells and the plate was returned to the incubator. 

  

Following treatment with drug compound for 48 hrs duration, 20μL of 

Resazurin (AlamarBlue Cell Viability Reagent, Invitrogen) was added to each 

well and returned to the incubator. 

 

Cell metabolism was measured with fluorescence using the Polarstar plate 

reader (BMG Labtech) at 3, 6 and 12 hours until an appropriate fluorescence 

was achieved. Relative fluorescence measurements were normalised by 

deducting the reading from a control wells (wells with culture medium and 

resazurin only). Dose-response curves and IC50 values were generated using 

Graphpad Prism. 

 

7.2.4 xCELLigence system 

The xCELLigence RTCA (ACEA biosciences) is an assay that measures 

impedance across small electrodes inside a culture plate whilst maintained 

inside an incubator. As cells die and lift from the plate the impedance reduces, 

allowing continuous monitoring of cell health. (Figure 58) 
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Figure 58 - Principle of impedance assay - xCELLigence system (from ACEA 

biosciences) 

 

Cells were seeded into the well of an E-plate and placed in the xCELLigence 

machine inside the incubator. Replicates and a positive and negative control 

were used as described in the method for the resazurin assay. Cells were 

allowed to adhere for 24 hours before being treated with drug diluted in media. 

The plate was then returned to the incubator and continuous monitoring 

occurred until the end of the experiment.  

 

The xCELLigence software calculates a “cell index” providing a measure of cell 

viability based on the impedance assay.  

 

7.3 Results 

7.3.1 Expression of CBP/p300 in desmoid cell lines 

Immunocytochemistry was performed for CBP and p300 in the desmoid cell 

lines to correlate with treatment assays for inhibitors of CBP and p300. The 

method used was as described previously (2.8). All of the desmoid cell lines 

showed immune-positivity for both CBP and p300. Figure 59 demonstrates 

immunocytochemistry results for CBP in DT148 cell line. 
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Figure 59 - CBP immunocytochemistry in DT148 cell line 

 

7.3.2 Determination of optimal seeding density for xCELLigence experiments 

Prior to drug treatment assay using the xCELLigence equipment, the optimal 

desmoid tumour cell line seeding density was determined. Cells were seeded at 

different densities and allowed to grow uninterrupted in the incubator for 80 

hours. 

 

Figure 60 demonstrates the results of seeding different densities of DT148 cell 

line in the xCELLigence wells. Seeding too many cells resulted in exhaustion of 

cell medium/calf serum and thus the cell index will peak prior to delivery of 

drug, making it uninstructive for most drug-effect (as demonstrated by the 

10,000 cell curve). Seeding too few cells meant there were insufficient cells to 

generate impedance on the apparatus. For this cell line, 3000 cells per well 

(purple curve) were chosen, given the steady growth curve seen until 70 hours 

after seeding.  

 

This process was repeated with all cell lines used in xCELLigence assays to 

optimise chance of visualising drug-effect. (Other charts not shown) 
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media	 500	 1000	 3000	 5000	 6000	 8000	 10000	

 

 Figure 60 - Optimal seeding density assay for DT148 cell line. Investigators 

aimed for a density that would allow growth (increase in cell index) for up to 72 

hours to allow for assessment of drug effect, such as 3000 cells/well shown in 

pink. 

 

7.3.3 ICG-001 

All three desmoid cell lines responded to ICG-001 when assessed by both 

xCELLigence and resazurin assays. Figure 61 outlines the response of DT148, 

demonstrating an IC50 of 7.142uM (95% CI 4.997-10.28) on dose response curve 

calculated from the resazurin assay. The xCELLigence assay demonstrated 

immediate killing with TritonX (positive control), consistent growth in the 

media-only wells and a gradual dose-response to ICG-001, marked at 

concentrations 10uM and above. There was a persistent response out until the 

end of the experiment at 80 hours post treatment. 
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ICG-001 was also trialled against fibroblast cell lines; Meso1, NIH3T3 and MEF 

to assess for specificity. There was activity against all cell lines as shown in 

Figure 62 (NIH3T3 not shown). Note that a fixed dose of ICG-001 was used in 

Meso1 cell line with varying cell densities, whereas MEF assay was performed 

in a dose-response manner as was used for desmoid cell lines. Both cell lines 

show a response to treatment in a similar manner to the desmoid cell lines. This 

suggests that ICG-001 is not specific to transformed cells, although it can be 

difficult to make inferences regarding activity against ‘normal’ cells or tissue 

given the immortalised nature of these cell lines. 

 

In order to assess if a single low dose of ICG-001 would impact the desmoid 

cells survival following cell-passage, a cell passage assay was undertaken. 

Desmoid and MEF Cells were seeded in a 96-well plate in triplicate, and treated 

with ICG-001 (5, 10uM or medium as control) at 24 hours as per the resazurin 

protocol. Forty-eight hours after treatment, medium was aspirated from each 

cell, lifted with tryple and re-plated in a new 96-well plate. Following a further 

48 hours resazurin was added to each well and fluorescence was assessed at a 

subsequent 4 hours.  

 

Results are shown in Figure 63, demonstrating no significant change in cell 

metabolism between treatment and control groups. This suggests that ICG-001 

has no impact on the ability for a cell to re-adhere successfully during 

passaging. This finding of no difference in fluorescence suggests a relatively 

short half-life of ICG-001 as cell metabolism has returned to normal 48 hours 

after passaging.  
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Figure 61 - DT148 cells treated with ICG-001; a) xCELLigence assay b) Resazurin dose response curve c) Resazurin plate  

a) 
 

b) 
 

Figure 62 - xCELLigence assays of ICG-001 versus a) Meso1 cell line and b) MEF cell line 
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Figure 63 - ICG-001 cell passage assay (resazurin) 

 

7.3.4 YH-250 

The compound YH-250 was trialled in desmoid cell lines using the same 

method as utilised for ICG-001. Figure 64 outlines the response of desmoid 

tumour cells, DT148 to this compound by the xCELLigence and Resazurin 

assays. This demonstrated a poor response to treatment with significant change 

in cell index and fluorescence only noted at higher concentrations above 50uM. 

IC50 was calculated at 29.3uM, but note the poor fit with 95%CI of 14.16 to 

infinity. It can thus be postulated that any response seen with high doses (50uM 

and 100uM) of YH-250 could equally be due to the solvent. A weakness in this 

experimental design is the failure to include a solvent control. Regardless, these 

results do not suggest that YH 250 is a potential therapy in desmoid tumour. 

 

Given the failure to find any meaningful activity against the desmoid tumour 

cell lines, investigators elected not to trial this compound in control cell lines. 

 

YH-250 has only been recently described (2016), and whilst the original paper 

described the development of this small molecule there has been no published 
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research demonstrating an effect on any tumour or cell line. The only paper 

describing its use is in the context of recovery of haematopoiesis following 

radiation in mice.231 

 

 

	
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 64 - DT148 cell response to YH-250, a) xCELLigence assay, b) resazurin 

assay 
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7.3.5 Existing medical therapies  

Murine desmoid tumour cell lines were treated with existing medical therapies. 

4-hydroxytamoxifen, imatinib and sulindac were assessed for efficacy. Figure 

65 outlines the results for existing medical therapies 

 

The active metabolite of tamoxifen, 4-hydroxytamoxifen, was used for 

tamoxifen assays performed with both xCELLigence and Resazurin methods. 

Very little therapeutic activity was demonstrated against DT148 cell line, with 

xCELLigence assay only showing significant drop in cell index at doses of 

100μM, much greater than the usual doses used in-vitro (usually up to 10μM). 

IC50 could not be calculated, as there was no meaningful dose curve at usual in-

vitro doses. (Figure 65a) 

 

Sulindac and imatinib assays were performed by Resazurin methods only. Both 

drugs failed to demonstrate significant in-vitro effect on the desmoid cell line at 

usual doses. There was some activity at very high doses, but this does not 

generate a meaningful dose response curve in either case. Calculated IC50 for 

imatinib was 193.4μM (95%CI 90.7-695.4) and 2998μM for sulindac (95%CI 

387.5-infinity). These results suggest that desmoid cancer cells generated from 

the Apcmin/+:p53-/- murine model show little or no susceptibility to in-vitro 

activity of these conventional therapies. 
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Figure 65 - Testing of existing therapies in vitro; a) 4-hydroxytamoxifen (low dose, resazurin) b) 4-hydroxytamoxifen 

(higher doses, xCELLigence) c) Sulindac, d) Imatinib 
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7.4 Discussion 

In this chapter the prospect of new therapeutic agents that target the WNT-

signalling pathway has been explored in-vitro. Experiments have shown that 

the small molecule inhibitor of CBP, ICG-001 has marked and predictable 

activity inhibiting the growth of the murine desmoid tumour cell lines. In 

comparison, these cell lines demonstrated a poor response to existing medical 

therapies for desmoid tumour. 

 

The finding of therapeutic effect of ICG-001 will provide direction for future 

research in this area. Should a human desmoid tumour cell line be successfully 

developed in the future this experiment could be replicated to see if results 

translate to the human setting. Other future directions include trialling this 

compound in the murine model of desmoid tumour and/or a xenograft colony. 

 

Whilst these finding provide enthusiasm for future in-vivo studies, the 

limitations of this experiment needs to be considered. During the course of 

these experiments it became apparent that xenograft tumours would grow from 

the desmoid tumour cell lines. However, these xenografts exhibit different 

histopathologial characteristics when compared to the parental murine 

desmoid tumour (discussed in further detail in Chapter 1). This finding casts a 

shadow on these in-vitro experiments as the abnormal appearance of xenografts 

raised the possibility that the cell line has transformed into a more malignant 

sarcomatous neoplasm. 

 

Furthermore these in-vitro experiments have demonstrated that ICG-001 has 

activity against all fibroblast and tumour cell lines. The significance of this is 

uncertain given the immortalised nature of these lines and requires further 

investigation. 
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7.5 Conclusions and future directions 

WNT signalling is known to be a principal driver of desmoid tumour 

formation. Within the aforementioned limitations, these results have shown 

that the novel small molecule inhibitor of CBP, ICG-001 may have activity 

against desmoid tumour cell lines. Future works to validate this finding include 

establishment of a human desmoid tumour cell line for in-vitro assays or further 

in-vivo murine experiments. 
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Chapter 8: General Discussion and Conclusions 
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Abdominal desmoid tumour is a significant clinical problem, especially so for 

patients with familial adenomatous polyposis. The vast majority of patients 

with FAP are identified at a young age as a result of improved genetic 

counselling, to facilitate timely prophylactic colectomy, preventing mortality 

from colorectal carcinoma. Thus, the major causes for mortality in patients with 

FAP are desmoid tumours and peri-ampullary/duodenal carcinoma.  Whilst 

duodenal polyposis can be managed with surveillance gastroscopy and 

endoscopic management, little progress has been made with respect to 

prevention or management of desmoid tumours. Desmoid tumours remain the 

largest cause of mortality for patients with FAP who have undergone 

prophylactic colectomy. Existing research in this area has been limited by the 

rare nature of this disease, with significant deficiencies in the published 

understanding of pathogenesis and best treatment algorithm. The lack of 

progress with research in desmoid tumours occurring in FAP can be attributed 

to the absence of a suitable pre-clinical model to allow laboratory research in 

this area. 

 

Abdominal desmoid tumours are challenging to manage for clinicians given 

their precarious location, unpredictable clinical course, relationship to surgical 

trauma and tendency to recur following surgical resection. The large number of 

available medical therapies utilised and lack of clear consensus guidelines for 

management highlights the lack of robust clinical or scientific evidence for 

management decisions. 

 

This thesis has explored the development and utility of a murine model of FAP-

associated abdominal desmoid tumour, and the use of this model in surgical 

experiments to investigate the role of surgical trauma and the peritoneal 

environment on the development of desmoid tumour. Furthermore, human 
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desmoid tumours have been profiled with RNA sequencing and 

immunohistochemistry.  

 

8.1 Murine model and murine cell line 

The Apcmin/+:p53-/- mouse is the first murine model for abdominal desmoid 

tumour that occurs in the setting of FAP. This murine model produces 

abdominal wall desmoid tumours that mimic the histopathological and 

immunohistochemical findings in the human arena. This model has several 

advantages. Firstly; it is genetically based on a well-established murine model 

of FAP, the Apcmin/+ mouse that is widely available and has been well studied 

and reported in the literature. Secondly, the addition of p53 knock-out does not 

greatly influence the adenoma count or lifespan, with mice with the 

Apcmin/+:p53-/- genotype having only a slightly reduced lifespan when compared 

to the Apcmin/+ mice. Finally the ability to establish a murine desmoid tumour 

cell line expands the utility of the model to in-vitro assays and allows the 

growth of xenograft tumours for in-vivo experiments of novel drug therapies. 

 

There are however limitations to this murine model of FAP-associated desmoid 

tumour. The genetic basis for the model could be considered a limitation of the 

Apcmin/+:p53-/- model, given that p53 mutation has previously been infrequently 

reported in desmoid tumour. However this series of abdominal desmoid 

tumours demonstrate that the majority of cases had some immune-positivity for 

p53 (6.3.4.1), providing validation of the rationale for crossing mice of the 

Apcmin/+ and p53+/- genotypes to establish the murine model. Both situations 

indicate a role for either p53 mutation or loss, yet it is unclear if these two 

processes generate identical outcomes.  
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Fecundity is a constraint of this model, with low yield of Apcmin/+:p53-/- from 

breeding. Only male mice were bred of this genotype that may impact the 

ability to assess the role of Oestrogen receptor and hormonal therapies in this 

model. Desmoid tumours in the Apcmin/+:p53-/- model did not cause morbidity or 

mortality to any mice within their lifespan. This may be due to the reduced 

lifespan of the Apcmin/+ genotype, not allowing sufficient duration of time for 

growth of desmoid tumour. The inability of this model to replicate the clinical 

problem seen in FAP-associated desmoid tumour is the greatest weakness of 

the model. Despite surgical trauma by open and laparoscopic surgery 

(discussed further below in 8.2) it was not possible to generate clinically 

significant tumour burden in the murine model.  

 

8.1.1 Apcmin/+:p53-/- Desmoid: Tumour or Desmoid Precursor Lesion? 

The inability to generate clinically significant tumours, combined with the 

likely lack of somatic mutation in Apc (as demonstrated by cell-line PCR) raises 

the question if the Apcmin/+:p53-/- model is perhaps a more accurate depiction of a 

pre-malignant desmoid precursor lesion.  

 

Clarke described the presence of a “desmoid precursor lesion” in patients with 

FAP, comprising mesenteric fibromatoses and/or plaque like areas of peritoneal 

thickening (in the absence of a mass) that had the histological appearance of a 

desmoid. This author proposed that desmoid tumour developed from these 

precursor lesions after surgical trauma.92 Although proposed there is no clear 

understanding of the process behind progression to desmoid tumour. It is also 

unclear if these precursor lesions harbor somatic mutations in Apc and whether 

they could thus be considered analogous to adenomas in the adenoma-

carcinoma sequence of intestinal tumourigenesis. Should human desmoid 

precursor lesions be shown not to have a somatic mutation in Apc, this murine 
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model may thus be considered a model of desmoid precursor lesion, given their 

lack of somatic mutation and absence of morbidity.  

 

8.1.2 Murine desmoid tumour cell line 

The establishment of desmoid tumour cell lines from the murine model has 

expanded the utility of the model, as robust cell lines can be used for in-vitro 

experiments as well as facilitating the establishment of xenograft colonies. 

Whilst initially promising, the rapid growth of desmoid tumour xenografts 

from cell lines and altered histopathology when compared to parent tumours 

raises significant concern as to the validity of the derived desmoid tumour cell 

lines. This raises the possibility of malignant transformation to a high-grade 

sarcoma in the cell lines in the absence of p53, and ultimately casts a shadow on 

the validity of subsequent in-vitro experiments (Chapter 7). 

 

8.1.3 Future directions for murine model 

Clinically, the site of Apc mutation is a predictor of the risk of desmoid tumour, 

with mutations distal to codon 1400 being at increased risk of desmoid tumour. 

There is the potential to establish an improved murine model that better 

replicates the clinical problem of FAP-associated desmoid tumour by utilising 

Apc mice with more distal mutations (such as Apc1638N), and by crossing with 

p53+/- mice. This could also result in a reduced polyp burden that may extend 

the lifespan to allow a longer duration for desmoid tumour development. 

 

The principle used in establishing this model also has the potential to be 

utilised for study of sporadic tumours, by employing mice deficient in CTNNB1 

(or other WNT pathway genes) and crossing with the p53 deficient mice to 

investigate for the incidence of desmoids in these transgenic models. 
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Finally, once a murine model is established that develops significant desmoid 

tumour burden is established it would be advantageous to generate an in 

inducible, tissue-specific model, (for example using a tamoxifen-dependent Cre 

recombinase) to allow investigators to induce desmoid tumour in, or in close 

proximity to abdominal viscera to accurately replicate the difficult clinical 

situation of desmoid tumour located in the peritoneal cavity. 

 

8.2 Investigating the role of surgical trauma in desmoid formation in the 

mouse 

The method developed to investigate the role of surgical trauma in desmoid 

tumour formation is a robust, safe and replicable model of abdominal surgery 

in the mouse. The ability to replicate both laparotomy and laparoscopy and 

alter the peritoneal environment with humidification and warming allows 

accurate parallel testing of the equipment typically used in human surgery. 

 

The development of this murine model of laparoscopy and laparotomy has 

applications beyond the scope of this thesis, namely in investigating the 

oncological outcomes of laparoscopic surgery when compared to open surgery. 

The ability to control for animal size, genotype and surgical factors make the 

surgical model ideal to investigate the suitability of laparoscopic surgery in the 

presence of abdominal neoplasms. The model also serves as a foray into visceral 

resection through a laparoscopic approach pending the development of 

equipment for this purpose. 

 

Limitations of this model include the current inability to use endotracheal 

intubation in the Apc genotypes due to small animal size. It is foreseeable that 

this difficulty could be overcome with the development of smaller endotracheal 
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tubes for the mouse that may further enhance the accuracy of the mouse 

surgical model. 

 

8.2.1 Role of surgical trauma on desmoid tumour formation and survival 

Surgical experiments on mice with Apcmin/+ and Apcmin/+:p53+/-  genotypes failed 

to generate any desmoid tumour formation. This reflects fundamental 

differences in phenotype between Apcmin/+, the established murine model of 

FAP and human FAP. There is an established genotype-phenotype relationship 

in FAP, with desmoid tumours occurring more frequently when the Apc 

mutation occurs at the 3’ end of the Apc gene. The Apc mutation in Apcmin/+ 

mice is at codon 850, and it could be hypothesized that repeating these 

experiments with Apc mice with a more distal mutations may result in desmoid 

tumour formation following surgical trauma. 

 

Experiments on the Apcmin/+:p53-/- murine model of FAP-associated desmoid 

tumour demonstrated the link between surgical trauma and desmoid 

formation. Mice that underwent laparotomy developed microscopic desmoid 

tumour at the midline wound that was not seen in mice that underwent 

laparoscopic surgery. However, this did not correspond to a difference in 

number of macroscopically identifiable desmoid tumour between the cohorts, 

or a survival difference. The finding of a relationship between surgery to 

microscopic desmoid tumour validates the Apcmin/+:p53-/- mouse model of FAP-

associated desmoid tumour. 

 

The finding of no difference in survival between the laparoscopic and open 

cohorts is a surprising finding given the larger physiological insult associated 

with open surgery. In this study the main determinant of survival was 

genotype, with the Apcmin/+:p53-/- having a significantly reduced survival 
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following surgery when compared to other genotypes. Whilst in this murine 

model it was not possible to control adenomas that resulted in death in the far 

majority of cases, it could be postulated that the method of surgical trauma 

(open or laparoscopic) pales into insignificance when compared to the risk 

posed by the genotype/site of Apc mutation.  

 

When considering the results of these murine surgical experiments it is 

important to consider the limitations of these experiments. The use of a murine 

model has obvious deficiencies relating to differences from human genetic and 

anatomy, however it does provide advantages with respect to standardization. 

When comparing these murine experiments to human prophylactic surgery in 

FAP, the main weakness is failure to undertake colectomy and/or proctectomy 

in the mouse. Whilst colectomy can be undertaken on the Apcmin/+:p53-/- mouse 

model through an open surgical technique it is not currently possible to 

undertake a laparoscopic prophylactic colectomy in the mouse. As a result it 

was not possible to compare laparoscopic to open resectional colorectal surgery 

in the mouse.  

 

A further consideration is that even if prophylactic colectomy was undertaken 

in the mouse, the predominance of small bowel adenomas in the Apcmin/+ mice 

and variants, means that prophylactic colectomy is unlikely to prolong life 

expectancy. Given that human desmoids are slow growing and often only 

become clinically apparent many years after surgery, it may be near impossible 

to completely replicate the clinical situation of desmoid tumour occurring 

following prophylactic surgery in an Apc-based murine model.  

 

Within the limitations of this study, laparoscopic surgery has not been shown to 

be inferior to open surgery in the mouse with respect to either desmoid tumour 

burden or survival. Open surgery may prove to result in more desmoid tumour 
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when compared to laparoscopic surgery; as suggested by the finding of 

microscopic desmoid tumour at site of laparotomy in Apcmin/+:p53-/-. In the 

absence of quality, controlled human data that demonstrates worse outcomes 

for laparoscopic surgery, it would seem appropriate to consider laparoscopic 

surgery when undertaking prophylactic colectomy/proctocolectomy in patients 

with FAP. Laparoscopic prophylactic proctocolectomy has previously been 

demonstrated to be safe with equivalent complications rates when compared to 

open surgery, whilst affording improved cosmesis and earlier return to bowel 

function.54  

 

Patients presenting for prophylactic colorectal surgery in FAP are typically 

young and presented with a number of surgical options with respect to extent 

of surgery (total colectomy and ileorectal anastomosis versus total 

proctocolectomy with ileal pouch anal anastomosis), surgical approach 

(laparoscopic, open, hybrid, robotic, transanal) with individual risk of future 

malignancy and extra-intestinal manifestations being dependent on family 

history, polyp burden and genotype. While the present study has only 

addressed the role of laparoscopic and open surgery in a mouse model to 

determine risk of desmoid tumour, it can assist by suggesting that laparoscopic 

surgery is not inferior (and possibly superior) to open surgery with respect to 

future desmoid tumour formation. It seems appropriate to offer patients at high 

risk of desmoid tumour formation (on basis of genotype or family history) 

laparoscopic prophylactic surgery given the aforementioned benefits of this 

technique, with no apparent detrimental effect to future desmoid risk. 
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8.2.2 Humidification and warming of the peritoneum during surgery 

Humidification and warming of the peritoneal cavity has been shown 

experimentally to be beneficial in preventing damage to the mesothelial cells at 

the time of surgery with the suggestion that this may translate to reduced 

peritoneal metastasis from colorectal carcinoma in both open and laparoscopic 

surgery184, 185. 

 

The present study demonstrated no difference with humidification and 

warming with respect to either desmoid tumour burden or survival when 

compared to conventional surgical conditions. Given the mesenchymal nature 

of desmoid tumours and their location (typically deep to the peritoneum in the 

abdominal wall or mesentery), this is not an unexpected finding. Whilst there is 

clearly a link between surgical trauma and desmoid tumour formation, the 

findings of this study suggests that this does not occur at the level of the 

peritoneum, and is rather related to dysfunctional wound healing – a 

hypothesis reinforced by the close relationship of abdominal wall desmoid 

tumours to site of surgical wounds. 

 

This study did however reveal a significantly higher polyp burden in mice that 

underwent both open and laparoscopic surgery using the surgical 

humidification unit when compared to conventional surgical conditions. This is 

clinically relevant for patients with FAP as small bowel polyposis (in particular 

duodenal) is a significant cause of morbidity and mortality. There is no clear 

explanation for this finding and this will prompt further investigative works in 

this area. 

 

Despite the concerns regarding increased polyposis burden and no benefit with 

respect to desmoid prevention, humidification and warming may still have a 

role in prophylactic colectomy in FAP. Incidental adenocarcinoma is always a 
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possibility when undertaking prophylactic colectomy for patients with familial 

adenomatous polyposis,75 and its use may be considered in high risk cases 

given possible benefits in preventing peritoneal metastasis. 

 

8.2.3 Future directions 

Increasing the amount of surgical trauma at the time of surgery may result in 

increased desmoid tumour formation in mouse models of FAP and FAP 

associated desmoid tumour. This could include damage to the abdominal wall 

or small bowel mesentery, or damage to the abdominal viscera in the form of 

resection. Current options to inflict surgical trauma at mouse laparoscopy are 

limited and this would require the development of new instruments for this 

purpose.  

 

Future investigations in open surgery could investigate extent of damage 

required to result in desmoid tumour formation. Extensive bowel resections 

and/or traction on the small bowel mesentery would determine if increased 

surgical insult could result in clinically significant desmoid in the Apcmin/+:p53-/- 

murine model. 

 

The surgical experiments described in this thesis could be replicated in other 

Apc mice variants, as different genotypes may have different responses to 

surgery. An Apc model with a more 3’ mutation may result in desmoid tumour 

in response to surgery, and may be more replicable of human phenotype. 

 

Many of the limitations of the murine model can be overcome by exploring Apc 

models in larger animals. Flisikowska et al. described the APC1311/+ porcine 

model of familial adenomatous polyposis with pigs carrying a truncating 

mutation at codon 1311 of Apc.232 Animals in this model better recapitulate 
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human FAP when compared to Apc murine models, as the porcine model 

develops colon and rectal adenomas with sparing of the small bowel. APC1311/+ 

pigs have not been reported to develop desmoid tumours, although there is no 

report on surgical intervention in this model. Utilising a larger porcine model of 

FAP would allow investigators to use unmodified human laparoscopy and 

open surgery equipment to undertake prophylactic colectomy/proctocolectomy 

and then observe for desmoid tumour formation. This larger animal model can 

also be utilised for wider surgical studies in FAP and colorectal cancer, as the 

larger animal size allows surgical and endoscopic interventions using currently 

available and novel surgical equipment. 

 

8.3 Human desmoid tumour profiling  

This study details a detailed profiling of abdominal desmoid tumours with 

RNA sequencing and immunohistochemistry. Profiling desmoid tumour 

samples with immunohistochemistry was consistent with published literature 

for the majority of samples tested. This series demonstrated a higher rate of 

immuno-positivity for p53 than previously reported, consistent with a known 

inter-relationship of p53 with β-Catenin. This finding needs further validation 

in a larger series, however does give strength to the murine model described in 

these works that is dependent on p53 knock-out. 

 

RNA sequencing described in this thesis has several important findings. 

Differential gene expression in this series was underpowered due to lack of 

biological replicates, however results are hypothesis-forming – suggesting the 

presence of differential WNT expression between tumour location (abdominal 

wall vs. intra-peritoneal) and genetic background (FAP vs. sporadic).  
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Variant calling identified mutations in numerous genes linked to “wild-type” 

GISTs in this series of abdominal desmoid tumours (CSF1, SDHA/B, ABL1, 

PDGFRB). This has clinical implications for therapy with tyrosine kinase 

inhibitors, and also suggests molecular similarity between “wild-type” GISTs 

and desmoid tumours. Validation of these findings in a larger series of patients 

with outcome data could lead to a molecular classification of desmoid tumours, 

with the potential to predict which patients will respond to tyrosine kinase 

inhibition.  

 

The finding of differential expression of PI3K/AKT/mTOR pathways in larger 

desmoid tumours in gene set enrichment analysis provides a basis for further 

targeted investigations of these pathways in desmoid tumours. Proving up-

regulation of these pathways on individual patient samples could lead to new 

therapeutic options, as targeted therapy already exists for these pathways. 

 

This study details the first immune profiling of desmoid tumours, with 

tumours demonstrating a consistent profile of M2 macrophages and mast cells. 

Given this and recent advances in immunotherapy, consideration needs to be 

given to further investigative works in this area. 

 

8.3.1 Limitations 

The human desmoid tumour genomic profiling described in this thesis was 

limited by access to desmoid tumour tissue from patients with FAP. 

Investigators intended to obtain/recruit sufficient samples to compare 

abdominal desmoid tumours arising in FAP to sporadic tumours. The rare 

nature of desmoid tumours, combined with a trend towards non-operative 

management meant no patients were prospectively recruited during the two-
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year study period, which meant it was not possible to derive a FAP-desmoid 

tumour cell line. 

 

Larger sample numbers may result in statistically significant differential gene 

expression that has not been demonstrated in this small series. Future 

consideration could be given to the use of 3’ RNA sequencing using FFPE 

samples to increase the number of biological replicates. 

 

The lack of a normal adjacent tissue (control sample) for RNA sequencing 

proved a challenge. Abdominal desmoid tumour occurs in a heterogeneous 

range of locations and when compared to epithelial neoplasms there is no clear 

adjacent normal tissue for use as control. Normal fibroblasts from the affected 

individual could be considered as a control in future studies but were not 

available for this study. 

 

Assessment for fusion transcripts was limited by sequencing depth and read 

length. Deeper RNA sequencing or whole exome sequencing would overcome 

this limitation and are being considered by the investigators.  

 

8.3.2 Future directions 

The aforementioned tumour profiling and RNA sequencing has been limited by 

the availability of snap frozen and fresh desmoid tumour tissue. These 

limitations can be overcome using archival FFPE blocks, which would provide 

a more suitable sample size to achieve statistical significance.  

 

A proposed utilisation of a larger cohort of FFPE desmoid tumour blocks could 

include conventional immunohistochemistry and 3’ RNA sequencing using 

RNA extracted from FFPE samples using microdissection. This would allow a 



 253 

comprehensive assessment of the candidate genes identified through variant 

calling and gene set enrichment analysis on a larger scale. This may lead to 

wider understanding of the involvement of the molecular pathology of 

desmoid tumours and lead to the adoption of targeted therapy. It would also be 

possible to validate immune profiling findings using multiplex fluorescent 

immunohistochemistry and thus determine if immunotherapy could be 

considered as a therapeutic option. 

 

Conducting a larger study with FFPE blocks linked to clinical follow-up data 

would allow investigators to identify any correlation between molecular 

signature and clinical outcomes (for example; recurrence after surgical 

resection) which may then influence clinical management. 

 

Utilising the samples obtained for this study, it is possible to undertake a more 

detailed genomic analysis. Repeating RNA sequencing at a greater sequencing 

depth and/or undertaking whole exome sequencing would no doubt identify 

more genetic alterations that may provide further candidate genes for 

investigation in a larger cohort. 

 

8.4 Drug assays 

Drug assays described in this thesis demonstrate that inhibition of the WNT 

pathway using the β-Catenin inhibitor, ICG-001 may be a therapeutic option in 

FAP-associated desmoid tumours.  

 

There are however considerable limitations of this research. Cell lines derived 

from the Apcmin/+:p53-/- murine model exhibit unusual properties when 

reintroduced into the mouse. This raises concern regarding the validity of the 
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cell lines derived from the Apcmin/+:p53-/- model, which would need to be 

addressed prior to future in-vitro testing of therapeutic agents.  

 

8.4.1 Future directions 

These drug assays prompt future works investigating the utility of novel 

inhibitors of the WNT pathway in the mouse. It may be possible to trial the use 

of the novel β-Catenin inhibitors; ICG-001 and YH250 in the Apcmin/+:p53-/- 

mouse, and in xenografts derived directly from desmoid tumour from this 

model, as these in-vivo experiments would negate concerns regarding validity 

the cell line. 

 

Another consideration is that these compounds could be trialled in a human 

desmoid tumour cell line – should one be established in the future. Should a 

human cell line be established it would be appropriate to undertake thorough 

genetic profiling and trial targeted therapy in vitro to demonstrate a response to 

targetable mutations in that sample. 
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8.5 Conclusions  

Desmoid tumour remains a significant cause of morbidity and mortality for 

patients with familial adenomatous polyposis. This thesis describes the 

development of a novel murine model of FAP associated desmoid tumour and 

it’s utility to investigate the role of surgical trauma in desmoid tumour 

formation. Within the limitations of the murine model and the methods used, 

there was no increase in desmoid tumour following laparoscopic surgery when 

compared to open surgery. Profiling of human desmoid tumour with RNA 

sequencing and immunohistochemistry has demonstrated previously 

unrecognised genes that may be involved in desmoid tumour formation. Future 

works will aim to validate these genetic findings and investigate the utility of 

therapy targeting the relevant molecular pathways. 
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Appendix 1: Publications  

 

Publications directly related to these works: 

 

• Chittleborough TJ, Warrier SK, Heriot AG, Kalady M, Church J. 

"Dispelling misconceptions in the management of familial 

adenomatous polyposis." ANZ J Surg. 2017 Jun;87(6):441-445  

 

• Carpinteri S, Sampurno S, Malaterre J, Millen R, Dean M, Kong J, 

Chittleborough T, Heriot A, Lynch AC, Ramsay RG. “Experimental 

study of delivery of humidified-warm carbon dioxide during open 

abdominal surgery.” Br J Surg. 2018; 105:597-605. 
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Abstract

Patients with familial adenomatous polyposis require surgical intervention at some point in
their lives. The diagnosis is often apparent from their phenotype and family history, how-
ever, this is not always the case. Many factors can influence the surgical strategy although
the polyposis burden and distribution remain the main consideration. While prophylactic
removal of the rectum and colon is often required, sparing the rectum at the index surgery is
safe in select patients. This article aims to dispel misconceptions in the diagnosis and treat-
ment of patients with familial adenomatous polyposis.

Introduction

Familial adenomatous polyposis (FAP) is an autosomal dominantly
inherited disease that presents with numerous colonic adenomatous
polyps.1 It arises due to a germline mutation in the tumour suppres-
sor gene APC. Classical FAP presents with hundreds and often
thousands of adenomas that are impossible to control endoscopi-
cally. Without colectomy, colorectal carcinoma (CRC) is inevitable,
at a mean age of 39 years.2 Prophylactic screening and surgery in
affected individuals aims to minimize this risk. While prophylactic
proctocolectomy is considered by some to be routine for patients
with FAP, this approach has been challenged by a desire to pre-
serve the rectum in the interests of quality of life and reducing
operative risk.

Patients with FAP may also suffer from desmoid disease which
can pose serious challenges for the treating clinician. The risk or
presence of desmoid disease can influence surgical strategy. It has
been suggested by some that the development of desmoid disease
in patients with an ileorectal anastomosis may prevent future

proctectomy and therefore a proctocolectomy should be offered
originally, instead of the ileorectal anastomosis.3

Because FAP is such a rare disease, the experience of individual
surgeons may be skewed by unusual presentations and outcomes.
The course of patients with the disease may be unpredictable and
management decisions may be made on the basis of anecdote,
‘myth’, and fear of possible (but unlikely) adverse consequences,
rather than evidence. Choice of surgery and the role of desmoid dis-
ease are just two examples. The aim of this review is to settle some
of the misconceptions in the diagnosis and management of FAP.

Will all patients with familial
adenomatous polyposis have a family
history of polyposis or CRC?

Family history is an important clue to the diagnosis of FAP. The
autosomal dominant pattern of inheritance, along with high pene-
trance, and strong phenotypic expression, means that FAP is the
most readily recognizable of the hereditary colorectal cancer
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syndromes. The disease typically presents with hundreds or thou-
sands of colorectal polyps as well as certain characteristic extra-
colonic and extra-intestinal manifestations. In up to 25% of cases,
however, there will be no family history prior to diagnosis.4

In the majority of these patients with no family history of FAP, it
is believed that a new mutation has occurred at conception, but
other reasons for the lack of family history include ignorance
(through adoption, non-paternity, death of the affected parent or the
deliberate withholding of the diagnosis by family members) and
somatic mosaicism.5 In cases of mosaicism, the APC mutation is
present only in certain tissues (such as the ovary or sperm cells)
and will not be detected by sequencing of DNA from white blood
cells. Unlike patients with a family history of FAP who are aware
of their risk and so can be tested for the presence of the mutation,
patients without a family history usually present with symptoms
and have a high risk of CRC being present at the time of
diagnosis.6

An unpublished study at the Cleveland Clinic compared 50 FAP
probands without a family history of FAP with 73 probands with a
family history that acted as controls. In this study, patients without
a family history were more likely to have colectomy at a younger
age (31 versus 33), more likely to have a profuse polyposis at diag-
nosis (34.9% versus 19.3%), were more likely to undergo a procto-
colectomy, and were almost twice as likely to have colorectal
cancer, although no difference in overall survival was observed.

Probands have a significantly higher mortality rate when com-
pared with patients with a family history of FAP. Koskenvuo et al.
showed that probands had a mortality rate of 34.9 per thousand
person-years versus 8.3 per thousand person-years for ‘call-up’
patients who were being screened because of a family history of
FAP. This difference was attributed to death from CRC being
higher in the probands than the ‘call-up’ patients (29% versus
3.8%) with no difference in death from other causes between the
two groups.7 This demonstrates worse colorectal cancer outcomes
in probands and supports colonoscopic screening in FAP families
in order to reduce mortality from CRC.

The authors seek genetic testing for an APC or MYH mutation in
any patient presenting with >10 synchronous colorectal adenomas
regardless of family history of polyposis or CRC.8

Should all patients with FAP undergo
prophylactic proctocolectomy to
prevent future neoplasia?

The primary goals of colorectal surgery in FAP are cancer preven-
tion and treatment, and maximizing quality of life. As colorectal
surgery is often pre-emptive and is usually considered in young
patients, there are increasing patient expectations for technical per-
fection.9 The extent of resection depends on a balance of reducing
cancer risk while preserving bowel function and quality of life. Sur-
gical options include total proctocolectomy (TPC) (with restoration
of gastrointestinal tract or with end ileostomy (EI)) or colectomy
with ileorectal anastomosis (IRA). Both options have oncologic
and functional implications. While colectomy and IRA maintains
better bowel function, there is risk of cancer developing in the rec-
tum. Conversely, restorative TPC with ileal pouch anal anastomosis

(IPAA) nearly eliminates colorectal cancer risk but results in worse
functional outcome compared to an IRA.

Before the advent of the ileal pouch (1978),10 the choice of
operation was between a TPC and EI or a total colectomy (TAC)
and IRA. Because most patients rejected the notion of a prophy-
lactic procedure that gave them a permanent ileostomy, many
underwent an IRA when they would have had an IPAA had that
been available to them. Indeed the secondary proctectomy rate fol-
lowing TAC and IRA was 33% at a median interval at 212 months
during this ‘pre-pouch’ era.11 This proctectomy rate is unaccepta-
bly high. However, a follow-up study from the Cleveland Clinic
showed that more appropriate selection of patients for IRA in the
‘post pouch’ era led to a proctectomy rate of only 2%.12 These
data are supported by Bussey et al. from St Mark’s.13 From
173 patients who had IRA, only 11 patients required future proc-
tectomy for rectal cancer, and six underwent proctectomy for ade-
noma and benign conditions.

Morbidity and quality of life data should be considered when
choosing an operative strategy. A meta-analysis of 12 observational
studies compared the morbidity and functional data of restorative proc-
tocolectomy (RPC) with those following a colectomy and IRA. There
was no difference in immediate bleeding or septic complications but
RPC with IPAA was associated with a higher 30-day reoperation rate,
worse stool frequency and more 24-h incontinence.14 No difference
was observed in nocturnal stool frequency and day-time incontinence.
In addition, pelvic surgery is associated with increased sexual and uri-
nary dysfunction,15 decreased fecundity in females,16 a higher chance
of impotence in men and reduced quality of life scores following
IPAA compared with IRA.17 All of these factors should be considered
when suggesting an operative strategy.

Polyp burden predicts future proctectomy risk. A study by
Church et al. observed 94 patients with less than five rectal adeno-
mas and less than 1000 colonic polyps who underwent IRA and
were followed for a median of 12 years. No patient required sec-
ondary proctectomy.12 Conversely, 35% of 74 patients who had
>20 rectal polyps and underwent a IRA, required future proctect-
omy. Indeed simple proctoscopic examination with less than five
rectal adenomas nearly always correlates with mild disease. In such
cases, an IRA is appropriate.

APC genotype can also assist in the surgical planning for FAP
patients. The two genotypes that predict future proctectomy are:

(1) 1309 mutation.
(2) 1328 mutation.18

Therefore patients carrying these mutations (and 1309 is a ‘hot-
spot’ for FAP families) should have a RPC.

The authors advocate a TAC and IRA for select patients with
FAP who have a low risk of future intestinal neoplasia and/or
should not undergo the increased risk and questionable function of
a RPC. The objective criteria for rectal sparing are:

(1) No rectal cancer.
(2) No advanced rectal neoplasia (tubulovillous adenoma, large

>1 cm, high grade dysplasia).
(3) Low polyp burden in the rectum (<20 adenomas).
(4) Absence of profuse colonic polyposis.
(5) Absence of colonic cancer.
(6) Absence of 1309 or 1328 mutations on genotype.
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Should patients with FAP undergoing a
restorative proctocolectomy have a
hand-sewn anastomosis?

Following removal of the colon and rectum in individuals with
FAP, an ileal pouch is created and anastomosed to the anus. The
most commonly fashioned pouch is a J pouch. Management of the
distal anorectal mucosa is still debated.

Parks and Nichols from St Mark’s suggested removing the all
anorectal mucosa to the dentate line and performing a hand-sewn
(HS) anastomosis.10 The benefit of this approach is that it may
remove all risk mucosa. However, we would caution that an
incomplete mucosectomy can result in islands of at risk mucosa,
and several cases of anal transitional zone cancer following
mucosectomy have been described.19 The alternative is to retain
the distal anal segment and staple the ileal pouch to the top of
the anal canal. The advantages of this technique are that it is
quicker to perform, easier to survey and involves less manipula-
tion of the anal sphincter complex with the potential for
improved function.

A single institution series assessed 119 patients who under-
went IPAA: 77 had a stapled anastomosis while 42 underwent
HS anastomosis. Worse day and night time seepage, inconti-
nence rates and increased pad usage were observed in the
mucosectomy group when compared with the stapled
approach.20 However, reduced neoplasia risk was observed in
the mucosectomy group (28% versus 14%). Importantly, the
same group reported on adenocarcinomas arising following
both HS and stapled anastomosis. Neither approach was free
from risk.21 Data from St Mark’s registry support the
decreased risk of distal adenomas in patients with a mucosect-
omy.22 One hundred and forty patients underwent IPAA.
Twenty-seven percent of the mucosectomy group developed
adenomas when compared with 54% in the stapled group.
Importantly, no high-risk adenomas were reported in this
study. A more recent Norwegian study compared patients with
FAP who underwent IPAA with/without mucosectomy and
also found an increased rate of adenoma at the anastomotic site
when a mucosectomy was not performed.23

Lovegrove et al. performed a meta-analysis comparing muco-
sectomy with stapled anastomosis following RPC. Twenty-one
studies with 4000 patients were included in the analysis. Worse
nocturnal continence in the mucosectomy group was found
when compared with the stapled group. No difference in post-
operative complications, the number of daily bowel motions
and requirement for anti-motility drugs were observed. The
study is limited in that it did not differentiate between ulcera-
tive colitis and FAP patients when comparing the two
approaches.24

The authors’ practice is to perform a stapled ileoanal pouch anal
anastomosis, unless there is obvious polyposis or dysplasia that
extends down towards the dentate line. When performing a stapled
IPAA it is wise to minimize the length of the retained columnar epi-
thelium, the ‘columnar cuff’ to approximately 1 cm. This allows
for easy removal of the columnar cuff if carpeting with polyps sub-
sequently occurs.

Should FAP patients with known
desmoid disease have a
proctocolectomy rather than total
colectomy and ileorectal anastomosis?

Desmoid tumours (DT) present a significant challenge to patients
with FAP. They cause morbidity arising from local compression
and can lead to sequelae including bowel obstruction, perforation,
ureteric compression with resultant renal failure and major vascu-
lar issues. While desmoid disease can arise de novo (3% incident
rate at primary surgery),25 the majority of intra-abdominal and
abdominal wall lesions occur following index colectomy (up to
80%).26–28

Patients with a high risk of DT can be identified by a positive
family history of DT as well as a suggestive genotype.28–31 Some
studies have shown female gender to be an independent risk factor
for development of DT in FAP.28,32,33 Elayi et al. have described a
scoring system to help identify such high-risk patients.34 For
patients that are prone to develop desmoids, it may be prudent to
delay surgery.33

There is significant controversy as to which surgical strategy
is more likely to predispose to desmoid tumour. It has been sug-
gested that ileal pouch reconstruction may result in more des-
moid tumour by placing tension on the ileal mesentry.35 This
theory is supported by location of DT in the ileal mesentery. A
study by Vitellaro et al. demonstrated an increased risk of des-
moid tumour in IPAA compared with IRA with a hazard ratio of
1.67.36 However, numerous other studies have shown no differ-
ence in rate of DT between patients who have undergone an IRA
or IPAA.28,37–40

Burgess et al. specifically investigated whether DT cause more
morbidity if they occur following in IPAA when compared to an
IRA, finding that there was no difference in complications between
the two groups. This finding suggests that presence or risk of des-
moid tumour should not preclude IPAA.

Previous authors have stated that a proctectomy should be per-
formed to prevent a scenario where a desmoid occurs after an
IRA and blocks access to the rectum, preventing its later removal
should this be necessary.3 Guidelines suggest that the presence of
intra-abdominal DT should prompt the surgeon to offer proctoco-
lectomy and IPAA to alleviate concerns that a proctectomy
and/or IPAA may not be able to be safely performed in the
future.3,41 The Cleveland Clinic experience suggests that this fear
is unfounded. Between 1950 and 2008, 67 patients underwent a
proctectomy and IPAA after prior IRA for FAP. Twenty-six had
intra-abdominal DT. In no case did the desmoid disease affect
the ability to perform a proctectomy, although in 13 cases the
desmoid disease changed the surgical approach. In eight patients,
desmoid disease precluded IPAA and five of these patients under-
went EI instead. Two patients underwent pouch-low rectal anas-
tomosis, while in one case there was no proctectomy performed
as the mesenteric desmoid was excised and a new IRA
performed.42

The authors believe that concern about a high desmoid tumour
risk is a valid reason to perform an IRA and should not be an inde-
pendent indication for a prophylactic proctectomy.

© 2017 Royal Australasian College of Surgeons

Misconceptions in FAP 443



Does laparoscopic colectomy increase
the risk of desmoid disease?

Prophylactic surgery for FAP is increasingly done though a mini-
mally invasive approach.43 A single institution experience pub-
lished by Vitellaro et al. reviewed the outcomes of 602 patients
undergoing open prophylactic colectomy, and 60 patients who
underwent laparoscopic prophylactic colectomy. They demon-
strated a marked reduction in desmoid tumour in laparoscopic
group, estimating a rate of DT of 13% at 5 years following open
compared with 5% in the laparoscopic colectomy group.36 Note-
worthy in this study is that the majority (57/73) of laparoscopic
cases were to perform IRA, meaning that caution should be used
in translating findings to the laparoscopic IPAA cohort of
patients.

The Cleveland Clinic’s data suggest that laparoscopic IRA is the
least likely of all prophylactic procedures to result in desmoid tumour
formation. Desmoid tumour occurred in 3.8% of patients who had
undergone laparoscopic IRA versus 15.8% in the open IRA group,
and desmoids occurred in 46.2% of patients who underwent laparo-
scopic IPAA versus 46.3% when open IPAA was performed. This
suggests that laparoscopic colonic surgery reduces the risk of des-
moid tumour, whilst laparoscopic rectal dissection and ileal pouch
formation confers the greatest risk of desmoid tumour.35

Laparoscopic IPAA has been shown to be safe when compared
with open surgery.44 Larson et al. presented a case-matched series of
300 patients with 100 laparoscopic cases demonstrating earlier return
of bowel function, reduced requirements for narcotics and equivalent
complication rates.45 The same author, using a validated survey tool
to address functional outcomes including sexual dysfunction, cosm-
esis and quality of life, found comparable outcomes in both groups.46

However, there were few FAP cases in that study and the wider
applicability of laparoscopy to FAP patients remains to be tested. A
systematic review of laparoscopic compared to open IPAA including
patients with FAP or ulcerative colitis revealed no difference in mor-
tality or complications between the groups and reoperation and read-
mission rates were similar, although operative times were
significantly longer with laparoscopy.47 As expected, cosmesis scores
were considerably higher in the laparoscopic studies. Early case
series have demonstrated that single incision laparoscopic IPAA can
be performed safely by well-trained laparoscopic surgeons.48

Despite knowledge that laparoscopic colectomy and IRA is safe,
cost effective and cosmetically appealing, there are limited outcome
data, specifically for patients with FAP. An initial series of 16 FAP
patients by Milsom et al. demonstrated good short-term outcomes
with laparoscopic colectomy,49 and this has been substantiated by a
recent comparative series from St Mark’s Hospital, where fewer
complications were demonstrated in the laparoscopic group.50

In summary, prophylactic laparoscopic colectomy is safe when
compared with open surgery and offers advantages of improved
cosmesis and shorter return to bowel function. Laparoscopic rectal
dissection and IPAA confers the highest risk of desmoid tumour
and thus should be avoided. The authors practice is to perform lapa-
roscopic TAC and IRA in cases of rectal preservation, and laparo-
scopic colectomy with open proctectomy and IPAA in cases when
proctocolectomy is desired.

Discussion

Identification and management of patients with FAP can be chal-
lenging for clinicians. A series of management issues revolving
around colorectal surgery have evolved and have been discussed
here in the light of available evidence. Surgical strategy in FAP
continues to evolve with more emphasis on maintaining quality of
life. This requires thoughtful consideration of all factors impacting
on each individual patient: their genotype, their family history, their
extra-colonic manifestations, their comorbidities, their age and gen-
der, and the stages they are at in their physical, social, academic
and mental development. It is not just about a blanket approach of
TPC for everyone. We hope that our review helps guide decision-
making by clarifying these management issues.
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Background: The aim of this study was to monitor the effect of humidified-warm carbon dioxide
(HWCO2) delivered into the open abdomen of mice, simulating laparotomy.
Methods: Mice were anaesthetized, ventilated and subjected to an abdominal incision followed by wound
retraction. In the experimental group, a diffuser device was used to deliver HWCO2; the control group
was exposed to passive air flow. In each group of mice, surgical damage was produced on one side of the
peritoneal wall. Vital signs and core temperature were monitored throughout the 1-h procedure. The
peritoneum was closed and mice were allowed to recover for 24 h or 10 days. Tumour cells were delivered
into half of the mice in each cohort. Tissue was then examined using scanning electron microscopy and
immunohistochemistry.
Results: Passive air flow generated ultrastructural damage including mesothelial cell bulging/retraction
and loss of microvilli, as assessed at 24 h. Evidence of surgical damage was still measurable on day 10.
HWCO2 maintained normothermia, whereas open surgery alone led to hypothermia. The degree of
tissue damage was significantly reduced by HWCO2 compared with that in controls. Peritoneal expression
of hypoxia inducible factor 1! and vascular endothelial growth factor A was lowered by HWCO2. These
effects were also evident at the surgical damage sites, where protection from tissue trauma extended to
10 days. HWCO2 did not reduce tumorigenesis in surgically damaged sites compared with passive air flow.
Conclusion: HWCO2 diffusion into the abdomen in the context of open surgery afforded tissue
protection and accelerated tissue repair in mice, while preserving normothermia.

Surgical relevance

Damage to the peritoneum always occurs during open abdom-
inal surgery, by exposure to desiccating air and by mechani-
cal trauma/damage owing to the surgical intervention. Previous
experimental studies showed that humidified-warm carbon diox-
ide (HWCO2) reduced peritoneal damage during laparoscopic
insufflation. Additionally, this intervention decreased experimen-

tal peritoneal carcinomatosis compared with the use of conven-
tional dry-cold carbon dioxide.

In the present experimental study, the simple delivery of
HWCO2 into the open abdomen reduced the amount of cellular
damage and inflammation, and accelerated tissue repair. Sites of
surgical intervention serve as ideal locations for cancer cell adhe-
sion and subsequent tumour formation, but this was not changed
measurably by the delivery of HWCO2.

Paper accepted 27 July 2017
Published online 28 November 2017 in Wiley Online Library (www.bjs.co.uk). DOI: 10.1002/bjs.10685

Introduction

Open abdominal surgery implicitly involves exposure
of visceral and parietal peritoneal tissue surfaces to the
external atmosphere. The modern surgical environment
demands continuous air exchange (approximately 20 room
volumes per h) ideally through high-efficiency particulate

air filtration and laminar flow1. This air flow across moist
tissue surfaces leads to desiccation2 and heat loss3. The vis-
ceral and parietal peritoneal surfaces are encased in a thin
layer of mesothelial cells that are heavily augmented by a
carpet of numerous microvilli4. These surfaces are the first
to show signs of desiccation. These effects are particularly
evident during laparoscopy that employs insufflation with
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a  Control b  With CO2 diffuser

Fig. 1 Laparotomy set-up using four retractors, intubation tube, PhysioSuite® monitor and rectal probe: a control mouse and b mouse
with carbon dioxide diffuser (arrow). Humidified-warm carbon dioxide is delivered via the diffuser throughout the 1-h procedure

dry-cold carbon dioxide5. Another concern is that peri-
toneal damage may exacerbate the potential of cancer cells
to implant, triggering peritoneal carcinomatosis5.

The nature of abdominal surgery is such that tissue dam-
age is inevitable, posing two important concerns. First,
is whether the rate of tissue repair at surgical sites and
bystander regions is influenced by passive desiccation. Sec-
ond, is whether the potential of cancer cells to adhere to
sites of damage is worse if induced by desiccation and/or
surgical trauma, and whether this influences peritoneal
carcinomatosis. Peritoneal carcinomatosis is particularly
challenging to manage and affected patients have poor
outcomes6. A previous study5 in a preclinical model found
that humidified-warm carbon dioxide (HWCO2) during
laparoscopy reduced peritoneal carcinomatosis compared
with the use of conventional dry-cold carbon dioxide.

Here, the delivery of HWCO2 under laparotomy con-
ditions was investigated, in the presence and absence of
simulated surgical damage, to evaluate the primary objec-
tive of induced hypoxia, tissue damage and tissue repair.
Others7 have reported maintenance of oxygenation of the
peritoneum with HWCO2 and, in view of these data,
the expression of a sentinel marker of hypoxia, hypoxia
inducible factor (HIF) 1α, was examined. The secondary
objective was to assess changes in the potential of cancer
cells to attach to sites of surgical damage.

Methods

Female BALB/c mice aged 7–12 weeks, weighing 17–25 g,
were used to develop the open surgery procedure, with

the approval of the Institutional Animal Ethics Committee
and the National Health and Medical Research Council
of Australia. Mice were purchased from the ARC (Perth,
Western Australia, Australia) and housed in the Peter
MacCallum Cancer Centre facility with a 12-h light–dark
cycle, and free access to food and water. Mice were anaes-
thetized, intubated, ventilated and placed on a warming
pad5, and then divided into two groups: open surgery with
exposure to ambient air (control) or open surgery with
HWCO2 diffusion (Fig. 1).

Monitoring of vital signs

Mice were placed on a heating pad with far-infrared
warming, along with temperature monitoring and a
homoeothermic control system that was connected to
a PhysioSuite® apparatus (Kent Scientific, Torrington,
Connecticut, USA), by which body temperature, arterial
oxygen, heart rate and perfusion were monitored and
recorded. A paw sensor was applied and a rectal probe
(lubricated with eye gel) was inserted under anaesthetic.
The entire abdomen was swabbed with iodine solution
from the xiphoid process to the lower abdomen. The skin
was lifted using sterile surgical forceps directly below the
xiphoid process, and an inferior incision made using sterile
surgical scissors towards the lower abdomen (1.5–2⋅0 cm
depending on the size of the mouse). The peritoneal
incision mirrored the inferior skin incision. Magnetic
fixators were used to secure the retractor wires, allow-
ing maintenance of an open abdominal wound; these
were attached to the skin but not the peritoneal wall, to
minimize unintended mechanical damage.

© 2017 The Authors. BJS published by John Wiley & Sons Ltd www.bjs.co.uk BJS 2018; 105: 597–605
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Delivery of carbon dioxide to the open abdomen

A miniaturized gas diffuser (Fisher and Paykel Healthcare,
Auckland, New Zealand) was used to reduce flow veloc-
ity and effectively fill the abdominal cavity with humidified
carbon dioxide. It was positioned in the cavity without
touching any organs using a retort stand directly over
the open wound to deliver HWCO2 for 1 h. Through-
out HWCO2 delivery (30–60 ml/min) there was a paral-
lel decrease in isofluorane level delivered by an intubation

tube, from 5 to 4 per cent and decreasing in 0⋅5-per cent
increments every 5 min to reach 2⋅5 per cent within 30 min.

Replicating surgical trauma

During the open abdominal procedure, tissue trauma was
simulated by a single investigator using sterile plastic ser-
rated forceps on one side of the peritoneum. The gas dif-
fuser was removed and sterile plastic forceps used to rub
the peritoneum gently with five strokes to the wall at the
30-min time point. The gas diffuser was then returned to
the open cavity. At the conclusion of the laparotomy, the
gas diffuser was removed along with retractors and mag-
netic fixators. The endotracheal tube was then removed
and a head cone applied immediately to continue the deliv-
ery of isofluorane/oxygen. The peritoneum was closed
using surgical sutures, and the skin by surgical clips.

Tumour cells and retroviral transduction

Murine stem cell virus (MSCV)-mCherry-CT268 cells
were generated by stable retroviral transduction with
an MSCV-mCherry vector derived by replacing the
green fluorescent protein (GFP) coding region of
MSCV-IRES-GFP (Addgene, Cambridge, Massachusetts,
USA) with the mCherry coding sequence (Clontech,
Mountain View, California, USA). At the end of the
procedure, 1000 CT26 cells were delivered into the
abdomen in 100 μl phosphate buffered saline, after which
the peritoneum and skin were closed.

Tissue analysis

Tissue harvesting and processing, and immunohisto-
chemical (IHC) methods have been described previously5.
In brief, sections were stained for expression of
cyclo-oxygenase (COX) 2 (1 : 1000, sc-1745; Santa Cruz
Biotechnology, Dallas, Texas, USA), vascular endothe-
lial growth factor (VEGF) A (1 : 100, DP3520S; Acris,
Rockville, Maryland, USA) and HIF-1α (1 : 400, 0100-479;
Novus Biologicals, Littleton, Colorado, USA), with visual-
ization using horseradish peroxidase secondary antibodies.
Tissue specimens were examined using a bench-top scan-
ning electron microscope (JCM-6000; Jeol, Peabody,
Massachusetts, USA) and operated at 15 kV under high
vacuum.

Fluorescence image analysis

Tumours on the peritoneum were analysed for Cherry-
Red fluorescence using a Maestro™ 2 imaging appara-
tus (Cambridge Research & Instrumentation, Woburn,

© 2017 The Authors. BJS published by John Wiley & Sons Ltd www.bjs.co.uk BJS 2018; 105: 597–605
on behalf of BJS Society Ltd.



600 S. Carpinteri, S. Sampurno, J. Malaterre, R. Millen, M. Dean, J. Kong et al.

a  Cellular structure

d  Retracted and/or bulged mesothelial
      cells

e  Absent/short microvilli

Mesothelial cell

4

3

*

2

E
xt

en
t (

%)

1

0

BM

BM

Microvilli

No CO2 HWCO2

No CO2 HWCO2

No CO2 HWCO2Peritoneum

b  SEM images c  Higher-power SEM images

4

3 *

2
E

xt
en

t (
%)

1

0
No CO2 HWCO2

Fig. 4 a Illustration depicting a normal peritoneal cell with cellular junctions (orange and blue) along with normal microvilli (black
arrow). Damaged microvilli (blue arrow) and delaminating/bulging mesothelial cells (red arrow) are also illustrated, and exposure of the
basement membrane (BM). b Representative scanning electron microscopic (SEM) images of peritoneal surface at 24 h after
laparotomy in control (no carbon dioxide) and humidified-warm carbon dioxide (HWCO2) groups (scale bar 20 μm). c Higher-power
SEM images in both groups; cell bulging was apparent in the control group (scale bar 10 μm). d,e Quantification of retracted and/or
bulged mesothelial cells (d) and structural defects in microvilli (e). Values are mean(s.d.) extent of damage (9 per group). *P < 0⋅050
(2-way t test)

Massachusetts, USA) with a wavelength of 150 nm. The
average signal in pixels per tumour area was quantified
using the Maestro software package.

Semiquantitative analyses

Mice were killed at 24 h and 10 days. IHC assessment
for antigens involved inspection of images generated by
Aperio® (Leica Microsystems, Melbourne, Victoria, Aus-
tralia) and scoring using a histological score (H-score); the
latter was calculated as the product of staining intensity (0,
none; 1, weak; 2, moderate; 3, strong) and extent (0, 0–5
per cent; 1, 6–25 per cent; 2, 26–50 per cent; 3, 51–75 per
cent; 4, 76 per cent or more). Scanning electron microscopy
was used to evaluate changes in morphology; alterations
were quantified using a customary scale adapted from the
H-score method and represented as a percentage5.

Statistical analysis

All data are expressed as mean(s.d.). Data were analysed
using one- or two-way ANOVA with Tukey’s multiple
comparisons test, or two-tailed unpaired t test. P < 0⋅050
was considered statistically significant. GraphPad Prism®
version 6 (GraphPad, La Jolla, California, USA) was used
for statistical evaluation.

Results

Core body temperature was regulated only in the HWCO2
group (P < 0⋅001), despite the use of a warming pad in all
animals (Fig. 2). Anaesthesia lowered heart rate compa-
rably in both groups, from the reported normal range of
630 beats/min9 to a mean(s.d.) of 409(39) and 404(33)

© 2017 The Authors. BJS published by John Wiley & Sons Ltd www.bjs.co.uk BJS 2018; 105: 597–605
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Fig. 5 Effect of humidified–warm carbon dioxide (HWCO2) on simulated surgery damage at 24 h after laparotomy. a Scanning electron
microscopic (SEM) images from both groups; mesothelial bulging and delamination was reduced by the use of HWCO2 (scale bar
20 μm). b Higher-magnification SEM images of peritoneal surface in both groups (scale bar 10 μm). c,d Quantification of retracted
and/or bulged mesothelial cells (c) and structural defects in microvilli (d). Values are mean(s.d.) (9 per group). *P < 0⋅050 (2-way t test)

beats/min in the control (no carbon dioxide) and
HWCO2 groups respectively. Percentage perfusion at
the paw was significantly higher in the HWCO2 group
(0⋅054(0⋅012) versus 0⋅042(0⋅008) per cent; P= 0⋅002)
(Fig. 3).

During the procedure, physical trauma was delivered
to one side of the exposed peritoneal wall. Tissue was
collected and processed for IHC analysis and scanning
electron microscopy 24 h and 10 days after laparotomy.
The integrity of mesothelial cells was evaluated in terms
of microvilli persistence and length, along with cell
bulging or delamination (Fig. 4a). Scanning electron
microscopy identified more extensive microvilli damage
and cellular bulging at 24 h after surgery in the control

group (Fig. 4b,c). Quantitative analysis of the extent
of cellular retraction and/or bulging and microvillus
damage or loss revealed that HWCO2 afforded signif-
icant protection (P = 0⋅009 and P = 0⋅035 respectively)
(Fig. 4d,e).

Tissue damage following simulated surgical trauma

Examining the peritoneal tissue trauma indicated that
the extent of cellular retraction and/or bulging and
microvillus damage or loss was significantly reduced in the
HWCO2 group (P < 0⋅001 and P = 0⋅011 respectively),
suggesting that this intervention was protective at 24 h
(Fig. 5).

© 2017 The Authors. BJS published by John Wiley & Sons Ltd www.bjs.co.uk BJS 2018; 105: 597–605
on behalf of BJS Society Ltd.



602 S. Carpinteri, S. Sampurno, J. Malaterre, R. Millen, M. Dean, J. Kong et al.

a  IHC images – HIF-1α b  IHC images – COX-2

e  H-score – COX-2 f  H-score – VEGF-Ad  H-score – HIF-1α

c  IHC images – VEGF-A

No CO2 No CO2 No CO2 + surgical damage

HWCO2 HWCO2 HWCO2 + surgical damage

4

3

*

2

H
-s

co
re

1

0
Surgical damage

* * 10

8

4H
-s

co
re

2

0
Surgical damage

6

10

6

*

4H
-s

co
re

2

0
Surgical damage

8

No CO2
HWCO2

Fig. 6 Effect of humidified-warm carbon dioxide (HWCO2) on markers of hypoxia at 24 h after laparotomy. a–c Matched
immunohistochemical (IHC) images showing expression of nuclear hypoxia inducible factor (HIF) 1α (a) and cyclo-oxygenase (COX) 2
expression (b) in the peritoneum, and vascular endothelial growth factor (VEGF) A staining of damaged peritoneum (c) in control (no
carbon dioxide) and HWCO2 groups (scale bar 50 μm). d–f Histological scores (H-scores) for IHC staining of HIF-1α, (d) COX-2 (e)
and VEGF-A (f). Dotted lines indicate basal expression of each marker in mice subjected to anaesthesia but no surgery. Values are
mean(s.d.) (9 per group). *P < 0⋅050 (2-way t test)

Peritoneal hypoxia

HIF-1α nuclear staining was reduced significantly by
the use of HWCO2 in undamaged as well as damaged
peritoneal sites (Fig 6a,d). An additional inflammatory
marker, COX-2, was also examined, but no differences
were observed between groups or treatments (Fig. 6b,e).
In contrast, in the group of mice not subjected to tis-
sue damage, HWCO2 appeared to reduce the level of
VEGF-A expression (Fig. 6f ).

Longer-term effect of humidified-warm carbon
dioxide

To evaluate the longer-term effects of HWCO2 on the
peritoneum, mice were killed 10 days after laparotomy. The
tissue damage evident on the day after operation in all
mice not subjected to simulated surgical damage was fully
repaired by day 10 (Fig. 7). In contrast, surgical damage
remained measurable on day 10. As was the case at 24 h
after laparotomy, the use of HWCO2 was associated with
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Fig. 7 Sustained tissue changes assessed at 10 days after
laparotomy in control (no carbon dioxide) and humidified-warm
carbon dioxide (HWCO2) groups in the absence or presence of
damage caused by simulated surgery: a retracted and/or bulged
mesothelial cells and b structural defects in microvilli. Values are
mean(s.d.) (9 per group). *P < 0⋅050 (2-way t test)

less damage 10 days after simulation of surgical trauma
(P = 0⋅001 for cellular retraction and/or bulging, P = 0⋅032
for absent/short microvilli).

Simulated surgery damage and metastatic tumour
formation

To evaluate the influence of HWCO2 on the potential of
colorectal cancer cells to establish tumours, 1000 CT26
colorectal cancer cells were delivered into the peritoneum
immediately before wound closure. In the presence of
simulated surgery damage, both groups of mice had a
substantial tumour burden by day 10, with no significant
differences (Fig. S1, supporting information). No tumours
were evident on the undamaged peritoneal walls following
laparotomy, in contrast to previous findings with dry-cold
carbon dioxide insufflation employed for laparoscopy5.

Discussion

Hydrated peritoneal surfaces serve as sites of fluid, nutrient
and gas exchange. Indeed, these properties underpin the
effect of peritoneal dialysis10. Similarly, when visceral tissue
is exposed to ambient atmosphere, as during laparotomy,
moisture loss is readily evident as diminished reflection
of light, including changes in colour and tissue stickiness.
At the cellular level, the parietal peritoneum mesothelial
cells are stressed, whereby their microvilli are damaged or
lost. Eventually the cells begin to delaminate, exposing the
extracellular basement membrane (ECM), with which nor-
mal mesothelial cells are in intimate contact11,12. In the
context of laparoscopy, this cellular damage is exacerbated
by exposure to dry-cold carbon dioxide-mediated insuffla-
tion. Use of HWCO2 for insufflation affords protection
from such desiccation2,5,13,14. By adapting this concept to
the delivery of HWCO2 into an open abdominal cavity, sig-
nificant protection from the effects of passive desiccation
could be achieved.

It is recognized that damaged peritoneum can serve
as an ideal site for cancer cell attachment and tumour
formation5,15–19. The mechanism(s) that drive this
propensity for tumorigenesis include exposure of the
ECM, and the induction of inflammatory processes
demonstrable by the expression of COX-2 and VEGF-A5.
The loss of mesothelial cell integrity additionally affects
oxygen tension during laparotomy7, and the robust marker
of hypoxia, HIF-1α, was induced during laparotomy
in the present study. HIF-1α was evident 1 day after
open surgery, indicating a persistence of the signals that
induce the expression of, and/or lead to, HIF-1α protein
stabilization20. More generally, the extent of damage and
induction of inflammation measured here would appear
to be less for a 1-h laparotomy procedure than for the
same duration of laparoscopy involving dry-cold carbon
dioxide-mediated insufflation reported previously5. The
use of HWCO2 in both surgical contexts consistently led
to reduced tissue damage and inflammation.

HIF-1α is strongly associated with tumorigenic events;
it acts to facilitate the transcription of a range of genes
that encode proteins responsible for increased tumour
chemoresistance, inflammation, immunosuppression and
escape from apoptosis20. The simple intervention of deliv-
ering HWCO2 ameliorated the induction of hypoxia and
inflammation and, more compellingly, the persistence of
simulated surgical damage was reduced at the peritoneum.
Perhaps this was because the physical tissue damage was not
exacerbated by further tissue desiccation. These differences
are of particular interest considering that mice typically
have very robust wound repair capacity. Nevertheless, the
benefits of reducing desiccation were measurable to at least
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10 days after laparotomy and could explain how this inter-
vention appears to reduce tissue adhesions, which are influ-
enced by the presence of persistent tissue damage21–24.

Others25 have examined the role of HIF-1α expression
by tumour cells on peritoneal metastasis, whereas here the
focus was on the expression of HIF-1α in the peritoneum.
Exposure of the ECM by delaminating mesothelial cells
was associated with increased HIF-1α expression, and it is
to the ECM that the colorectal cancer cells adhere. Based
on gene expression profiling, the mouse CT26 colorectal
cancer cell line represents the mesenchymal subtype26 that
corresponds to 23 per cent of human colorectal cancer
cells, with its predominant transforming growth factor β
activation gene expression signature, stromal invasion, and
propensity to drive angiogenesis27.

The present study suggests that HWCO2 is insufficient
to block tumour formation where cancer cells have imme-
diate access to this damage. However, where the cancer cell
burden is minimal, the interval of time during which tissue
repair might be achieved may be important.

This study was carried out in mice and thus has obvious
limitations when considering translation into patients.
For instance, passive air flow alone was employed in the
control group, which is likely to generate less desiccation
than that associated with active laminar flow systems in
use in modern operating theatres. The duration of surgery
was only 1 h, whereas most laparotomy procedures are
longer. Others28 have explored the role of HWCO2 in the
context of colorectal cancer surgery and have not found a
compelling case for its use in terms of cancer outcomes,
but the numbers were small and the types of surgical
procedure varied. These caveats aside, the peritoneum of
the mouse is very similar to that in humans, and all show
the same propensity to manifest tissue damage associated
with inevitable desiccation during surgery. The events
that can be measured in the tissue by IHC analysis and
scanning electron microscopy are consistent across these
species. Given these findings, the potential benefits of
reducing peritoneal tissue damage while increasing the
rate of tissue repair by employing the simple procedure of
HWCO2 delivery in both closed and open surgery should
be considered.
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Appendix 2: Differential Gene expression results (EdgeR 

method) 
EdgeR	Differential	gene	expression:	FAP	versus	sporadic	tumours	

	 	
Gene	name	 logFC	 logCPM	 LR	 adj.p.value	 Dispersion	 totreads	

PAX6	 5.534573	 3.165873	 153.963176	 6.28E-31	 0.154755	 2352	

SLC1A2	 5.145250	 4.465107	 77.660697	 1.27E-14	 0.270656	 5755	

HCN1	 6.115708	 1.114536	 77.349055	 1.27E-14	 0.363425	 554	

FEZF2	 7.343372	 -1.764786	 59.172143	 9.61E-11	 0.449487	 61	

SLC52A1	 5.163158	 1.030693	 56.304477	 3.30E-10	 0.357334	 522	

RP11-114H21.2	 6.327791	 -1.579832	 53.138328	 1.38E-09	 0.428844	 72	

CCKAR	 4.528624	 2.662075	 50.310032	 4.99E-09	 0.312833	 1656	

HSD17B2	 6.221079	 2.868744	 49.330752	 7.19E-09	 0.625408	 1893	

RP11-496D24.2	 6.830122	 -2.142431	 48.594628	 9.30E-09	 0.456597	 43	

CTB-1I21.1	 6.308307	 -1.965143	 46.306000	 2.57E-08	 0.455017	 51	

WFDC1	 4.241505	 3.533804	 46.210132	 2.57E-08	 0.296455	 3036	

GREM2	 3.874956	 5.361832	 45.045165	 4.27E-08	 0.249116	 10660	

KCNH5	 5.557815	 -1.083591	 44.405803	 5.31E-08	 0.455593	 108	

GRIN1	 5.947488	 -1.425812	 44.315072	 5.31E-08	 0.500502	 82	

EMILIN3	 3.598279	 3.555991	 43.935841	 6.02E-08	 0.213271	 3117	

SMIM2	 6.916564	 -2.491142	 43.347020	 7.62E-08	 0.466077	 30	

AC007126.1	 5.638541	 -1.645867	 42.243014	 1.26E-07	 0.449354	 68	

SLC24A3	 3.519510	 4.020249	 40.343319	 3.15E-07	 0.221491	 4405	

SVEP1	 3.105464	 6.692191	 40.165805	 3.27E-07	 0.167067	 28114	

SBSPON	 4.206523	 3.851939	 39.829267	 3.65E-07	 0.338576	 3759	

MTHFD2P1	 6.404971	 -1.549492	 39.751722	 3.65E-07	 0.659504	 74	

LINC00390	 6.290435	 -2.492192	 39.164519	 4.71E-07	 0.452086	 30	

RP11-824M15.3	 5.239534	 -0.307981	 38.150629	 7.58E-07	 0.520942	 196	

SYT9	 5.326240	 -1.646560	 37.637557	 9.44E-07	 0.459421	 68	

TRPM3	 4.724733	 1.481056	 36.923788	 1.31E-06	 0.462962	 715	

TRIM51GP	 6.873213	 -3.080650	 33.407068	 7.65E-06	 0.459459	 14	

LRP1B	 4.338155	 1.317322	 32.877535	 9.67E-06	 0.429341	 648	

RP11-527H14.2	 3.984679	 0.648864	 32.755201	 9.93E-06	 0.345746	 401	

TFAP2B	 5.789150	 -1.390108	 32.472506	 1.11E-05	 0.709239	 85	

RP11-956J14.1	 4.767201	 -1.515816	 29.680115	 4.52E-05	 0.488281	 76	

NR1D1	 3.019834	 4.539606	 29.442659	 4.94E-05	 0.212560	 6168	

HOXB13	 5.283888	 -2.588050	 28.735439	 6.72E-05	 0.461465	 27	

LRIG1	 2.296065	 6.889620	 28.728095	 6.72E-05	 0.115072	 31145	

VAC14-AS1	 3.713831	 -0.601696	 28.601489	 6.96E-05	 0.307455	 158	

SP5	 3.474210	 1.803344	 27.386269	 0.000126657	 0.310607	 908	

MAGI1	 2.203762	 4.422529	 27.171982	 0.000135591	 0.109534	 5817	

RP5-978I12.1	 5.495796	 -2.911449	 27.147032	 0.000135591	 0.438247	 18	

CACNA2D3-AS1	 5.438154	 -2.684659	 26.811053	 0.000157087	 0.525136	 24	
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RP11-696D21.2	 3.870664	 -1.159347	 26.138119	 0.000213666	 0.353501	 102	

MRVI1	 1.999381	 5.754079	 26.117747	 0.000213666	 0.091526	 14312	

NME8	 3.566656	 1.039616	 25.996378	 0.000221979	 0.342609	 527	

LYPD6B	 5.145703	 -0.635307	 25.510507	 0.000278727	 0.765351	 153	

C8orf34	 3.698785	 0.387715	 25.425736	 0.000284474	 0.373981	 331	

UNC13C	 4.561120	 1.549663	 25.138146	 0.000322711	 0.635211	 742	

RP11-419J16.1	 5.045089	 -1.186404	 24.505741	 0.000432444	 0.731428	 99	

TENM1	 -4.497671	 4.128958	 24.488262	 0.000432444	 0.164125	 4645	

DTX2	 1.896827	 3.881357	 24.422055	 0.00043804	 0.085324	 3983	

RP11-79E3.3	 5.652028	 -3.126773	 24.371686	 0.000440277	 0.459120	 13	

NBEA	 2.066961	 4.060553	 23.660972	 0.000623847	 0.108032	 4413	

ADAMTS17	 2.885877	 4.313347	 23.620181	 0.000624468	 0.238107	 5185	

PKHD1	 4.293299	 -1.348163	 23.043342	 0.00082633	 0.527146	 88	

CAMKK1	 2.276033	 3.620345	 22.778815	 0.000930008	 0.140245	 3283	

KIAA1244	 3.317969	 2.862949	 22.724871	 0.000938437	 0.341439	 1914	

SLC5A1	 3.680971	 -1.095026	 22.636171	 0.000964573	 0.372108	 108	

TMEM35	 3.071556	 3.031706	 22.459832	 0.00103808	 0.288092	 2102	

DBP	 2.844696	 3.325994	 22.382144	 0.001061628	 0.241662	 2697	

RP11-475A13.1	 4.455432	 -0.192195	 22.048609	 0.001240877	 0.662706	 217	

DRD5	 4.479977	 -0.408054	 21.995482	 0.001253708	 0.664433	 182	

RGS7	 3.378042	 2.977143	 21.590934	 0.001521754	 0.375401	 2034	

C1QTNF2	 2.021659	 4.869524	 21.425653	 0.001631084	 0.114153	 7741	

MASP1	 2.738705	 4.937913	 21.228787	 0.001777855	 0.234785	 8050	

GSG1	 3.757181	 -1.394946	 21.178006	 0.001796144	 0.405979	 84	

DENND2A	 1.783483	 4.474770	 21.007417	 0.001932213	 0.086795	 5987	

GALNT16	 2.905339	 4.890169	 20.910542	 0.002000675	 0.273974	 8102	

ZNF556	 3.967885	 -0.019394	 20.792148	 0.002095502	 0.539004	 243	

SLC6A13	 3.951050	 -1.525863	 20.597096	 0.002252714	 0.470078	 75	

SLC45A2	 3.455012	 0.777563	 20.595600	 0.002252714	 0.401448	 433	

LINC01124	 3.516206	 -0.444445	 20.229502	 0.002687521	 0.401966	 177	

AXIN2	 2.228889	 6.169398	 19.430432	 0.004023105	 0.158720	 18774	

SOX3	 4.921041	 -1.859775	 19.342835	 0.004151768	 0.845144	 56	

PROK2	 3.310575	 -1.038319	 19.122022	 0.00459521	 0.344555	 113	

RP11-180K7.1	 4.097305	 -1.000649	 19.043404	 0.004707815	 0.605031	 116	

PPAP2B	 2.614631	 7.791133	 19.022806	 0.004707815	 0.235798	 58576	

HSPB3	 4.624205	 0.090063	 18.736088	 0.005397429	 0.865951	 268	

SSMEM1	 4.813804	 -3.175336	 18.706189	 0.005409619	 0.423064	 12	

RHOJ	 1.896216	 5.528453	 18.560445	 0.005762544	 0.114065	 12387	

WNT2	 -7.855316	 3.000166	 18.354495	 0.006336814	 0.411012	 2150	

VWDE	 4.113350	 1.455115	 18.291834	 0.006379372	 0.693631	 690	

FAM19A3	 3.444335	 -1.565515	 18.278383	 0.006379372	 0.370931	 73	

COL21A1	 2.361575	 4.018013	 18.268929	 0.006379372	 0.191914	 4296	

SNAP91	 2.874636	 -0.422384	 18.190244	 0.006566351	 0.269068	 183	

APCDD1	 3.588976	 9.295087	 17.981960	 0.007236079	 0.524245	 160720	

FAM19A2	 3.546198	 2.172686	 17.928242	 0.007353526	 0.504656	 1140	
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RP11-99J16__A.2	 4.181730	 -2.796691	 17.805473	 0.007750189	 0.427052	 21	

C2orf91	 3.444674	 -2.058788	 17.580351	 0.008621278	 0.339661	 47	

LPPR4	 2.434031	 4.375627	 17.411932	 0.00929748	 0.216667	 5456	

RARRES2	 -5.161384	 5.725405	 17.392580	 0.00929748	 0.289578	 14868	

ATP2A3	 2.180853	 4.241746	 17.309435	 0.00960289	 0.168360	 5149	

OSR1	 1.926611	 5.090806	 17.094289	 0.010633563	 0.128321	 9174	

SCARA3	 -3.939475	 6.445102	 16.963591	 0.011264681	 0.204293	 24378	

GPR141	 2.781493	 1.720682	 16.798884	 0.012150843	 0.300524	 862	

PLOD2	 -3.088273	 6.610131	 16.759361	 0.012271728	 0.143799	 26160	

RSPO1	 3.558566	 2.679335	 16.698677	 0.012406244	 0.548856	 1634	

DCLK2	 1.787264	 3.961065	 16.681478	 0.012406244	 0.109628	 4141	

ADAM22	 2.913085	 2.838260	 16.677800	 0.012406244	 0.343091	 1948	

RECK	 1.696971	 6.456852	 16.521936	 0.013328578	 0.099645	 23366	

ANKRD30BP1	 4.926908	 -3.125993	 16.487603	 0.013414827	 0.651475	 13	

DLGAP2	 3.898460	 0.031619	 16.470612	 0.013414827	 0.665455	 261	

RPL23AP3	 3.601537	 -2.410319	 16.382595	 0.013910442	 0.374074	 33	

ASIP	 3.807788	 -1.096779	 16.320619	 0.014229124	 0.595443	 108	

ADCY7	 -2.250217	 4.829742	 16.219145	 0.014863313	 0.088275	 7720	

NCKAP5	 2.229347	 2.829590	 16.093220	 0.015729308	 0.188341	 1885	

NGFR	 -4.567411	 5.042189	 15.850960	 0.017703155	 0.267337	 9142	

PRUNE2	 1.892107	 6.650142	 15.774640	 0.018239092	 0.133969	 26995	

NR2F1	 2.142553	 4.413871	 15.758142	 0.018239092	 0.177712	 5652	

GJB2	 -5.939627	 3.749692	 15.661519	 0.018919536	 0.373871	 3646	

EPHA6	 3.647387	 -0.627549	 15.653172	 0.018919536	 0.580703	 159	

ACTA2-AS1	 2.489127	 1.902232	 15.626328	 0.019012319	 0.248666	 990	

RP11-243E13.1	 4.815375	 -3.175387	 15.519886	 0.019928852	 0.643842	 12	

RP11-410K21.2	 3.821164	 -3.039115	 15.500901	 0.019947008	 0.284605	 15	

RGN	 3.048045	 1.822083	 15.462749	 0.020170355	 0.408565	 957	

BARX2	 3.611131	 0.780781	 15.411713	 0.020537462	 0.604017	 440	

NRN1	 1.651349	 5.114104	 15.346002	 0.021076077	 0.100366	 9415	

LINC00908	 3.140188	 -0.245909	 15.245857	 0.022018072	 0.418210	 208	

RP11-531A24.5	 2.788795	 0.245453	 15.230268	 0.022018072	 0.319040	 299	

RP11-664D7.4	 4.309615	 -2.762714	 15.024662	 0.024339746	 0.649422	 22	

AC068858.1	 4.483113	 -3.274183	 14.966090	 0.02463221	 0.438745	 10	

RP11-680F20.4	 4.483091	 -3.274183	 14.952903	 0.02463221	 0.439743	 10	

APOA1	 3.454893	 -2.584028	 14.938707	 0.02463221	 0.333838	 27	

ANKFN1	 3.862270	 -0.938371	 14.938152	 0.02463221	 0.687090	 121	

CCDC146	 2.257531	 4.655944	 14.909171	 0.024806793	 0.212510	 6560	

TEF	 2.352239	 4.873728	 14.887168	 0.024892095	 0.234495	 7912	

KCNA1	 -5.042072	 3.841253	 14.749481	 0.026415687	 0.322807	 3837	

SEMA3B	 2.131311	 6.491827	 14.744465	 0.026415687	 0.188682	 23897	

RP11-89B16.1	 3.413156	 -1.384775	 14.623018	 0.027948202	 0.489634	 84	

RP11-71N10.1	 3.594492	 -1.348054	 14.453603	 0.030335099	 0.573126	 87	

ANKRD30B	 4.123103	 -0.682558	 14.418100	 0.030666898	 0.850143	 148	

RP11-389G6.3	 4.531259	 -2.561041	 14.403457	 0.030666898	 0.871470	 28	
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WLS	 1.469212	 6.064329	 14.369933	 0.030975775	 0.082583	 17817	

RP11-532F6.3	 2.964682	 -1.065821	 14.278449	 0.032268081	 0.359319	 111	

RP11-527D7.1	 3.378309	 -0.567745	 14.207946	 0.033244106	 0.532171	 161	

LRRTM1	 3.470932	 -0.444250	 14.191881	 0.033275137	 0.575048	 179	

GALNTL6	 3.091769	 0.151200	 14.051213	 0.035589172	 0.447803	 276	

SHANK2	 3.001907	 0.872533	 13.994273	 0.036409564	 0.428628	 475	

CILP2	 -4.566827	 7.151470	 13.963208	 0.036741953	 0.307347	 39458	

FAM163A	 4.110170	 -2.726686	 13.931918	 0.036927028	 0.638606	 23	

SALL1	 -9.014489	 0.963065	 13.924562	 0.036927028	 0.485834	 494	

TLE1	 1.589425	 4.612612	 13.912447	 0.036927028	 0.101197	 6525	

RP5-858B6.3	 2.868531	 -1.527675	 13.815532	 0.038533835	 0.312679	 75	

COL11A1	 -5.240746	 9.845092	 13.805366	 0.038533835	 0.376785	 244266	

HMCN2	 2.532024	 6.423883	 13.602317	 0.042577851	 0.305725	 23355	

JPH2	 3.189350	 1.966071	 13.591306	 0.042577851	 0.519539	 1031	

DCDC2	 3.732578	 -0.245378	 13.544285	 0.043352629	 0.726728	 204	

LRRN2	 -2.658754	 3.549200	 13.480401	 0.044542385	 0.136463	 3207	

RP11-713P17.3	 2.656440	 -0.269465	 13.449101	 0.044979347	 0.312095	 205	

ALDH1A3	 -4.440225	 3.349244	 13.408275	 0.045532122	 0.295658	 2938	

L3MBTL4	 2.648212	 1.498496	 13.400489	 0.045532122	 0.335542	 744	

RP11-80B9.1	 3.662490	 -2.584310	 13.384575	 0.045609803	 0.495115	 27	

TREM2	 -4.299534	 2.322032	 13.226121	 0.049298768	 0.274365	 1391	

RP11-572C15.5	 4.289744	 -3.326575	 13.207251	 0.049465623	 0.433025	 9	

GPC3	 2.110183	 4.436858	 13.190555	 0.049577747	 0.205191	 5864	

	 	 	 	 	 	 	
	 	 	 	 	 	 	EdgeR	Differential	gene	expression:	Muscle	involvement	vs.	no	muscle	involvement	

	
Gene	name	 logFC	 logCPM	 LR	 adj.p.value	 Dispersion	 totreads	

COL9A1	 -7.549341	 3.883263	 25.702993	 0.006506791	 1.458116	 3200	

MMP1	 -6.506544	 5.466629	 25.306319	 0.006506791	 1.211756	 11558	

GAS2	 3.600725	 1.786894	 24.290446	 0.007347876	 0.413181	 1007	

TNMD	 6.010926	 4.691484	 22.976373	 0.009316338	 0.993896	 7757	

MTRNR2L2	 -3.846771	 2.399944	 22.850837	 0.009316338	 0.583357	 1288	

RP11-863P13.6	 -4.554457	 0.024117	 21.877387	 0.011080949	 0.754335	 240	

HLF	 4.133942	 3.869139	 21.871530	 0.011080949	 0.595501	 4027	

CD9	 2.397894	 7.101570	 21.601818	 0.011159427	 0.243152	 40072	

SDK1	 -1.837420	 4.454181	 21.184929	 0.011767853	 0.165294	 5587	

IGHG4	 -7.809654	 8.208155	 20.827752	 0.011767853	 1.902424	 83187	

CHAD	 4.621918	 4.398461	 20.744364	 0.011767853	 0.748622	 6571	

HMOX1	 -3.523372	 7.381415	 20.723021	 0.011767853	 0.563468	 43972	

HOXB8	 -2.563114	 2.506139	 20.041785	 0.015507439	 0.323427	 1420	

ALDH1A2	 3.086828	 1.680579	 19.703272	 0.017189329	 0.395542	 924	

IGKV1-8	 -7.331858	 -0.310537	 19.518971	 0.017313648	 1.698628	 204	

RP11-685N3.1	 -6.426976	 -1.073629	 19.386063	 0.017313648	 1.328686	 112	

SLC11A1	 -4.032049	 3.311669	 19.318625	 0.017313648	 0.754115	 2597	

SEC14L5	 4.028208	 -0.449467	 19.153499	 0.017829088	 0.546320	 192	
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IGLV3-1	 -7.163154	 4.776372	 18.449337	 0.022721022	 1.903769	 7686	

IGHV1-8	 -8.111500	 0.460143	 18.423555	 0.022721022	 2.148951	 363	

SPANXB1	 -5.657555	 -2.744953	 18.397115	 0.022721022	 0.774874	 22	

RP5-912I13.1	 -7.314943	 -1.553643	 18.099265	 0.023634367	 1.758700	 72	

PNLIP	 -6.156448	 0.064068	 18.065530	 0.023634367	 1.470466	 259	

IGLC6	 -6.000492	 -1.464351	 18.010943	 0.023634367	 1.261406	 81	

LRRN4CL	 3.052822	 3.728745	 17.988692	 0.023634367	 0.440641	 3888	

WSCD2	 4.196849	 1.840169	 17.915342	 0.023634367	 0.727853	 1072	

RP11-863P13.4	 -3.296827	 3.031179	 17.759859	 0.024654242	 0.580599	 2004	

CELA3A	 -7.904988	 -1.006231	 17.693953	 0.024654242	 2.129302	 115	

RP11-863P13.5	 -3.914279	 0.382197	 17.539835	 0.025813459	 0.754553	 312	

REG3A	 -7.660773	 -1.218288	 17.159477	 0.029657863	 2.087873	 97	

ESYT3	 3.963890	 0.434143	 17.149250	 0.029657863	 0.660358	 356	

GREM1	 -1.946082	 7.711122	 16.943080	 0.031404912	 0.232941	 52939	

TNXB	 3.110635	 6.846319	 16.921846	 0.031404912	 0.487844	 35087	

IGLV3-25	 -6.823515	 2.978664	 16.654129	 0.033798693	 1.962225	 2191	

PRSS1	 -6.203180	 0.752186	 16.599501	 0.033798693	 1.670642	 427	

PSPHP1	 -7.486349	 -1.411901	 16.572402	 0.033798693	 2.091076	 81	

TFAP2B	 7.113482	 -1.390108	 16.565396	 0.033798693	 1.356008	 85	

IGLC7	 -8.095083	 4.889229	 16.471824	 0.034574018	 2.520543	 8311	

CDH18	 -3.429802	 1.533190	 16.297879	 0.03692539	 0.667171	 669	

REG1A	 -8.144828	 1.161869	 16.084094	 0.039017489	 2.543806	 572	

KERA	 3.019215	 2.852933	 16.083343	 0.039017489	 0.480906	 2108	

SPANXB2	 -5.030164	 -2.270663	 16.053111	 0.039017489	 0.937372	 37	

HLA-DRB5	 3.119501	 5.893673	 15.930719	 0.04065528	 0.520291	 18463	

MYH7	 8.061640	 -0.452161	 15.853371	 0.041002688	 1.901030	 198	

MAMDC2	 2.935139	 4.580663	 15.810373	 0.041002688	 0.471244	 6736	

REG1B	 -7.130823	 -1.659018	 15.786991	 0.041002688	 2.024320	 67	

IGHV1-24	 -6.404795	 2.387505	 15.707748	 0.041145596	 1.897225	 1447	

MYH1	 4.678497	 2.450352	 15.699898	 0.041145596	 0.996403	 1694	

ZNF704	 1.681556	 5.483577	 15.509617	 0.04421311	 0.176538	 12985	

LINC00689	 3.009344	 -0.680213	 15.486753	 0.04421311	 0.408078	 159	

ANGPTL5	 4.960269	 2.272114	 15.364382	 0.046245886	 1.112173	 1484	

TNXA	 3.207498	 3.814607	 15.263017	 0.047856741	 0.566115	 4259	

	 	 	 	 	 	 	
	 	 	 	 	 	 	EdgeR	Differential	gene	expression:	Gender,	Female	vs.	male	

	 	
Gene	name	 logFC	 logCPM	 LR	 adj.p.value	 Dispersion	 totreads	

RPS4Y1	 -
12.535610	 5.376738	 642.076607	 3.14E-137	 0.093592	 11523	

DDX3Y	 -
12.932410	 4.667364	 564.394047	 1.24E-120	 0.099735	 6981	

KDM5D	 -
11.080807	 4.555566	 506.089348	 3.99E-108	 0.105148	 6499	

TXLNG2P	 -
11.042202	 3.889169	 429.618727	 1.31E-91	 0.116306	 4054	

USP9Y	 - 3.539255	 361.019751	 8.99E-77	 0.136991	 3208	
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11.137370	

UTY	 -
10.039619	 2.450999	 199.268358	 1.34E-41	 0.228165	 1494	

PRKY	 -7.322123	 2.742504	 183.479159	 3.20E-38	 0.194483	 1820	

ZFY	 -
11.483057	 2.011278	 172.225534	 8.04E-36	 0.274630	 1100	

EIF1AY	 -
11.250367	 1.781498	 157.582585	 1.13E-32	 0.292929	 927	

TTTY15	 -
10.710416	 1.254234	 127.454984	 3.93E-26	 0.342025	 636	

NLGN4Y	 -6.318612	 2.686853	 123.676084	 2.40E-25	 0.246627	 1718	

XIST	 7.819586	 7.491928	 93.808143	 7.71E-19	 0.266226	 48015	

TTTY14	 -8.927531	 -0.426927	 87.218363	 1.99E-17	 0.336832	 186	

RP11-576C2.1	 -7.185591	 -1.912242	 50.658160	 2.09E-09	 0.339773	 54	

RP11-424G14.1	 -7.177441	 -1.914688	 50.493167	 2.12E-09	 0.340154	 54	

DAZ1	 -9.796287	 0.333735	 45.966135	 2.00E-08	 1.079769	 306	

TMSB4Y	 -6.991970	 -2.015163	 44.856789	 3.32E-08	 0.380669	 50	

ZNF736P9Y	 -7.210750	 -1.906626	 44.344445	 4.07E-08	 0.451458	 54	

MEGF10	 -4.540979	 2.404306	 38.833953	 6.46E-07	 0.488886	 1391	

DAZ2	 -9.433090	 -0.016359	 36.641732	 1.89E-06	 1.343806	 237	

DDX43	 -3.957296	 1.364732	 34.094857	 6.65E-06	 0.429063	 688	

LINC00278	 -6.254135	 -2.514069	 33.718743	 7.70E-06	 0.375103	 30	

DAZ3	 -8.886236	 -0.530406	 33.445216	 8.48E-06	 1.336997	 162	

SRY	 -6.529168	 -2.323973	 33.124694	 9.58E-06	 0.505105	 37	

RNASEH2CP1	 -6.432791	 -2.379606	 32.632717	 1.18E-05	 0.483116	 35	

CEACAM5	 -7.502772	 -1.568792	 32.419770	 1.27E-05	 0.907897	 77	

TNNI1	 -8.447618	 1.678471	 30.532903	 3.23E-05	 1.578764	 985	

MYL1	 -8.106035	 1.689285	 30.205662	 3.69E-05	 1.508457	 992	

TMPRSS2	 -3.889019	 -1.672847	 29.391388	 5.25E-05	 0.317204	 68	

CKM	 -7.864373	 1.997673	 29.390746	 5.25E-05	 1.506410	 1240	

FOXD3	 -4.219946	 -0.043325	 28.894209	 6.56E-05	 0.536430	 242	

PIGR	 -4.730726	 0.842701	 28.406449	 8.18E-05	 0.697516	 515	

SYT10	 -5.396882	 -1.233497	 28.173687	 8.94E-05	 0.738009	 95	

MYBPC1	 -7.816856	 1.552928	 28.099844	 8.97E-05	 1.551701	 899	

MMP1	 -6.196728	 5.466629	 28.054776	 8.97E-05	 1.146870	 11558	

CTRB2	 -6.179073	 -1.162627	 27.368402	 0.000124282	 0.943043	 102	

MB	 -6.658861	 1.714334	 26.986486	 0.000147333	 1.295293	 1009	

MYBPC2	 -8.076507	 1.348004	 26.822413	 0.000156166	 1.692196	 774	

PMP2	 -4.505665	 0.072273	 26.660016	 0.000165502	 0.661999	 258	

KIRREL3	 -3.026246	 1.309296	 26.366736	 0.000184986	 0.337443	 641	

CSRP3	 -8.366815	 -0.823516	 26.302924	 0.000184986	 1.629129	 147	

MYOG	 -8.366815	 -0.823516	 26.301864	 0.000184986	 1.629219	 147	

ASB5	 -7.587232	 -1.471826	 26.245867	 0.000186	 1.296900	 85	

GFRA3	 -4.191458	 1.215408	 26.147979	 0.000191224	 0.625508	 597	

REG1A	 -8.724620	 1.161869	 25.892657	 0.000213411	 1.937399	 572	

RGS16	 -2.134924	 4.802896	 25.743726	 0.000225519	 0.182762	 7574	

SMYD1	 -7.446545	 -1.583514	 25.564498	 0.000238154	 1.284391	 77	
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CELA3A	 -8.316347	 -1.006231	 25.556399	 0.000238154	 1.671011	 115	

RBMY1A1	 -5.858247	 -2.795717	 25.434346	 0.000248529	 0.490297	 21	

RGS8	 -4.184400	 -0.259497	 25.063381	 0.000295212	 0.603595	 203	

SOX10	 -3.828304	 1.984896	 24.768230	 0.000337306	 0.570889	 1029	

REG3A	 -8.071416	 -1.218288	 24.648123	 0.000350117	 1.644955	 97	

PTPRZ1	 -3.295470	 2.286363	 24.622248	 0.000350117	 0.436497	 1268	

DAZ4	 -6.706013	 -2.310785	 24.402211	 0.000385205	 1.001897	 36	

SLC11A1	 -4.126690	 3.311669	 24.331605	 0.00039232	 0.672739	 2597	

L1CAM	 -3.060748	 3.004593	 24.282048	 0.000395356	 0.388242	 2104	

MYLPF	 -5.693518	 0.491388	 24.245212	 0.00039592	 1.102493	 408	

PSPHP1	 -7.896539	 -1.411901	 23.676156	 0.000522901	 1.655719	 81	

HMOX1	 -3.529303	 7.381415	 23.491716	 0.000565749	 0.529976	 43972	

CHRNG	 -6.674432	 -0.679605	 23.351200	 0.000594951	 1.362442	 165	

MYOD1	 -7.582309	 -1.472923	 23.320887	 0.000594951	 1.541378	 85	

RBMY1B	 -6.281188	 -2.579508	 23.299497	 0.000594951	 0.850655	 27	

SLC35F1	 -3.116799	 0.712199	 23.235532	 0.000605308	 0.398563	 415	

DPP10	 -5.018582	 -2.116244	 23.151736	 0.000622388	 0.670192	 44	

TTTY10	 -5.304257	 -3.045892	 22.968284	 0.000674165	 0.298196	 15	

PLEKHS1	 -3.691445	 -1.580905	 22.708671	 0.000751779	 0.433520	 73	

CDH19	 -3.792377	 2.271339	 22.700607	 0.000751779	 0.615678	 1272	

REG1B	 -7.539455	 -1.659018	 22.363436	 0.00088284	 1.612672	 67	

JAKMIP2	 -3.099593	 -0.637873	 22.235055	 0.000930201	 0.371172	 157	

RASGEF1C	 -3.535639	 -1.175608	 22.044167	 0.0010041	 0.456785	 101	

PNLIP	 -6.025438	 0.064068	 22.033443	 0.0010041	 1.312914	 259	

MYPN	 -6.521690	 -1.318423	 21.931575	 0.001044127	 1.314756	 97	

ERBB3	 -3.301644	 2.531073	 21.856710	 0.001070795	 0.496568	 1543	

VIL1	 -5.952751	 -1.765320	 21.786651	 0.001095608	 1.057998	 65	

CHGB	 -5.532069	 0.330426	 21.758243	 0.001097125	 1.177152	 361	

AGR2	 -5.214155	 -0.731996	 21.568571	 0.001195217	 1.006449	 154	

RP11-317P15.5	 -3.720259	 -0.141906	 21.502665	 0.001220941	 0.580931	 221	

PCDH20	 -3.566915	 2.218266	 20.949429	 0.001608592	 0.596424	 1228	

RBMY1HP	 -5.839247	 -2.827893	 20.785730	 0.001729935	 0.773537	 20	

RP11-208G20.2	 -6.726711	 -2.307307	 20.688195	 0.001797576	 1.336431	 36	

MYH1	 -4.391961	 2.450352	 20.645914	 0.00181258	 0.881312	 1694	

LMOD2	 -6.851837	 -1.058889	 20.625001	 0.00181258	 1.584673	 121	

NRXN1	 -3.854142	 1.467097	 20.511530	 0.001900096	 0.695932	 715	

PPP1R3A	 -6.448005	 -2.316861	 20.351127	 0.002029662	 1.214846	 38	

ACTA1	 -5.275567	 1.278264	 20.339718	 0.002029662	 1.199282	 731	

TNNC1	 -5.079397	 0.423150	 20.240186	 0.002113183	 1.107436	 386	

AC008060.7	 -6.317028	 -1.711835	 20.184836	 0.002133658	 1.358670	 63	

GPM6B	 -2.009101	 3.931333	 20.177761	 0.002133658	 0.205645	 3974	

BCORP1	 -6.014030	 -2.692791	 19.992901	 0.002323784	 0.965082	 24	

TUSC5	 10.092511	 3.520042	 19.868174	 0.002452875	 1.658867	 3541	

NRAP	 -6.047808	 -1.704068	 19.783034	 0.002536416	 1.261502	 69	

CLPS	 -6.968194	 -2.095441	 19.664235	 0.002641977	 1.602457	 45	
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CELA3B	 -6.968194	 -2.095441	 19.663562	 0.002641977	 1.602541	 45	

ADIPOQ	 10.671804	 5.331191	 19.520903	 0.002816517	 1.865434	 12459	

MYBPH	 -6.551499	 -0.420923	 19.462610	 0.002873228	 1.674799	 203	

KRT14	 -3.719673	 -0.851052	 19.275802	 0.003135499	 0.616624	 130	

LINC00162	 -4.775961	 -0.729005	 19.028664	 0.003532135	 1.018492	 140	

MUC2	 -6.430886	 -1.433276	 18.983852	 0.003579168	 1.538880	 88	

KALP	 -3.887050	 -2.059270	 18.850169	 0.003800194	 0.543923	 47	

ACSBG1	 -2.908393	 -0.397319	 18.807709	 0.003846882	 0.406758	 186	

MYH8	 -3.661318	 1.143684	 18.406035	 0.00470211	 0.701333	 644	

IL1RAPL2	 -3.350345	 -1.969920	 18.369805	 0.004716848	 0.414290	 51	

PRSS1	 -5.907909	 0.752186	 18.362710	 0.004716848	 1.581977	 427	

RP5-912I13.1	 -6.484937	 -1.553643	 18.313728	 0.004793154	 1.635063	 72	

RP4-792G4.2	 -3.317248	 -1.365347	 18.238682	 0.004898792	 0.485114	 86	

COL9A3	 -2.269849	 2.221284	 18.235916	 0.004898792	 0.285525	 1206	

TNNC2	 -4.511403	 1.990394	 18.172949	 0.005016136	 1.046697	 1221	

ENSG00270907	 -4.902173	 -1.411993	 18.092049	 0.005161411	 1.062772	 83	

PLIN4	 7.958201	 6.400282	 18.083319	 0.005161411	 1.424295	 25883	

PAX7	 -5.829214	 -0.970943	 18.041559	 0.005227908	 1.461133	 130	

XIRP1	 -3.735251	 -1.515488	 18.022409	 0.005233185	 0.613308	 79	

ATP2A1	 -3.634058	 1.039306	 17.992441	 0.005268753	 0.708660	 603	

PLIN1	 8.049421	 5.679780	 17.970357	 0.005283066	 1.450888	 15969	

NEB	 -2.704010	 3.404134	 17.834928	 0.005622947	 0.418963	 3190	

KRT31	 -5.763013	 -2.751084	 17.638399	 0.006180684	 1.052924	 23	

CD300LG	 3.440446	 2.275459	 17.501867	 0.006583529	 0.433472	 1351	

ROS1	 -3.023878	 -1.026390	 17.363940	 0.007018478	 0.447447	 113	

KRT20	 -4.722709	 -2.169974	 17.226291	 0.007481809	 0.878808	 44	

MYOT	 -3.412104	 0.119422	 17.135850	 0.007780698	 0.644420	 286	

SYT3	 -2.968016	 -1.532336	 16.977933	 0.008384929	 0.399122	 75	

KLHL40	 -5.225303	 -1.837599	 16.891108	 0.008704797	 1.190356	 61	

IGLON5	 -3.529173	 -0.778321	 16.858898	 0.008781209	 0.661300	 136	

C14orf180	 9.193833	 0.796548	 16.793858	 0.009013488	 1.642246	 497	

KLHDC8A	 -2.887737	 -1.323251	 16.757123	 0.009115574	 0.401334	 90	

ANGPTL7	 -4.365207	 1.977222	 16.552882	 0.010070646	 1.088482	 1194	

MYF6	 -4.769020	 -1.818086	 16.458488	 0.010500693	 1.045100	 62	

CPA1	 -5.068552	 0.627213	 16.442009	 0.010508966	 1.388315	 393	

WWC1	 -2.690035	 1.358694	 16.411207	 0.010597676	 0.439395	 663	

AC016735.2	 -3.752895	 -1.197954	 16.349297	 0.010864669	 0.741729	 98	

ADH1B	 6.405191	 5.855641	 16.205298	 0.011632362	 1.196606	 17667	

AC022486.1	 -4.716384	 -3.283589	 16.082999	 0.012313532	 0.349479	 10	

TNNI2	 -3.923989	 1.403169	 16.016762	 0.012655287	 0.925836	 796	

PNLIPRP2	 -6.237433	 -2.585186	 15.935174	 0.013113287	 1.647324	 27	

COX6A2	 -5.231405	 -1.856063	 15.700874	 0.014731121	 1.314807	 60	

GYG2P1	 -3.599972	 -2.374832	 15.555566	 0.015789862	 0.521121	 35	

MUC5B	 -4.793462	 -0.750682	 15.500553	 0.016136586	 1.270933	 155	

ARHGAP36	 -5.555150	 -2.859070	 15.423610	 0.016684378	 1.189726	 20	
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LCE3A	 -5.955123	 -2.623610	 15.384599	 0.016800555	 1.530537	 27	

CTRB1	 -4.474426	 -0.674726	 15.379423	 0.016800555	 1.149814	 150	

RP11-467L24.1	 -2.942086	 -2.284465	 15.369566	 0.016800555	 0.321855	 38	

AMY1A	 -3.555474	 1.399938	 15.297356	 0.017264665	 0.809350	 684	

AREG	 -3.540085	 0.105036	 15.291288	 0.017264665	 0.778848	 270	

SIGLEC10	 -3.124498	 2.318229	 15.268603	 0.017301798	 0.642598	 1313	

SFRP5	 -4.616891	 -2.674634	 15.260811	 0.017301798	 0.815405	 25	

XKR4	 -3.754658	 -1.451255	 15.241630	 0.017357862	 0.777566	 80	

RP1-212P9.2	 -3.932512	 -2.462081	 15.180293	 0.017808089	 0.653885	 31	

CST1	 -3.862635	 -1.953576	 14.852205	 0.021045244	 0.760136	 54	

ANKRD22	 -3.046430	 -1.994237	 14.678422	 0.022921129	 0.449531	 51	

ENC1	 -1.321366	 5.423236	 14.600900	 0.023723278	 0.122444	 11437	

REG4	 -5.789866	 -2.720205	 14.562198	 0.023916268	 1.541212	 24	

RAPSN	 -3.649877	 -0.811941	 14.556884	 0.023916268	 0.826620	 146	

GP2	 -5.388691	 -1.783224	 14.538179	 0.023916268	 1.541767	 60	

KLHL41	 -3.381353	 1.206050	 14.535717	 0.023916268	 0.773639	 677	

CADM2	 -2.981122	 -1.919828	 14.426516	 0.025163774	 0.448283	 55	

AMY2A	 -3.127346	 -0.073173	 14.415478	 0.025163774	 0.647692	 238	

S100A8	 -3.278571	 1.405011	 14.296742	 0.026630003	 0.744976	 684	

HOXD11	 3.154279	 0.299292	 14.217622	 0.027382413	 0.431903	 316	

PCSK2	 -3.371028	 -0.443090	 14.214331	 0.027382413	 0.748598	 179	

RPL3L	 -4.344444	 -2.440374	 14.208453	 0.027382413	 0.905284	 33	

CHRND	 -5.256221	 -1.377994	 14.143189	 0.028171714	 1.573851	 92	

ZFY-AS1	 -5.102360	 -3.098248	 14.064602	 0.029191189	 0.992278	 14	

DDN	 -4.273693	 -0.880397	 14.043787	 0.029333876	 1.145334	 139	

HILPDA	 -1.641974	 4.396500	 13.970861	 0.03014601	 0.198545	 5580	

DRAXIN	 -2.805852	 1.033503	 13.969365	 0.03014601	 0.560866	 532	

CEACAM6	 -5.025025	 -3.179094	 13.868110	 0.031621666	 0.928734	 12	

ANO5	 -2.549299	 -0.205896	 13.838143	 0.031936415	 0.443500	 223	

CIDEC	 8.245708	 3.372710	 13.811652	 0.032195922	 1.918934	 3150	

IGHV3-20	 -4.595045	 -1.092516	 13.784039	 0.032478124	 1.332343	 108	

CXCL5	 -5.883889	 -0.079662	 13.758059	 0.032725786	 2.109738	 234	

PRSS3P2	 -4.233908	 -1.185700	 13.747538	 0.032725786	 1.137261	 100	

FUT3	 -4.692609	 -2.619364	 13.620448	 0.034812433	 1.056438	 27	

LCN2	 -4.874883	 -0.944409	 13.534024	 0.036240782	 1.513534	 121	

ACTN2	 -3.721952	 0.587410	 13.498046	 0.036728737	 0.990628	 435	

EPS8L3	 -3.765676	 -2.779911	 13.412375	 0.038223826	 0.579949	 22	

CXCL1	 -4.339550	 0.246518	 13.330069	 0.039710395	 1.315158	 299	

FAM83H-AS1	 -3.392245	 -2.963050	 13.290041	 0.040336757	 0.323134	 17	

RP11-451G4.2	 -4.012226	 -2.616621	 13.248104	 0.041016231	 0.773603	 27	

RP11-57A19.5	 -2.969705	 -2.390718	 13.229520	 0.041192169	 0.400365	 34	

FABP1	 -3.700239	 -2.098876	 13.174793	 0.041955343	 0.792940	 47	

CIDEA	 7.011558	 1.997627	 13.174175	 0.041955343	 1.616066	 1218	

GFAP	 -3.549583	 -0.526548	 13.152495	 0.042094744	 0.893632	 167	

XIRP2	 -4.567656	 -1.083254	 13.144522	 0.042094744	 1.376924	 118	
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CDX2	 -4.887244	 -3.189870	 13.136988	 0.042094744	 0.937486	 12	

NPY5R	 6.035849	 -1.953512	 13.123163	 0.042176027	 0.878072	 54	

CLDN3	 -4.515748	 -2.289650	 13.075219	 0.043035131	 1.151290	 39	

ANKRD1	 -4.155670	 -1.745613	 13.065137	 0.043035131	 1.085287	 66	

OR7E47P	 -4.574014	 -2.682673	 12.993836	 0.044288622	 1.046110	 25	

AC004947.2	 5.738515	 -2.215452	 12.991340	 0.044288622	 0.742303	 41	

TRIM72	 -4.106861	 -1.817515	 12.964025	 0.04467357	 1.066305	 62	

DIO2	 -1.696238	 5.795405	 12.943041	 0.04467357	 0.230122	 14854	

RP11-30J20.1	 -4.364975	 -1.607689	 12.941512	 0.04467357	 1.249593	 69	

CELA2A	 -4.993951	 -2.144139	 12.935721	 0.04467357	 1.505705	 43	

CHST9	 -2.960849	 -2.322634	 12.920286	 0.044709574	 0.439510	 36	

RP11-583F24.7	 6.209180	 -1.895957	 12.892913	 0.044709574	 0.990147	 55	

PI3	 -4.867351	 -2.654201	 12.892762	 0.044709574	 1.279905	 25	

KLB	 7.032626	 1.156547	 12.882742	 0.044709574	 1.625792	 651	

SOD2	 -2.286090	 7.656600	 12.882204	 0.044709574	 0.421000	 54821	

IL1R2	 -2.742526	 1.182736	 12.876618	 0.044709574	 0.585747	 597	

TCN1	 -3.278177	 -3.041047	 12.780750	 0.046823574	 0.263527	 15	

LMOD3	 -3.593370	 -0.736667	 12.741454	 0.047578573	 0.936313	 156	

DKK1	 -2.542401	 1.063854	 12.713317	 0.048059498	 0.508356	 539	

	 	 	 	 	 	 	
	 	 	 	 	 	 	EdgeR	Differential	gene	expression:	Margins	involved	vs.	clear	margins	

	 	
Gene	name	 logFC	 logCPM	 LR	 adj.p.value	 Dispersion	 totreads	

MYL1	 -8.528135	 1.689285	 23.934724	 0.01573589	 1.758846	 992	

DAZ2	 -9.018740	 -0.016359	 22.904122	 0.01573589	 1.891018	 237	

CKM	 -8.101094	 1.997673	 22.825181	 0.01573589	 1.757552	 1240	

MB	 -6.796507	 1.714334	 21.418967	 0.020451072	 1.480626	 1009	

DAZ3	 -8.472165	 -0.530406	 21.341517	 0.020451072	 1.842463	 162	

IGLV3-1	 -7.481751	 4.776372	 20.473333	 0.026814474	 1.819448	 7686	

MYBPC2	 -8.233138	 1.348004	 19.836743	 0.028822056	 2.051317	 774	

MYPN	 -7.367665	 -1.318423	 19.785001	 0.028822056	 1.519652	 97	

HORMAD1	 2.865387	 -0.692913	 19.471716	 0.030184273	 0.283659	 149	

CHGB	 -5.781015	 0.330426	 18.843686	 0.037750008	 1.286203	 361	

NRAP	 -6.884126	 -1.704068	 18.363578	 0.04231935	 1.436953	 69	

MYBPC1	 -7.403644	 1.552928	 17.992171	 0.04231935	 1.993265	 899	

RP11-146N23.1	 -4.500486	 -2.459361	 17.937986	 0.04231935	 0.508013	 32	

TNNI1	 -7.809869	 1.678471	 17.923892	 0.04231935	 2.154700	 985	

IGLV3-27	 -7.092899	 -1.634721	 17.495240	 0.04231935	 1.662156	 70	

COL9A1	 7.430619	 3.883263	 17.463318	 0.04231935	 1.742882	 3200	

MYO18B	 -5.138104	 -0.712916	 17.448619	 0.04231935	 1.091446	 156	

SOX3	 -5.444623	 -1.859775	 17.357328	 0.04231935	 1.026349	 56	

CSRP3	 -7.953110	 -0.823516	 17.283878	 0.04231935	 2.162727	 147	

MYOG	 -7.953110	 -0.823516	 17.283193	 0.04231935	 2.162843	 147	

RP5-912I13.1	 -7.310878	 -1.553643	 17.174621	 0.04231935	 1.828813	 72	

IGHG4	 -7.201846	 8.208155	 17.125370	 0.04231935	 2.070998	 83187	
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DAZ1	 -7.266187	 0.333735	 17.038040	 0.042384262	 1.994548	 306	

	 	 	 	 	 	 	
	 	 	 	 	 	 	EdgeR	Differential	gene	expression:	Age	<35	vs.	>/=35	

	 	 	
Gene	name	 logFC	 logCPM	 LR	 adj.p.value	 Dispersion	 totreads	

CAPN6	 -4.703168	 3.080140	 29.512617	 0.000987894	 0.628284	 2648	

ANGPTL7	 -5.545996	 1.977222	 28.246293	 0.000987894	 0.832082	 1194	

LEP	 -7.226400	 2.588440	 28.165238	 0.000987894	 1.229006	 1801	

IGHV2-70	 -6.193497	 -1.162713	 26.603091	 0.001661898	 0.781502	 105	

CHRNA1	 -4.120873	 1.691530	 25.044122	 0.002981756	 0.585897	 976	

PLIN4	 -6.438332	 6.400282	 24.451542	 0.003379199	 1.236940	 25883	

AQP7	 -4.493065	 2.909502	 23.735545	 0.003762244	 0.728106	 2292	

AMPD1	 -6.538950	 -1.979611	 23.600873	 0.003762244	 0.786434	 53	

IGLV3-1	 -7.857029	 4.776372	 23.245702	 0.003762244	 1.709787	 7686	

MB	 -6.998914	 1.714334	 23.098087	 0.003762244	 1.417240	 1009	

DGAT2	 -4.793308	 3.286121	 22.938208	 0.003762244	 0.838240	 2866	

GPD1	 -6.383910	 4.576745	 22.910971	 0.003762244	 1.300228	 7309	

DAZ2	 -9.018160	 -0.016359	 22.646780	 0.003984628	 1.894567	 237	

IGHV1-24	 -7.437857	 2.387505	 22.313309	 0.00440148	 1.622049	 1447	

G0S2	 -5.254295	 4.225138	 22.098894	 0.004593413	 1.008682	 5657	

LIPE	 -3.803177	 3.951294	 21.778260	 0.005089393	 0.607229	 4612	

MYEOV	 -4.170411	 -1.293214	 21.271886	 0.005338923	 0.549744	 95	

IGKV1D-33	 -6.734143	 0.943674	 21.264013	 0.005338923	 1.439050	 519	

MYBPC1	 -7.948702	 1.552928	 21.130898	 0.005338923	 1.837242	 899	

NAT8L	 -4.354291	 1.957605	 21.126960	 0.005338923	 0.769765	 1149	

DAZ3	 -8.471301	 -0.530406	 21.072981	 0.005338923	 1.847008	 162	

PIK3C2G	 -6.816723	 -1.753261	 21.001125	 0.005338923	 1.103826	 66	

TRDN	 -5.927396	 0.335993	 20.990714	 0.005338923	 1.176286	 363	

IGHV4-55	 -7.636257	 -1.181617	 20.702163	 0.005948367	 1.517054	 103	

CHIT1	 -8.416848	 5.013782	 20.622132	 0.005954181	 2.116023	 10407	

TRHDE-AS1	 -5.531477	 1.709979	 20.494908	 0.006118597	 1.150820	 985	

CHGB	 -5.969005	 0.330426	 20.377428	 0.006264989	 1.231656	 361	

MLXIPL	 -5.646217	 1.843749	 20.303722	 0.006270834	 1.202174	 1080	

CD177P1	 -6.890679	 -1.701619	 20.238918	 0.006270834	 1.208535	 69	

TNNT1	 -7.312918	 -1.357273	 19.920504	 0.006958123	 1.448577	 94	

PLIN1	 -6.041038	 5.679780	 19.912476	 0.006958123	 1.384618	 15969	

IGHV4-39	 -6.457440	 3.422352	 19.794397	 0.006980321	 1.524697	 2997	

IGHE	 -7.581076	 -1.229053	 19.785968	 0.006980321	 1.592011	 99	

LRRTM4	 -4.216206	 -1.410913	 19.726685	 0.006980321	 0.591641	 88	

THRSP	 -6.694738	 2.012957	 19.674423	 0.006980321	 1.592816	 1209	

IGHV4-4	 -4.849855	 -0.046477	 19.470432	 0.007551142	 0.931115	 250	

CKM	 -7.524792	 1.997673	 19.327356	 0.007595412	 1.898620	 1240	

KLHL40	 -6.707746	 -1.837599	 19.229741	 0.007595412	 1.214392	 61	

PLA2G2D	 -5.905647	 0.433135	 19.209575	 0.007595412	 1.305755	 374	

IGKV1-5	 -5.048136	 2.441579	 19.189325	 0.007595412	 1.082378	 1519	
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MYL1	 -7.695145	 1.689285	 19.174692	 0.007595412	 1.957680	 992	

IGHG4	 -7.554355	 8.208155	 19.143531	 0.007595412	 1.978361	 83187	

CD177	 -5.500334	 1.401586	 19.120018	 0.007595412	 1.218877	 799	

TUSC5	 -6.656727	 3.520042	 18.787940	 0.00854212	 1.678535	 3541	

PPP1R1A	 -5.715343	 1.787529	 18.775630	 0.00854212	 1.325628	 1032	

PRKAR2B	 -3.397562	 4.308775	 18.729391	 0.00854212	 0.583188	 6098	

KLB	 -5.849591	 1.156547	 18.726230	 0.00854212	 1.356538	 651	

ALDH1L1	 -5.165127	 1.534198	 18.456991	 0.009364246	 1.150650	 861	

COL9A1	 7.613368	 3.883263	 18.444913	 0.009364246	 1.703802	 3200	

CYP4B1	 -5.693364	 0.038223	 18.433113	 0.009364246	 1.268139	 283	

AQPEP	 -3.576799	 1.328266	 18.382292	 0.00942878	 0.629425	 732	

AC090044.2	 -4.269826	 -2.569971	 18.154119	 0.010263789	 0.368975	 28	

AC008060.7	 -7.107229	 -1.711835	 18.100554	 0.010263789	 1.553241	 63	

COX6A2	 -6.680424	 -1.856063	 18.093684	 0.010263789	 1.324105	 60	

ZCCHC5	 -2.652629	 0.089782	 18.076850	 0.010263789	 0.346203	 286	

NRAP	 -6.880877	 -1.704068	 18.012931	 0.010424692	 1.445019	 69	

HRASLS5	 -4.152811	 0.961947	 17.874663	 0.01096395	 0.829092	 562	

AC090044.1	 -3.453844	 -1.366464	 17.819798	 0.01096395	 0.480316	 88	

C14orf180	 -6.080577	 0.796548	 17.817620	 0.01096395	 1.497054	 497	

KIAA1239	 -5.786992	 -1.448466	 17.753277	 0.011152055	 1.154992	 86	

MYH7	 -6.941204	 -0.452161	 17.712851	 0.011204831	 1.696924	 198	

GPAM	 -2.248214	 5.364655	 17.543489	 0.012050858	 0.294906	 12001	

GLYAT	 -6.168429	 -0.106704	 17.507274	 0.012087624	 1.495268	 252	

RP4-555D20.2	 -4.389329	 -0.665135	 17.413971	 0.012483762	 0.860180	 150	

FCRL1	 -5.309799	 -1.308829	 17.381640	 0.012483762	 1.073845	 93	

CR2	 -7.135413	 0.257768	 17.199368	 0.012483762	 1.913974	 313	

TNNI2	 -4.221875	 1.403169	 17.174503	 0.012483762	 0.897004	 796	

MUC2	 -7.217836	 -1.433276	 17.170699	 0.012483762	 1.746884	 88	

MS4A1	 -5.078025	 1.186878	 17.123995	 0.012483762	 1.205605	 622	

ADIPOQ-AS1	 -6.327178	 -2.141885	 17.101142	 0.012483762	 1.236473	 45	

PER1	 2.314429	 5.601223	 17.083350	 0.012483762	 0.288213	 12706	

CSRP3	 -7.952047	 -0.823516	 17.046459	 0.012483762	 2.169999	 147	

MYOG	 -7.952047	 -0.823516	 17.045798	 0.012483762	 2.170113	 147	

CIDEA	 -5.646895	 1.997627	 17.025504	 0.012483762	 1.443417	 1218	

DAZ1	 -7.242482	 0.333735	 16.966190	 0.012483762	 1.989270	 306	

DDIT4	 2.170906	 5.679382	 16.963121	 0.012483762	 0.258640	 13347	

ACVR1C	 -3.870428	 0.714103	 16.961952	 0.012483762	 0.770436	 466	

CTB-43E15.4	 -5.404391	 -1.762938	 16.960982	 0.012483762	 1.034584	 64	

IGKV2-40	 -6.661716	 -1.963606	 16.948578	 0.012483762	 1.454878	 52	

IGHV3-21	 -5.214898	 1.902357	 16.899230	 0.012483762	 1.287326	 1028	

RP5-912I13.1	 -7.308973	 -1.553643	 16.891090	 0.012483762	 1.837499	 72	

REG1A	 9.891876	 1.161869	 16.888880	 0.012483762	 2.598579	 572	

MIR27A	 -5.406786	 -2.744282	 16.883493	 0.012483762	 0.668996	 23	

ACTN2	 -4.226896	 0.587410	 16.878820	 0.012483762	 0.896002	 435	

IGKV1-39	 -5.369621	 2.574767	 16.877033	 0.012483762	 1.357224	 1653	
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HMGA1P4	 4.942080	 -2.943182	 16.826369	 0.012672416	 0.276947	 17	

SCUBE1	 -2.831798	 0.245779	 16.703715	 0.013363243	 0.434798	 325	

TDO2	 3.824816	 4.597623	 16.579179	 0.013997673	 0.698138	 6303	

MYBPH	 -7.000040	 -0.420923	 16.554685	 0.013997673	 1.869995	 203	

IGKV2D-40	 -6.159429	 -1.205835	 16.551437	 0.013997673	 1.455207	 101	

PCK1	 -5.296831	 1.451410	 16.463979	 0.014497372	 1.347094	 803	

MSLN	 -3.531524	 -0.987298	 16.383063	 0.014965154	 0.596825	 124	

CA3	 -3.611190	 0.937530	 16.340342	 0.015141725	 0.716172	 556	

MYLPF	 -5.354997	 0.491388	 16.290384	 0.015252309	 1.348709	 408	

CIDEC	 -6.290097	 3.372710	 16.286232	 0.015252309	 1.788020	 3150	

MYH1	 -4.269571	 2.450352	 16.266085	 0.015254775	 0.979696	 1694	

TNNI1	 -7.463267	 1.678471	 16.221584	 0.015456317	 2.246841	 985	

PPP1R1B	 -3.558678	 0.999448	 16.175500	 0.015675335	 0.706331	 564	

MMP27	 3.434753	 3.530591	 16.094856	 0.016191958	 0.600984	 2911	

SERPINI2	 -6.044930	 0.116627	 15.920158	 0.017374617	 1.633599	 308	

RP11-260M19.2	 3.373148	 -2.182845	 15.916516	 0.017374617	 0.310113	 41	

NNAT	 -3.209299	 0.881316	 15.904875	 0.017374617	 0.595737	 509	

PAPPA	 1.991990	 5.285618	 15.848356	 0.017641981	 0.236470	 10116	

C3orf72	 2.937298	 -0.388529	 15.839226	 0.017641981	 0.407787	 186	

MYBPC2	 -7.386858	 1.348004	 15.600061	 0.019754172	 2.295099	 774	

BANK1	 -2.163243	 0.953702	 15.589294	 0.019754172	 0.288650	 528	

PSPHP1	 -7.481842	 -1.411901	 15.545045	 0.020032958	 2.175217	 81	

PRG4	 -2.627020	 2.508965	 15.524136	 0.020068214	 0.438886	 1706	

PLA2G16	 -2.214076	 3.970383	 15.448579	 0.020647604	 0.323984	 4664	

IGLV3-25	 -6.624320	 2.978664	 15.435656	 0.020647604	 2.028696	 2191	

MMP1	 6.089385	 5.466629	 15.365555	 0.021234921	 1.519950	 11558	

HBB	 -2.022760	 3.509284	 15.289680	 0.021764266	 0.274565	 3172	

MYOD1	 -7.167681	 -1.472923	 15.285303	 0.021764266	 2.035471	 85	

JSRP1	 -4.146205	 -1.279522	 15.227672	 0.022241761	 0.838457	 98	

IGKV1D-39	 -5.299594	 2.535231	 15.179959	 0.022434385	 1.481627	 1607	

IGKV3D-7	 -5.304612	 -0.894294	 15.178545	 0.022434385	 1.328941	 130	

IGHV4-31	 -7.104482	 1.481120	 15.088715	 0.022970979	 2.263077	 761	

ITLN1	 -7.679933	 0.220821	 15.076449	 0.022970979	 2.439237	 334	

KCNIP2	 -3.149770	 2.626375	 15.060818	 0.022970979	 0.630045	 1856	

RYR3	 -2.107071	 2.351165	 15.030657	 0.022970979	 0.297874	 1493	

ATP1B4	 -4.640565	 -2.265121	 15.011690	 0.022970979	 0.790681	 40	

ABCA8	 -3.174384	 4.897076	 14.999264	 0.022970979	 0.647859	 9216	

APOLD1	 1.375629	 5.780783	 14.998951	 0.022970979	 0.125009	 14224	

SCD	 -2.139389	 6.175808	 14.997485	 0.022970979	 0.314715	 20682	

IGLC7	 -7.760289	 4.889229	 14.992874	 0.022970979	 2.616231	 8311	

AC010969.1	 -5.197267	 -2.853535	 14.918744	 0.023547502	 0.730928	 20	

ACTA1	 -5.040445	 1.278264	 14.908116	 0.023547502	 1.374473	 731	

MIR23A	 -3.588233	 -2.164313	 14.895989	 0.023547502	 0.493032	 44	

SULT1C2	 -3.108393	 0.277140	 14.863239	 0.023547502	 0.588140	 338	

FGF9	 -4.331637	 -0.928582	 14.862764	 0.023547502	 0.976534	 134	
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MTTP	 -5.293454	 -2.785605	 14.856581	 0.023547502	 0.815491	 22	

SORBS1	 -2.238608	 5.366648	 14.843313	 0.023547502	 0.345957	 12258	

MIR24-2	 -1.705030	 4.707692	 14.729863	 0.024819635	 0.206563	 7554	

AL035610.1	 -5.042193	 0.173889	 14.708053	 0.024921062	 1.358383	 320	

GYG2	 -2.166815	 3.690182	 14.644009	 0.025361832	 0.327640	 3767	

MEGF10	 -3.628854	 2.404306	 14.634498	 0.025361832	 0.829508	 1391	

IGKV1D-8	 -5.043066	 -0.603002	 14.633271	 0.025361832	 1.317643	 164	

C6	 -4.640140	 2.364611	 14.536455	 0.026381063	 1.256459	 1537	

IGHV1-8	 -7.338224	 0.460143	 14.531716	 0.026381063	 2.412005	 363	

FAM166B	 -3.213720	 -2.137302	 14.490360	 0.026747125	 0.397944	 45	

IGHV3-9	 -4.933020	 0.671130	 14.478844	 0.026747125	 1.357345	 426	

MGST1	 -3.268377	 3.661312	 14.370091	 0.028137594	 0.709806	 3812	

IGHV3-11	 -4.870078	 0.652887	 14.314720	 0.028537987	 1.343679	 419	

IGKV1-33	 -5.465092	 1.279034	 14.268774	 0.028537987	 1.632106	 660	

SAA2	 -3.965179	 -0.408377	 14.259200	 0.028537987	 0.918372	 198	

APOBEC2	 -4.207162	 -0.963796	 14.243328	 0.028537987	 0.964961	 130	

NOX5	 3.599767	 0.121057	 14.240568	 0.028537987	 0.690225	 265	

HEPACAM	 -4.650996	 -1.136771	 14.234217	 0.028537987	 1.135537	 111	

B3GAT1	 -2.854925	 -2.196201	 14.231662	 0.028537987	 0.288967	 42	

SEMA3A	 1.498931	 4.469835	 14.229701	 0.028537987	 0.154181	 5722	

P2RY12	 -2.424546	 -0.339553	 14.215784	 0.028537987	 0.362836	 207	

IGKV4-1	 -4.415836	 2.121214	 14.207606	 0.028537987	 1.184553	 1203	

SPESP1	 3.034493	 0.371923	 14.203055	 0.028537987	 0.522333	 318	

LPL	 -2.507645	 5.425913	 14.078034	 0.030300886	 0.450883	 12871	

ADIPOQ	 -6.369215	 5.331191	 14.063406	 0.03034046	 2.118136	 12459	

RP11-693J15.5	 -4.420268	 -2.457140	 14.034339	 0.030615524	 0.741716	 32	

RP11-657O9.1	 4.419876	 -2.308137	 14.018814	 0.030672717	 0.652002	 36	

SAA1	 -5.329237	 3.058836	 13.940633	 0.031630155	 1.632911	 2537	

TTR	 4.945573	 -1.339536	 13.937226	 0.031630155	 1.039683	 87	

AC079767.4	 -4.101353	 -2.138431	 13.910206	 0.031887563	 0.738436	 45	

CD79A	 -3.665101	 0.249123	 13.866294	 0.032438629	 0.854756	 311	

CPNE7	 2.557215	 0.437295	 13.798679	 0.033419583	 0.395726	 339	

CHRNG	 -5.987218	 -0.679605	 13.764396	 0.033826239	 1.820431	 165	

TNNC2	 -4.294595	 1.990394	 13.687903	 0.035017465	 1.174213	 1221	

RP11-247C2.2	 -3.283707	 -0.926244	 13.671030	 0.035119385	 0.654590	 124	

FABP4	 -3.130408	 6.311978	 13.636501	 0.035329705	 0.696324	 23929	

IGKV2-30	 -2.615633	 -1.446969	 13.633758	 0.035329705	 0.364658	 84	

CLLU1OS	 -5.076738	 -2.896957	 13.625986	 0.035329705	 0.810335	 19	

HLA-DRB5	 -2.746029	 5.893673	 13.500635	 0.037546215	 0.555769	 18463	

IGKV1D-12	 -4.910224	 -0.160517	 13.478125	 0.037775812	 1.416501	 229	

ATP2A1	 -3.423859	 1.039306	 13.457381	 0.037972411	 0.801102	 603	

GAD1	 2.608687	 1.559432	 13.397986	 0.038966039	 0.440623	 759	

MYPN	 -5.915284	 -1.318423	 13.343709	 0.03987835	 1.758566	 97	

DEFB132	 -6.091597	 -2.363574	 13.322677	 0.040096374	 1.676819	 35	

IGHV4-28	 -5.012624	 -1.543100	 13.243192	 0.041593842	 1.334882	 76	
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SH3GL2	 -4.424929	 -0.808267	 13.215778	 0.041966832	 1.167902	 148	

GP2	 6.659152	 -1.783224	 13.174700	 0.042654504	 1.760036	 60	

RP11-824M15.3	 4.352274	 -0.307981	 13.082148	 0.044562756	 1.009374	 196	

TRIM72	 -4.540402	 -1.817515	 12.956309	 0.047154215	 1.091260	 62	

EGR3	 -2.514228	 3.785659	 12.955372	 0.047154215	 0.490482	 4094	

PAX7	 -5.641415	 -0.970943	 12.922200	 0.047732067	 1.754393	 130	

MYH14	 -2.833205	 0.734559	 12.896934	 0.047911361	 0.589437	 465	

PFKFB1	 -3.599609	 0.094254	 12.894614	 0.047911361	 0.889699	 293	

TNFRSF13B	 -5.025012	 -2.963825	 12.875048	 0.048151768	 0.872266	 17	

FGFBP2	 -3.536149	 -0.405238	 12.829399	 0.049074141	 0.843902	 203	

	 	 	 	 	 	 	
	 	 	 	 	 	 	EdgeR	Differential	gene	expression:	No	mitoses	vs.	any	mitoses	

	 	
Gene	name	 logFC	 logCPM	 LR	 adj.p.value	 Dispersion	 totreads	

SLC24A3	 3.143636	 4.020249	 47.946439	 1.17E-07	 0.194597	 4405	

CHIT1	 8.968947	 5.013782	 45.273496	 2.28E-07	 1.318998	 10407	

PAX6	 4.530328	 3.165873	 43.951260	 2.41E-07	 0.436308	 2352	

ITLN1	 8.996201	 0.220821	 43.809358	 2.41E-07	 1.172788	 334	

MTHFD2P1	 7.111881	 -1.549492	 42.117377	 3.85E-07	 0.690394	 74	

ABCC8	 4.863883	 -1.257764	 42.095801	 3.85E-07	 0.383602	 99	

FREM1	 3.824680	 3.819082	 38.758777	 1.82E-06	 0.358776	 3948	

HCN1	 5.194315	 1.114536	 36.519118	 5.03E-06	 0.654631	 554	

AC104135.3	 -8.915404	 0.703336	 34.134741	 1.52E-05	 0.358526	 434	

MAMDC2	 3.308095	 4.580663	 33.180923	 2.15E-05	 0.314215	 6736	

PAGE4	 7.229821	 -2.175089	 32.938830	 2.15E-05	 0.832999	 44	

B4GALNT1	 -2.744673	 3.880375	 32.898646	 2.15E-05	 0.112682	 3885	

LGI1	 3.884609	 -1.254636	 32.349897	 2.48E-05	 0.336059	 98	

LRP1B	 3.899540	 1.317322	 32.322219	 2.48E-05	 0.432773	 648	

KIAA1549L	 -2.208229	 3.972435	 31.127826	 4.29E-05	 0.082810	 4135	

UPK3B	 3.441753	 -0.281307	 30.864568	 4.60E-05	 0.318530	 210	

PTPRN	 -8.467900	 2.473438	 30.670365	 4.79E-05	 0.521222	 1456	

EPHA6	 3.746379	 -0.627549	 30.107745	 6.04E-05	 0.381452	 159	

SLC52A1	 4.293055	 1.030693	 29.833303	 6.39E-05	 0.564211	 522	

PKD1L2	 3.337422	 1.768972	 29.793278	 6.39E-05	 0.347194	 962	

RP11-114H21.2	 5.659818	 -1.579832	 29.027259	 9.04E-05	 0.792305	 72	

ADAM22	 2.794405	 2.838260	 28.771820	 9.76E-05	 0.252317	 1948	

ADRB3	 4.455435	 -2.296796	 28.703882	 9.76E-05	 0.359307	 38	

SERTM1	 4.069389	 -0.974838	 28.578940	 9.97E-05	 0.457266	 126	

CHST6	 -3.311523	 4.036808	 28.491491	 0.000100161	 0.176838	 4351	

ABCA10	 3.615705	 3.505729	 28.038431	 0.000121707	 0.443863	 3495	

SLC1A2	 4.020822	 4.465107	 27.654497	 0.000142923	 0.557017	 5755	

WFDC1	 3.462214	 3.533804	 27.210830	 0.000173358	 0.418769	 3036	

RP11-496D24.2	 6.291908	 -2.142431	 27.086773	 0.000178473	 0.904860	 43	

GALNT16	 2.601929	 4.890169	 26.925678	 0.000187518	 0.235461	 8102	

ATP1A2	 2.750520	 3.369629	 26.727333	 0.000201084	 0.264573	 3009	
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SH3GL2	 5.006706	 -0.808267	 26.458400	 0.000223894	 0.782383	 148	

PCDH8	 6.349160	 -1.987105	 25.343211	 0.000378012	 1.037098	 53	

AC007126.1	 4.989872	 -1.645867	 25.330356	 0.000378012	 0.731333	 68	

RPLP0P2	 -3.020881	 3.434419	 25.229971	 0.00038683	 0.171090	 2802	

NR3C2	 2.227486	 2.538806	 24.963983	 0.000429186	 0.178498	 1640	

FEZF2	 6.173315	 -1.764786	 24.921021	 0.000429186	 1.081390	 61	

ST8SIA2	 -5.117301	 2.167529	 24.831175	 0.000429186	 0.363682	 1169	

CDON	 2.279663	 5.455166	 24.820975	 0.000429186	 0.193449	 12392	

HSD17B2	 5.082305	 2.868744	 24.533511	 0.000485768	 0.970895	 1893	

ANXA8L2	 5.418355	 -1.610704	 24.133869	 0.000583185	 0.904446	 75	

ADAM23	 -2.068706	 3.813169	 24.063006	 0.00059064	 0.096232	 3753	

PTPRQ	 3.820971	 -0.771230	 23.520741	 0.000743378	 0.519702	 150	

TM4SF19	 3.774006	 -0.948433	 23.461994	 0.000743378	 0.496080	 130	

ALDH3A2	 1.518173	 4.893167	 23.445706	 0.000743378	 0.085603	 8392	

NLGN4X	 -3.064140	 3.690406	 23.445241	 0.000743378	 0.190362	 3333	

SPOCD1	 -4.805669	 2.400479	 23.393835	 0.000747266	 0.360688	 1394	

SBSPON	 3.383768	 3.851939	 23.218197	 0.00080166	 0.469671	 3759	

AL035610.1	 5.277057	 0.173889	 23.070201	 0.000848127	 1.063194	 320	

CD8BP	 -4.699241	 2.635456	 22.878248	 0.000918442	 0.361197	 1595	

HLF	 3.716145	 3.869139	 22.792603	 0.000941465	 0.578295	 4027	

LINC00390	 5.774863	 -2.492192	 22.738697	 0.00094956	 0.890493	 30	

RP11-389G6.3	 4.971576	 -2.561041	 22.702231	 0.00094956	 0.617042	 28	

ABCA9	 2.937022	 4.124702	 22.655814	 0.000954763	 0.360257	 5306	

SVEP1	 2.391623	 6.692191	 22.516858	 0.001007716	 0.236557	 28114	

DNASE2B	 4.681260	 -0.916423	 22.335922	 0.001087489	 0.824022	 135	

IL22RA1	 4.051351	 -2.568674	 22.213314	 0.001138855	 0.365158	 28	

GPC6	 -2.212318	 5.953584	 22.067962	 0.001196282	 0.120974	 16159	

RP11-529H2.1	 6.417028	 -2.687213	 22.052666	 0.001196282	 1.087680	 25	

KIAA1244	 2.845978	 2.862949	 21.860152	 0.001300465	 0.346615	 1914	

RP11-956J14.1	 4.202655	 -1.515816	 21.637170	 0.001416286	 0.635546	 76	

SYT9	 4.579670	 -1.646560	 21.633570	 0.001416286	 0.751958	 68	

MICAL2	 -2.268741	 6.811387	 21.464946	 0.001521905	 0.130136	 30102	

LZTS1	 -2.139046	 4.593889	 21.407480	 0.001543704	 0.116473	 6436	

RP11-74M11.2	 5.224662	 -3.285512	 21.322973	 0.001588451	 0.290562	 10	

CD8B	 -3.629474	 3.478975	 21.194652	 0.001672696	 0.274094	 2881	

TNFRSF12A	 -2.125486	 5.663295	 21.118076	 0.001711323	 0.117894	 13365	

RP11-553L6.5	 1.781742	 3.699389	 21.079107	 0.001711323	 0.133065	 3573	

COL11A1	 -3.817726	 9.845092	 21.065716	 0.001711323	 0.304789	 244266	

GRIN1	 4.923617	 -1.425812	 20.737075	 0.001981981	 0.950163	 82	

PBX1	 1.670362	 6.440071	 20.729726	 0.001981981	 0.119660	 24752	

NUPR1L	 5.120908	 -3.333657	 20.557905	 0.002137961	 0.248977	 9	

IQCA1	 -3.159461	 2.356128	 20.487041	 0.002188202	 0.220993	 1365	

RAI14	 -1.876612	 7.316038	 20.328711	 0.002344818	 0.099471	 42538	

ANO4	 -5.399013	 5.004643	 20.194371	 0.002456451	 0.518292	 8541	

RP11-664D7.4	 4.584469	 -2.762714	 20.188410	 0.002456451	 0.533155	 22	
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SALL4	 -3.524700	 3.610162	 20.163705	 0.002456451	 0.275514	 3162	

MAGI1	 1.709302	 4.422529	 20.111702	 0.002491792	 0.128481	 5817	

ADAM12	 -3.227941	 9.748069	 20.022297	 0.002549548	 0.247978	 224824	

PPL	 2.960056	 4.665716	 20.019462	 0.002549548	 0.415164	 7279	

TFAP2B	 5.069284	 -1.390108	 19.885610	 0.002700672	 1.069068	 85	

PLAUR	 -1.735351	 5.504581	 19.854361	 0.002711703	 0.088174	 12121	

RMST	 4.279934	 -2.605430	 19.621060	 0.003026873	 0.514035	 27	

SMIM2	 5.794042	 -2.491142	 19.435042	 0.003296726	 1.150726	 30	

MBP	 1.977881	 4.200312	 19.401126	 0.003316314	 0.182130	 5261	

CTB-1I21.1	 5.146273	 -1.965143	 19.342047	 0.003380742	 1.044530	 51	

AOX1	 2.171013	 4.128176	 19.235257	 0.003534123	 0.224231	 5121	

RP11-598F7.3	 4.264985	 -2.019926	 19.202002	 0.00355536	 0.682993	 51	

RP11-527H14.2	 3.167076	 0.648864	 19.129569	 0.003651376	 0.477998	 401	

AC064834.3	 5.566824	 -2.503565	 19.054988	 0.003742502	 1.055744	 31	

CTD-3049M7.1	 3.589227	 0.757247	 19.040112	 0.003742502	 0.626752	 484	

TUBB3	 -3.675846	 1.331876	 18.799027	 0.004157616	 0.290720	 658	

RP11-475A13.1	 3.896662	 -0.192195	 18.778075	 0.004157616	 0.726708	 217	

COL4A5	 2.158852	 2.136713	 18.777568	 0.004157616	 0.221633	 1213	

CYP4F12	 3.631695	 0.995397	 18.662357	 0.004370066	 0.659482	 580	

CCKAR	 3.368611	 2.662075	 18.601793	 0.004464129	 0.578680	 1656	

PENK	 3.121717	 2.404684	 18.508611	 0.004639449	 0.496569	 1525	

SHISA2	 -4.064443	 2.554977	 18.446573	 0.004674334	 0.366654	 1610	

COL4A6	 3.024326	 -0.063608	 18.440933	 0.004674334	 0.435339	 254	

IBSP	 -7.644013	 -0.457014	 18.436285	 0.004674334	 0.582197	 188	

OPCML	 -5.165560	 4.145763	 18.330578	 0.004850319	 0.533858	 4647	

AF067845.1	 4.040051	 -2.762656	 18.328135	 0.004850319	 0.437399	 22	

F2RL1	 -3.563479	 2.962733	 18.293328	 0.004891795	 0.306558	 2057	

AC004947.2	 3.593216	 -2.215452	 18.177085	 0.005149636	 0.456766	 41	

GREM2	 2.851928	 5.361832	 18.022744	 0.005531251	 0.427322	 10660	

P4HA3	 -2.203831	 6.552644	 17.999775	 0.005545577	 0.147808	 25189	

DDIT3	 1.432103	 4.006108	 17.910520	 0.005757499	 0.098260	 4383	

TNC	 -3.669876	 10.171033	 17.843947	 0.005907267	 0.339039	 312863	

ANXA8	 4.326466	 -1.679911	 17.816018	 0.005939615	 0.832354	 70	

ACP5	 3.112542	 4.240960	 17.798070	 0.005941398	 0.517880	 5766	

COL10A1	 -2.212821	 5.607833	 17.756369	 0.005966496	 0.150339	 13264	

COL21A1	 1.945892	 4.018013	 17.755769	 0.005966496	 0.191957	 4296	

TRPM3	 3.640234	 1.481056	 17.683570	 0.006091704	 0.704623	 715	

MEX3A	 -2.610343	 3.827262	 17.673491	 0.006091704	 0.196084	 3745	

PAX8-AS1	 -5.675021	 4.332863	 17.665980	 0.006091704	 0.632509	 5145	

KCNH5	 4.345724	 -1.083591	 17.628817	 0.006158352	 0.920032	 108	

ADAMTS4	 -1.962893	 5.829749	 17.602784	 0.00618987	 0.123675	 14875	

HMCN2	 2.264006	 6.423883	 17.549200	 0.006219202	 0.270251	 23355	

PPAPDC1A	 -1.778158	 5.307634	 17.543766	 0.006219202	 0.104125	 10514	

RP11-824M15.3	 4.115490	 -0.307981	 17.540296	 0.006219202	 0.867429	 196	

BIRC7	 3.817357	 -1.242511	 17.522270	 0.006219202	 0.694413	 102	
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TNFRSF9	 -2.789298	 2.901831	 17.498035	 0.006219202	 0.217533	 1943	

GPRC5A	 2.862277	 3.075046	 17.493054	 0.006219202	 0.440871	 2535	

CLEC1B	 -4.041261	 2.407787	 17.483307	 0.006219202	 0.383769	 1349	

TUBB2A	 -1.488205	 6.088524	 17.467791	 0.006220009	 0.076574	 18345	

PRND	 -2.656487	 2.923326	 17.292669	 0.006766216	 0.202873	 2056	

C8orf34	 2.982156	 0.387715	 17.240680	 0.006803705	 0.463966	 331	

RP11-64D22.2	 3.029234	 -2.025160	 17.237485	 0.006803705	 0.333106	 50	

FAT3	 -3.132224	 3.749837	 17.217428	 0.006803705	 0.270390	 3578	

B4GALNT4	 -4.262137	 3.028675	 17.215211	 0.006803705	 0.428168	 2124	

SYT4	 5.334345	 -2.655027	 17.208233	 0.006803705	 1.072837	 26	

KIAA1199	 -3.474331	 5.719657	 17.184568	 0.0068368	 0.322537	 14791	

LINC00511	 -2.711255	 2.373850	 17.148527	 0.006915366	 0.208086	 1354	

ATP6V0D2	 4.967688	 0.105893	 17.120919	 0.006964254	 1.301265	 303	

NIPAL4	 3.551391	 -2.091847	 17.029274	 0.007254437	 0.518267	 46	

DLGAP2	 3.481281	 0.031619	 16.898031	 0.00768701	 0.653080	 261	

MITF	 1.482797	 4.406804	 16.891397	 0.00768701	 0.112923	 5909	

GJB2	 -3.682619	 3.749692	 16.849563	 0.007801376	 0.355684	 3646	

SORBS2	 1.805460	 4.071008	 16.802561	 0.00793947	 0.172877	 4549	

RP5-978I12.1	 5.018710	 -2.911449	 16.742214	 0.008137485	 0.870492	 18	

ENTPD3	 -3.158914	 3.675400	 16.675502	 0.008368948	 0.283146	 3261	

TRIM51GP	 5.871897	 -3.080650	 16.489603	 0.009165847	 1.305926	 14	

PLN	 2.289850	 2.452540	 16.437210	 0.009356792	 0.290145	 1481	

LGR4	 -2.895752	 6.277832	 16.343037	 0.009765137	 0.255204	 20791	

RP11-855A2.5	 4.560049	 -2.024632	 16.302774	 0.009895151	 0.988909	 51	

IRX6	 2.447164	 1.373508	 16.291834	 0.009895151	 0.331485	 710	

TGFBI	 -2.862970	 9.516749	 16.238475	 0.010108541	 0.252871	 196240	

FAXDC2	 1.697642	 4.528243	 16.161268	 0.010384239	 0.158078	 6624	

RGN	 2.639423	 1.822083	 16.159823	 0.010384239	 0.397364	 957	

PLOD2	 -2.035261	 6.610131	 16.148186	 0.010384239	 0.143968	 26160	

C3orf36	 -5.529710	 -0.435677	 16.136646	 0.010384239	 0.499845	 178	

ABCC13	 4.864661	 -2.501044	 16.034421	 0.010888094	 1.016172	 31	

ADAM19	 -1.985383	 5.171519	 15.995292	 0.011042809	 0.138498	 9677	

PKHD1	 3.612122	 -1.348163	 15.970836	 0.01111375	 0.680132	 88	

PVALB	 -8.529628	 2.555710	 15.841471	 0.01178444	 1.116043	 1529	

TSLP	 3.011905	 -1.005345	 15.835510	 0.01178444	 0.472436	 123	

SLITRK1	 -6.686127	 -1.391803	 15.822978	 0.011786489	 0.484685	 83	

PKD2L1	 3.837426	 -0.864272	 15.801376	 0.011786489	 0.818401	 140	

AC093850.2	 -3.296126	 2.614002	 15.799139	 0.011786489	 0.312702	 1574	

PRKAR2B	 3.221606	 4.308775	 15.771472	 0.011885363	 0.627702	 6098	

RXFP3	 -4.136577	 -0.855144	 15.628489	 0.012739038	 0.302847	 130	

EMILIN3	 2.549747	 3.555991	 15.567761	 0.013026146	 0.389422	 3117	

CHST1	 -2.251551	 2.843145	 15.554616	 0.013026146	 0.171185	 1951	

FIGF	 3.681455	 -0.466032	 15.551440	 0.013026146	 0.783876	 192	

DBX2	 2.872297	 -1.347446	 15.295739	 0.014823106	 0.418977	 91	

SPRR2F	 5.496338	 -3.146733	 15.266432	 0.014907288	 1.182308	 13	
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PLCXD3	 3.097013	 0.827176	 15.262284	 0.014907288	 0.580743	 497	

MCHR1	 -6.284749	 -1.675280	 15.224344	 0.015023069	 0.404177	 67	

SOD3	 1.785274	 4.321423	 15.219267	 0.015023069	 0.186842	 5584	

RP11-616K6.1	 4.747537	 -2.590874	 15.214046	 0.015023069	 1.016430	 28	

PGR	 2.984999	 1.387248	 15.190937	 0.015119102	 0.546219	 760	

HN1	 -1.499286	 4.542301	 15.108730	 0.015700115	 0.088618	 6204	

L3MBTL4	 2.295007	 1.498496	 15.017847	 0.016379335	 0.314229	 744	

KCNIP2	 3.157695	 2.626375	 14.999866	 0.016441107	 0.629935	 1856	

GSTM2	 1.242705	 4.449125	 14.963005	 0.01666963	 0.087367	 5975	

ADAMTS7	 -1.477983	 5.140638	 14.891900	 0.017211523	 0.088240	 9403	

C14orf64	 2.392391	 -0.869118	 14.860577	 0.017400846	 0.297429	 133	

RP11-113C12.4	 -5.273714	 2.620692	 14.819947	 0.017679878	 0.666157	 1631	

DCX	 3.772867	 -1.849166	 14.807433	 0.017698158	 0.759555	 60	

TMEFF2	 3.444934	 -1.375941	 14.729888	 0.018338716	 0.668820	 91	

GALNS	 -1.382291	 5.740335	 14.713973	 0.018392	 0.079489	 14261	

SRPX2	 -1.621159	 5.546504	 14.696116	 0.018465031	 0.105894	 12429	

ABCB5	 3.888580	 0.666343	 14.653831	 0.018780734	 0.965348	 458	

HSD17B13	 3.192237	 0.246063	 14.624881	 0.018967789	 0.637762	 330	

CSF3	 4.171331	 -2.060795	 14.589442	 0.019222467	 0.926375	 49	

RP11-13K12.1	 2.488953	 -0.832167	 14.579374	 0.019222467	 0.336957	 136	

RP11-810B23.1	 4.634279	 -2.653054	 14.440402	 0.020583462	 1.015769	 26	

RXFP1	 3.352517	 -0.898641	 14.374875	 0.021165719	 0.677773	 134	

RARB	 -1.916286	 4.598582	 14.366527	 0.021165719	 0.144455	 6316	

ARHGEF19	 -1.932395	 5.441389	 14.348896	 0.021165719	 0.147566	 11314	

KIAA1217	 -1.409979	 6.731893	 14.348020	 0.021165719	 0.084911	 28451	

PODNL1	 -1.957210	 5.510698	 14.295171	 0.02165494	 0.151500	 12081	

EGFL6	 -3.706889	 4.235109	 14.241518	 0.022165673	 0.426943	 5243	

RP11-308N19.1	 -4.206730	 -0.787904	 14.092938	 0.023863433	 0.369445	 137	

KLF17	 -6.807842	 -1.252679	 14.053856	 0.024095129	 0.633927	 95	

NR4A1	 2.218528	 6.234306	 14.043879	 0.024095129	 0.323543	 22285	

ACACB	 1.965104	 5.309491	 14.043358	 0.024095129	 0.249627	 11613	

RERGL	 3.015711	 0.923190	 14.036383	 0.024095129	 0.599150	 530	

PCDH7	 -1.588349	 5.844889	 14.007467	 0.024345557	 0.107367	 15240	

ACTA2-AS1	 2.019515	 1.902232	 13.984292	 0.024524249	 0.258154	 990	

CXCL13	 -6.301836	 1.640358	 13.969264	 0.024598074	 0.868700	 825	

TMEM132A	 -1.855263	 4.948764	 13.922200	 0.024905819	 0.141277	 8066	

T	 5.263828	 -3.240700	 13.919817	 0.024905819	 1.184509	 11	

SLC16A3	 -1.701908	 5.602208	 13.916621	 0.024905819	 0.121983	 12854	

TENM3	 -1.850065	 7.363397	 13.899977	 0.024905819	 0.142064	 42669	

KRT80	 -3.882333	 1.012242	 13.895201	 0.024905819	 0.431035	 518	

AADACL2	 4.871161	 -2.897944	 13.890602	 0.024905819	 1.101822	 19	

NRG1	 -3.437725	 4.861692	 13.879401	 0.024934237	 0.391930	 7689	

SYT6	 -4.667953	 1.090804	 13.868164	 0.02496375	 0.567592	 556	

LINC00639	 2.569057	 0.434512	 13.803433	 0.025715665	 0.425445	 354	

RP11-63E9.1	 3.312597	 -3.048328	 13.788371	 0.025799804	 0.248201	 15	
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RP1-193H18.2	 2.150603	 1.023682	 13.750806	 0.026196752	 0.294288	 535	

ANXA8L1	 3.730049	 -1.978551	 13.714662	 0.026580368	 0.795143	 53	

LINC00671	 2.731927	 -2.139070	 13.695587	 0.02672624	 0.332056	 44	

LYZ	 2.505938	 5.683796	 13.684052	 0.026765778	 0.429548	 15490	

TSHZ3	 -1.327875	 5.079323	 13.673076	 0.026765778	 0.079170	 9095	

SNAI2	 -1.750226	 6.351334	 13.666668	 0.026765778	 0.130874	 21522	

RP11-798K3.2	 4.138244	 -2.892795	 13.644047	 0.026965912	 0.724923	 19	

FBLIM1	 -1.397333	 5.658852	 13.554409	 0.028155604	 0.088014	 13375	

LY6H	 -3.653589	 -0.256428	 13.523533	 0.028395874	 0.357932	 210	

IL13	 3.213274	 -2.921712	 13.521399	 0.028395874	 0.296373	 18	

SP5	 2.557115	 1.803344	 13.437475	 0.029561017	 0.447877	 908	

AFF3	 1.701315	 4.288338	 13.416557	 0.029758451	 0.191301	 5466	

CPED1	 1.662886	 4.639011	 13.350254	 0.030691606	 0.183437	 7263	

MANSC4	 3.098236	 -2.808701	 13.322394	 0.031012546	 0.311774	 21	

ADRA1A	 2.489735	 -0.669694	 13.287402	 0.031381112	 0.383041	 156	

IRF6	 2.935350	 -0.386184	 13.283650	 0.031381112	 0.571194	 191	

TNFSF4	 -2.948437	 4.372666	 13.259865	 0.031642393	 0.321801	 5518	

AL353791.1	 2.229015	 0.631544	 13.243420	 0.031781813	 0.326758	 409	

VAC14-AS1	 2.738654	 -0.601696	 13.177994	 0.032767764	 0.485539	 158	

SLC6A2	 3.296892	 -1.798949	 13.154425	 0.032921477	 0.648739	 62	

SULF2	 -1.925422	 8.689997	 13.153001	 0.032921477	 0.161080	 110180	

RP11-279O17.1	 3.194537	 -2.801423	 13.137023	 0.03306092	 0.368583	 21	

AL953854.2	 1.995203	 0.281732	 13.110882	 0.033382164	 0.251652	 321	

UNC5B	 -1.742749	 5.442121	 13.102858	 0.033382789	 0.135058	 12092	

RP11-1002K11.1	 -3.301567	 3.813531	 13.089275	 0.033483252	 0.387878	 3723	

FGD4	 1.404879	 3.636660	 13.058004	 0.033903274	 0.129554	 3509	

GOLM1	 -1.671510	 8.325732	 13.028121	 0.034075315	 0.127041	 85171	

MAN2A1	 -1.344241	 6.923757	 13.021611	 0.034075315	 0.085905	 32460	

LYPD6B	 3.995128	 -0.635307	 13.018152	 0.034075315	 1.111087	 153	

NT5DC2	 -1.970006	 7.352108	 13.017180	 0.034075315	 0.169135	 42682	

RP11-1L12.3	 -4.237226	 0.026161	 12.997775	 0.034287998	 0.489670	 258	

CA2	 1.987680	 1.448331	 12.973350	 0.034595253	 0.266433	 725	

GPC1	 -1.549285	 6.262807	 12.936184	 0.034874117	 0.111415	 20254	

RP11-180K7.1	 3.356697	 -1.000649	 12.929465	 0.034874117	 0.758883	 116	

ESYT3	 3.210783	 0.434143	 12.924268	 0.034874117	 0.739718	 356	

RNU6-1039P	 3.707376	 -3.131892	 12.922282	 0.034874117	 0.429692	 13	

C7	 3.201235	 6.114181	 12.910256	 0.034874117	 0.758344	 21212	

RUNX1	 -1.399128	 7.124608	 12.907807	 0.034874117	 0.093213	 37593	

CACHD1	 1.327337	 4.157862	 12.893618	 0.034874117	 0.116782	 5051	

ABCC6	 2.307673	 0.546094	 12.893391	 0.034874117	 0.362037	 387	

AR	 1.214165	 4.484127	 12.890244	 0.034874117	 0.096734	 6144	

MAATS1	 2.598781	 -0.124159	 12.875502	 0.035010956	 0.459063	 245	

LINC00908	 2.582043	 -0.245909	 12.852269	 0.035290841	 0.447485	 208	

FAM13A	 1.262467	 4.289181	 12.845867	 0.035290841	 0.105396	 5516	

SQLE	 -1.399788	 4.382368	 12.828328	 0.035484042	 0.092205	 5584	
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ALS2CL	 1.586510	 2.930888	 12.800092	 0.035883445	 0.170406	 2148	

KDM5D	 -
12.828892	 4.555566	 12.782814	 0.035925138	 2.384883	 6499	

PCYT1B	 -3.057837	 1.212583	 12.777364	 0.035925138	 0.329206	 597	

AC069213.1	 2.271455	 -0.995708	 12.776209	 0.035925138	 0.307829	 122	

OSR1	 1.453615	 5.090806	 12.764926	 0.036004017	 0.144118	 9174	

GALNT2	 -1.239959	 6.433753	 12.742490	 0.036299417	 0.075645	 23093	

KANK1	 1.136932	 4.928700	 12.689901	 0.037192713	 0.085724	 8407	

GPC5	 3.907719	 -2.588607	 12.658548	 0.037647564	 0.838881	 28	

DCSTAMP	 3.586689	 0.061380	 12.653009	 0.037647564	 0.942410	 290	

FOXI2	 3.004103	 -0.731486	 12.625607	 0.038059846	 0.625783	 155	

LINC01120	 -7.113216	 -1.003145	 12.617520	 0.038081695	 0.854312	 115	

WNT10B	 2.382396	 -0.692158	 12.587575	 0.038552321	 0.367789	 157	

LPPR3	 -4.208947	 0.401636	 12.547756	 0.03910354	 0.519282	 338	

SNAP91	 2.231364	 -0.422384	 12.547149	 0.03910354	 0.322902	 183	

AC108142.1	 -2.398404	 3.148395	 12.531527	 0.039216437	 0.239397	 2299	

MGAT5	 -1.315920	 6.758779	 12.527972	 0.039216437	 0.085869	 28799	

DBP	 2.083614	 3.325994	 12.511846	 0.039411489	 0.315245	 2697	

GPC3	 1.705686	 4.436858	 12.488347	 0.039764681	 0.206878	 5864	

CHRNA6	 3.140603	 -1.809019	 12.459720	 0.040231946	 0.622194	 60	

ZNF281	 -1.302943	 4.150700	 12.451342	 0.040266381	 0.082978	 4684	

RASSF6	 3.336220	 -2.213366	 12.440680	 0.040350704	 0.652090	 42	

MDFI	 -1.584783	 5.288941	 12.420173	 0.040514542	 0.120307	 10379	

OTC	 4.665934	 -2.974513	 12.419676	 0.040514542	 1.136493	 17	

AC005062.2	 4.085767	 -2.684404	 12.401385	 0.040767194	 0.928969	 25	

MSRB1	 -1.340357	 4.017404	 12.387243	 0.04093095	 0.087720	 4290	

MMP15	 -1.318967	 4.787287	 12.361950	 0.041138687	 0.086333	 7295	

SLC38A3	 -3.634833	 1.479968	 12.353854	 0.041138687	 0.454884	 695	

GRIA4	 2.578784	 -1.799285	 12.352198	 0.041138687	 0.372682	 61	

TENM1	 -2.275998	 4.128958	 12.351401	 0.041138687	 0.225591	 4645	

NLGN4Y	 -7.004614	 2.686853	 12.331694	 0.041429888	 1.172119	 1718	

RP11-696D21.2	 2.875701	 -1.159347	 12.313244	 0.04169563	 0.557192	 102	

DTX2	 1.305174	 3.881357	 12.278162	 0.042339275	 0.117912	 3983	

PIK3C2G	 4.371403	 -1.753261	 12.251561	 0.042798511	 1.343106	 66	

ZNF385B	 3.511829	 1.530764	 12.230938	 0.043124963	 0.955660	 788	

GLIS3	 -1.994168	 5.284503	 12.183532	 0.043962789	 0.183625	 10329	

MUC16	 4.041879	 -2.146866	 12.182219	 0.043962789	 1.072367	 45	

UNC13C	 3.388667	 1.549663	 12.164976	 0.04416469	 0.891978	 742	

TXLNG2P	 -
12.160205	 3.889169	 12.160941	 0.04416469	 2.349546	 4054	

LOC100421166	 2.890323	 -0.364770	 12.150292	 0.044266984	 0.611946	 207	

PREX2	 1.322421	 4.456480	 12.092872	 0.045422101	 0.123903	 6109	

HLA-G	 -2.331070	 1.770939	 12.089657	 0.045422101	 0.228233	 888	

ATP2A3	 1.633450	 4.241746	 12.077640	 0.045562391	 0.194820	 5149	

DSG2	 -1.576005	 6.013972	 12.063877	 0.045746493	 0.123100	 16909	

NXN	 -1.300655	 6.045185	 12.021322	 0.046646838	 0.087387	 17681	
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SMYD3	 -2.234652	 5.756121	 11.991894	 0.047231798	 0.226936	 14080	

DNER	 2.918231	 -1.538583	 11.972178	 0.047373495	 0.568985	 78	

RPS4Y1	 -
13.652038	 5.376738	 11.972043	 0.047373495	 2.789293	 11523	

HOXB13	 4.122290	 -2.588050	 11.967832	 0.047373495	 1.057814	 27	

RP11-99J16__A.2	 3.605636	 -2.796691	 11.953335	 0.047586966	 0.667584	 21	

MLPH	 1.632706	 2.948576	 11.934014	 0.047902795	 0.194834	 2160	

MCOLN3	 2.122104	 2.685364	 11.928834	 0.047902795	 0.342710	 1877	

CAMKK1	 1.605133	 3.620345	 11.845651	 0.049927996	 0.190466	 3283	

	 	 	 	 	 	 	
	 	 	 	 	 	 	EdgeR	Differential	gene	expression:	Size	<100mm	vs.	>100mm	

	 	
Gene	name	 logFC	 logCPM	 LR	 adj.p.value	 Dispersion	 totreads	

LIPG	 3.469820	 2.382403	 41.285466	 3.50E-06	 0.227157	 1449	

GABRE	 -1.787103	 5.743458	 38.744504	 6.43E-06	 0.085867	 14122	

MYH11	 -3.068032	 6.302766	 36.297086	 1.47E-05	 0.252022	 20601	

COL6A6	 -3.612441	 5.934006	 35.780722	 1.47E-05	 0.339846	 14785	

KCNJ15	 4.241195	 2.126361	 35.221383	 1.57E-05	 0.368193	 1180	

MMP13	 5.933123	 3.607802	 34.251768	 2.15E-05	 0.646479	 3435	

ALDH1A1	 -2.394958	 6.602039	 31.404331	 7.96E-05	 0.185602	 26107	

KIAA1199	 2.878172	 5.719657	 30.697370	 0.0001003	 0.234755	 14791	

RORB	 -3.687886	 2.112603	 29.549405	 0.000161148	 0.414468	 1111	

SPATA20P1	 5.435028	 -0.786644	 29.167793	 0.0001766	 0.479748	 140	

RP11-863P13.4	 -3.771119	 3.031179	 28.974514	 0.000177388	 0.445768	 2004	

SBSPON	 -3.607901	 3.851939	 28.756850	 0.000181946	 0.419316	 3759	

MEIS1	 -1.485956	 4.912606	 28.424949	 0.000199352	 0.081312	 8130	

HAPLN3	 1.809981	 4.565415	 27.563412	 0.000288928	 0.112751	 6588	

COL9A1	 -7.670754	 3.883263	 26.802748	 0.000399667	 1.426968	 3200	

ACTG2	 -2.555555	 3.747738	 26.355611	 0.000472262	 0.246718	 3316	

NR5A2	 -2.157267	 3.766150	 26.193383	 0.000483432	 0.180443	 3488	

AP001434.2	 5.460299	 -1.382342	 25.098317	 0.000805311	 0.493571	 86	

EGFL6	 3.096352	 4.235109	 24.975175	 0.00081324	 0.324955	 5243	

DKK2	 -2.330342	 6.379991	 23.654455	 0.00145447	 0.234206	 21242	

BARX1	 -6.056489	 2.191105	 23.589205	 0.00145447	 1.149837	 1020	

CCDC146	 -1.962132	 4.655944	 23.573006	 0.00145447	 0.168703	 6560	

RP11-556E13.1	 4.274750	 -1.294770	 21.920055	 0.003288253	 0.421033	 94	

BCKDHB	 -1.465113	 4.378730	 21.465694	 0.003926413	 0.104542	 5428	

RSPO2	 6.062372	 2.816628	 21.419877	 0.003926413	 1.067498	 1965	

INSC	 3.967576	 0.680030	 21.269132	 0.004084245	 0.532286	 429	

MYOCD	 -3.172905	 0.110225	 20.960382	 0.004620552	 0.417972	 276	

GREM2	 -2.908128	 5.361832	 20.722450	 0.004953169	 0.401061	 10660	

LRRTM3	 -3.076716	 0.596299	 20.690382	 0.004953169	 0.414495	 394	

TENM4	 1.498199	 4.474883	 20.563723	 0.005009841	 0.106007	 6273	

SORBS2	 -1.773254	 4.071008	 20.540920	 0.005009841	 0.158702	 4549	

OSBP2	 -2.783436	 4.810631	 20.394918	 0.005062282	 0.375945	 6951	
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CLEC3A	 8.022693	 -0.498954	 20.354388	 0.005062282	 1.354311	 189	

CTD-2314G24.2	 -4.862090	 -1.839726	 20.344201	 0.005062282	 0.699443	 57	

RFPL1	 7.345022	 -1.223794	 20.236756	 0.005201708	 1.107640	 96	

EPYC	 3.832876	 0.138623	 20.105875	 0.005415356	 0.514782	 286	

RMST	 -5.713632	 -2.605430	 20.017338	 0.005518665	 0.667799	 27	

RP11-346D6.6	 5.984391	 -2.215466	 19.253367	 0.008014892	 0.606013	 41	

TRPM3	 -3.822287	 1.481056	 19.148144	 0.008251925	 0.681449	 715	

LYPD6B	 -4.904123	 -0.635307	 19.011964	 0.008532702	 0.943435	 153	

ANGPT1	 -1.407966	 3.739764	 18.988851	 0.008532702	 0.108487	 3569	

RPL7AP28	 -4.028772	 -1.052289	 18.844521	 0.008984161	 0.653476	 111	

IGLV3-1	 8.351495	 4.776372	 18.786260	 0.009047413	 1.892815	 7686	

SERPINE2	 2.380709	 5.891967	 18.549064	 0.010013093	 0.279253	 17644	

LEF1	 1.580630	 4.076382	 18.223186	 0.011468537	 0.132047	 4553	

LCN2	 7.648590	 -0.944409	 18.168860	 0.011468537	 1.428775	 121	

IGKV1-12	 6.829060	 1.497833	 18.101735	 0.011468537	 1.453601	 769	

IL17RB	 -2.204307	 3.523181	 18.091684	 0.011468537	 0.273047	 2834	

VWDE	 -3.749256	 1.455115	 18.085471	 0.011468537	 0.698483	 690	

COL21A1	 -1.837064	 4.018013	 18.044414	 0.011484164	 0.193720	 4296	

SHD	 5.790634	 -2.325442	 17.879821	 0.011841713	 0.609454	 37	

AFF3	 -1.709101	 4.288338	 17.877792	 0.011841713	 0.170361	 5466	

PCBP3	 2.504952	 1.546775	 17.875144	 0.011841713	 0.301281	 784	

SLC1A2	 -3.673865	 4.465107	 17.812985	 0.011873045	 0.702208	 5755	

KIAA1244	 -2.642244	 2.862949	 17.799632	 0.011873045	 0.387684	 1914	

SHISA2	 2.765667	 2.554977	 17.688558	 0.012362131	 0.372560	 1610	

PTN	 2.064028	 5.744185	 17.519822	 0.013272126	 0.228453	 15308	

IGHG4	 8.339079	 8.208155	 17.301077	 0.014257487	 2.062891	 83187	

RP11-496D24.2	 -6.498223	 -2.142431	 17.257940	 0.014257487	 1.393731	 43	

FAM20C	 1.349926	 5.607851	 17.236893	 0.014257487	 0.104711	 13433	

RP11-250B2.5	 -2.004006	 2.947595	 17.229537	 0.014257487	 0.237450	 1939	

THSD4	 -2.587387	 5.873431	 17.206701	 0.014257487	 0.390926	 14586	

MGARP	 -2.833840	 2.547776	 17.193506	 0.014257487	 0.455447	 1533	

MATN3	 2.042767	 3.385364	 17.059114	 0.015063739	 0.226800	 2906	

DRD5	 -3.998463	 -0.408054	 17.001712	 0.015287208	 0.777365	 182	

TNC	 2.577377	 10.171033	 16.907060	 0.015825244	 0.353415	 312863	

FAM19A2	 -3.018464	 2.172686	 16.747600	 0.016955508	 0.521944	 1140	

C1QTNF7	 -1.628670	 5.970224	 16.706374	 0.017073143	 0.167220	 16431	

RP11-469A15.2	 5.003422	 -2.840695	 16.678165	 0.017075354	 0.255107	 20	

TUBB2B	 1.290783	 4.884492	 16.651139	 0.017075354	 0.098959	 8006	

WFDC1	 -3.043143	 3.533804	 16.435894	 0.018614771	 0.546114	 3036	

MASP1	 -2.063722	 4.937913	 16.434036	 0.018614771	 0.267515	 8050	

PSPHP1	 -7.485399	 -1.411901	 16.393823	 0.018753423	 2.099340	 81	

UPK3B	 -3.005300	 -0.281307	 16.332361	 0.019088149	 0.485126	 210	

HCN1	 -4.435136	 1.114536	 16.309070	 0.019088149	 1.022822	 554	

UNC5A	 2.690056	 0.589524	 16.267724	 0.019252531	 0.359053	 396	

REG1A	 9.891418	 1.161869	 16.210343	 0.019586824	 2.659240	 572	
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TNFSF11	 3.946150	 0.091527	 15.978262	 0.021856623	 0.699441	 269	

CHIT1	 -7.525103	 5.013782	 15.920385	 0.022249967	 2.363199	 10407	

CHRNB3	 -5.148060	 -2.955350	 15.870205	 0.022291417	 0.658986	 17	

SLC52A1	 -3.732832	 1.030693	 15.843569	 0.022291417	 0.788533	 522	

EVA1A	 1.949310	 2.554797	 15.822134	 0.022291417	 0.221166	 1579	

IGHV1-46	 5.312787	 0.626008	 15.819886	 0.022291417	 1.155047	 408	

RP11-24J23.2	 2.607242	 -0.356764	 15.750065	 0.022291417	 0.319768	 198	

OIT3	 3.138430	 0.159666	 15.747909	 0.022291417	 0.480074	 292	

AC007036.6	 -3.797773	 -2.915664	 15.745246	 0.022291417	 0.234748	 18	

LRP1B	 -3.300650	 1.317322	 15.718120	 0.022291417	 0.644663	 648	

ITLN1	 -7.730614	 0.220821	 15.675337	 0.022291417	 2.380246	 334	

RERGL	 -3.103060	 0.923190	 15.674319	 0.022291417	 0.572940	 530	

IGHV1-8	 9.133962	 0.460143	 15.670216	 0.022291417	 2.440846	 363	

SEMA3B	 -1.649797	 6.491827	 15.622127	 0.022614262	 0.183585	 23897	

PCOLCE2	 -1.778498	 4.064912	 15.478980	 0.024127886	 0.212542	 4620	

HSD17B2	 -4.695198	 2.868744	 15.445595	 0.024293795	 1.208408	 1893	

LINC00390	 -5.980024	 -2.492192	 15.373202	 0.024537057	 1.324380	 30	

C1orf110	 -3.995253	 -2.831109	 15.371561	 0.024537057	 0.376746	 20	

APCDD1	 -2.974421	 9.295087	 15.366773	 0.024537057	 0.564597	 160720	

ZMAT4	 -2.688806	 2.639730	 15.328551	 0.024780376	 0.464870	 1524	

MTHFD2P1	 -5.880221	 -1.549492	 15.194700	 0.026175825	 1.495294	 74	

PAGE4	 -6.250860	 -2.175089	 15.186530	 0.026175825	 1.546565	 44	

RP11-83M16.3	 -4.620905	 -3.219780	 15.026950	 0.028199903	 0.301446	 11	

LGI2	 1.426171	 4.251444	 14.964069	 0.028720091	 0.132866	 5330	

RP11-863P13.5	 -3.697843	 0.382197	 14.955089	 0.028720091	 0.810212	 312	

CCL11	 3.806883	 -0.022485	 14.922313	 0.02887511	 0.704871	 248	

RP11-956J14.1	 -4.069446	 -1.515816	 14.908298	 0.02887511	 0.825672	 76	

TUBBP5	 -5.052389	 -3.032418	 14.867442	 0.029226283	 0.690903	 15	

RP11-419J16.1	 -4.515540	 -1.186404	 14.737804	 0.03101074	 1.054119	 99	

JAK3	 2.019622	 3.186699	 14.711544	 0.031151819	 0.257925	 2492	

IGLC7	 8.887264	 4.889229	 14.617955	 0.032434475	 2.642874	 8311	

RP3-439F8.1	 3.243393	 -1.800548	 14.596378	 0.032506984	 0.372729	 61	

IGLV3-21	 5.519029	 1.713526	 14.575659	 0.03256758	 1.367174	 885	

HLA-DQA2	 2.773510	 2.879122	 14.557637	 0.032584363	 0.459606	 1940	

PLN	 -2.105305	 2.452540	 14.484365	 0.033534116	 0.309818	 1481	

DCDC2	 -3.415186	 -0.245378	 14.467201	 0.033534116	 0.705977	 204	

PTX3	 2.290825	 3.202461	 14.453275	 0.033534116	 0.330316	 2483	

FAM46A	 -1.079008	 6.885171	 14.419875	 0.033779286	 0.086307	 31256	

ADAMTSL2	 2.364970	 3.250688	 14.394767	 0.033779286	 0.351993	 2738	

AKR1B15	 2.610442	 -1.682165	 14.390638	 0.033779286	 0.240268	 67	

KRT6A	 4.437486	 -0.764031	 14.353264	 0.034068493	 0.871691	 149	

RP11-231K24.2	 -5.807599	 -2.698786	 14.342672	 0.034068493	 1.354168	 23	

RP11-863P13.6	 -3.906150	 0.024117	 14.265167	 0.035204647	 0.925460	 240	

CTD-2319I12.1	 2.875828	 -1.477917	 14.123082	 0.037393799	 0.345534	 81	

ST6GAL2	 2.915655	 4.444900	 14.120551	 0.037393799	 0.521631	 5849	
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CTD-2008L17.2	 -2.256193	 -0.302999	 14.057136	 0.038361596	 0.321639	 197	

RP11-513N24.1	 3.514143	 -1.837999	 14.021910	 0.038771741	 0.456904	 59	

PLAU	 1.484773	 5.730134	 13.958492	 0.039780984	 0.155351	 14961	

ADAM29	 -4.311939	 -3.325998	 13.935859	 0.039943277	 0.133221	 9	

IGHGP	 4.726265	 2.985653	 13.888718	 0.040632114	 1.154308	 2194	

PAX6	 -3.471248	 3.165873	 13.874122	 0.040632114	 0.815567	 2352	

IGHV3-20	 5.908440	 -1.092516	 13.815214	 0.041386524	 1.386520	 108	

AC006273.5	 -2.841370	 -2.373178	 13.810419	 0.041386524	 0.287331	 34	

KRT85	 5.376146	 -2.605861	 13.732571	 0.042311686	 0.764300	 27	

CXCL13	 3.938441	 1.640358	 13.728246	 0.042311686	 0.863793	 825	

PAX5	 5.136063	 -0.636774	 13.726030	 0.042311686	 1.188109	 159	

CELSR1	 1.486043	 3.357859	 13.708977	 0.04237897	 0.155463	 2855	

IL11RA	 -1.206251	 5.053251	 13.693044	 0.042423438	 0.112658	 8781	

ZNF556	 -3.177757	 -0.019394	 13.676429	 0.042485734	 0.668470	 243	

RP11-180K7.1	 -3.506717	 -1.000649	 13.636314	 0.043086344	 0.750672	 116	

SIGLEC10	 3.346357	 2.318229	 13.613608	 0.043294587	 0.674758	 1313	

QPRT	 -1.698003	 4.052168	 13.543970	 0.044607676	 0.222164	 4188	

SOSTDC1	 -2.956500	 -0.811634	 13.475024	 0.045946497	 0.559297	 136	

PCDHA6	 4.295470	 -1.322693	 13.405609	 0.047340272	 0.842699	 89	

MYLPF	 5.591930	 0.491388	 13.349793	 0.047574964	 1.471791	 408	

RP11-170J3.2	 6.893904	 -1.539404	 13.341015	 0.047574964	 1.766698	 76	

SP7	 4.909970	 -0.477008	 13.327356	 0.047574964	 1.160847	 179	

KRT6C	 4.603907	 -1.986905	 13.322166	 0.047574964	 0.790386	 52	

PCDHA3	 2.297464	 -1.031022	 13.306668	 0.047574964	 0.262788	 115	

CHRDL2	 2.487926	 0.305431	 13.282497	 0.047574964	 0.385041	 324	

CEACAM5	 6.769582	 -1.568792	 13.280262	 0.047574964	 1.706624	 77	

VIL1	 6.497987	 -1.765320	 13.277487	 0.047574964	 1.545346	 65	

AC008060.7	 -5.788951	 -1.711835	 13.272089	 0.047574964	 1.721579	 63	

NIPAL2	 -1.021755	 5.329999	 13.267845	 0.047574964	 0.083626	 10805	

MYBPC1	 7.472473	 1.552928	 13.231518	 0.048186804	 2.280950	 899	

FMO1	 1.959206	 3.409205	 13.205199	 0.048548835	 0.272794	 3003	

MMP1	 5.683899	 5.466629	 13.175466	 0.048851681	 1.607162	 11558	

ISL1	 -3.210071	 -1.418180	 13.169207	 0.048851681	 0.621987	 84	

	 	 	 	 	 	 	
	 	 	 	 	 	 	EdgeR	Differential	gene	expression:	Abdominal	wall	vs.	intraperitoneal	location	

	
Gene	name	 logFC	 logCPM	 LR	 adj.p.value	 Dispersion	 totreads	

HOXA9	 -5.118082	 2.354545	 61.474506	 1.19E-10	 0.202557	 1429	

CILP	 -6.372199	 8.264487	 46.660019	 1.12E-07	 0.412929	 92713	

HOXA10	 -4.048430	 2.786724	 44.588223	 2.16E-07	 0.211030	 1961	

COL9A1	 8.073221	 3.883263	 43.828443	 2.38E-07	 1.066811	 3200	

MMP1	 6.712056	 5.466629	 37.414066	 4.64E-06	 0.969609	 11558	

HOXA10-AS	 -7.764983	 -0.561957	 37.237159	 4.64E-06	 0.316899	 169	

PI16	 -7.134761	 4.146304	 32.701833	 4.08E-05	 0.665325	 5293	

SORCS3	 -6.266118	 -0.114574	 30.331855	 0.000121094	 0.418405	 234	
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NCAM1	 -2.547782	 4.578247	 29.517966	 0.000163783	 0.159303	 6862	

RBP4	 -5.943079	 3.314875	 29.020342	 0.000174061	 0.583996	 2975	

SLC11A1	 4.311181	 3.311669	 29.011201	 0.000174061	 0.608546	 2597	

GREM1	 2.175055	 7.711122	 27.848969	 0.000290823	 0.176350	 52939	

GPM6B	 2.130053	 3.931333	 26.896750	 0.000394642	 0.173017	 3974	

REG1A	 8.763742	 1.161869	 26.890892	 0.000394642	 1.879047	 572	

CELA3A	 8.319446	 -1.006231	 26.827199	 0.000394642	 1.604338	 115	

CYP1A1	 6.016491	 -1.519674	 26.031563	 0.000512259	 0.951528	 72	

RP11-863P13.4	 3.529099	 3.031179	 25.948768	 0.000512259	 0.474650	 2004	

PTGFR	 -2.814860	 3.649968	 25.880368	 0.000512259	 0.212768	 3634	

REG3A	 8.075129	 -1.218288	 25.866821	 0.000512259	 1.580839	 97	

PNLIP	 6.297658	 0.064068	 25.637186	 0.000532825	 1.194550	 259	

CDH18	 3.749068	 1.533190	 25.597698	 0.000532825	 0.526575	 669	

PMP2	 4.402810	 0.072273	 25.099256	 0.00065857	 0.685556	 258	

PSPHP1	 7.900623	 -1.411901	 24.854156	 0.00071533	 1.591114	 81	

BARX1	 5.660476	 2.191105	 24.767932	 0.000716885	 1.114864	 1020	

CHRDL1	 -6.293214	 5.709921	 24.547939	 0.000771431	 0.768663	 16313	

TNMD	 -7.492020	 4.691484	 24.259339	 0.000861635	 0.968068	 7757	

HMOX1	 3.519545	 7.381415	 23.568762	 0.001085688	 0.525579	 43972	

S100A12	 5.211455	 -2.043191	 23.565659	 0.001085688	 0.743790	 47	

KERA	 -3.925554	 2.852933	 23.545964	 0.001085688	 0.394308	 2108	

REG1B	 7.544878	 -1.659018	 23.538897	 0.001085688	 1.545521	 67	

HOXC11	 -6.586137	 -1.555431	 23.275978	 0.001204541	 0.365555	 76	

SCRG1	 -4.640828	 2.467596	 22.877662	 0.001435503	 0.517910	 1659	

SYT10	 4.949863	 -1.233497	 22.729591	 0.00150349	 0.846496	 95	

RP11-231K24.2	 6.225351	 -2.698786	 22.385817	 0.001722071	 0.927026	 23	

TMEM63C	 3.728297	 0.561218	 22.355794	 0.001722071	 0.583530	 352	

CALB2	 -3.719729	 4.273689	 22.190169	 0.001825055	 0.394057	 5274	

RP11-208G20.2	 6.737668	 -2.307307	 22.052372	 0.001907877	 1.259978	 36	

PRSS1	 6.247279	 0.752186	 21.950152	 0.001959289	 1.434623	 427	

NKX2-3	 5.014784	 -0.754085	 21.679821	 0.002197891	 0.964111	 139	

PAMR1	 -2.302715	 4.917564	 21.461804	 0.00240093	 0.185248	 8287	

HOXA11	 -3.739838	 1.622105	 21.199553	 0.002685756	 0.390370	 852	

GPD1	 -8.810731	 4.576745	 21.069549	 0.002805841	 1.362122	 7309	

CDO1	 -2.447882	 4.270290	 21.001896	 0.002839085	 0.209417	 5666	

GRIK3	 2.610655	 0.019800	 20.951261	 0.00284887	 0.298414	 246	

CLPS	 6.976193	 -2.095441	 20.803821	 0.002944421	 1.526731	 45	

CELA3B	 6.976193	 -2.095441	 20.802925	 0.002944421	 1.526832	 45	

GP2	 6.169291	 -1.783224	 20.544408	 0.003298348	 1.272195	 60	

ZMAT4	 2.852992	 2.639730	 20.321115	 0.003629308	 0.404845	 1524	

RSPO2	 -7.353505	 2.816628	 20.071169	 0.003994876	 1.114284	 1965	

FENDRR	 3.359074	 0.858644	 20.041459	 0.003994876	 0.544494	 451	

S100A8	 3.620597	 1.405011	 20.021574	 0.003994876	 0.636031	 684	

NRXN1	 3.805292	 1.467097	 19.892809	 0.004191003	 0.702737	 715	

PRKG2	 -3.686502	 1.660293	 19.681289	 0.004593112	 0.414721	 884	
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TNNT3	 -5.490016	 4.417982	 19.576333	 0.004757036	 0.795811	 6478	

XKR4	 4.032073	 -1.451255	 19.543517	 0.004757036	 0.670016	 80	

RP11-863P13.6	 4.106392	 0.024117	 19.498237	 0.004784156	 0.792264	 240	

RNF17	 5.778294	 -2.868203	 19.454308	 0.004809573	 0.908063	 19	

RP5-912I13.1	 6.526859	 -1.553643	 19.302710	 0.005117164	 1.570556	 72	

GALNT12	 -3.103351	 1.374161	 18.722553	 0.006817875	 0.326884	 731	

THRSP	 -
10.463211	 2.012957	 18.527606	 0.007426064	 1.747784	 1209	

PLIN1	 -8.170265	 5.679780	 18.480494	 0.00748713	 1.434857	 15969	

LINC00162	 4.685969	 -0.729005	 18.387850	 0.007733342	 1.028430	 140	

BMP5	 -7.969514	 1.515102	 18.356096	 0.007738491	 1.268623	 860	

L1CAM	 2.839033	 3.004593	 18.274498	 0.007950935	 0.448458	 2104	

SCARA5	 -7.439526	 4.952270	 18.061881	 0.008753296	 1.299527	 9784	

RP11-863P13.5	 3.750535	 0.382197	 18.025772	 0.008785732	 0.738006	 312	

PLIN4	 -7.894678	 6.400282	 17.688036	 0.010335364	 1.439937	 25883	

SLC35D3	 4.105909	 0.100196	 17.643099	 0.010354825	 0.881482	 256	

FOXF1	 2.481989	 2.243214	 17.628513	 0.010354825	 0.354319	 1216	

PTGIS	 -2.152035	 6.528148	 17.562711	 0.010566257	 0.202743	 25981	

DMRT3	 -3.647205	 1.088900	 17.509329	 0.010714055	 0.449457	 596	

CTD-2201I18.1	 -4.799348	 3.493217	 17.373597	 0.011347219	 0.736132	 3400	

SST	 3.840568	 -2.865501	 17.093071	 0.012798449	 0.361529	 19	

FAM180B	 -5.844162	 1.687212	 17.090325	 0.012798449	 0.945957	 967	

SP7	 -7.865765	 -0.477008	 17.067397	 0.012798449	 1.120540	 179	

PNLIPRP2	 6.250050	 -2.585186	 17.031945	 0.012868055	 1.547362	 27	

PITX1	 -4.771798	 1.224969	 16.906637	 0.01341548	 0.712761	 634	

AC008060.7	 5.725823	 -1.711835	 16.903535	 0.01341548	 1.479328	 63	

SLC35F1	 2.851395	 0.712199	 16.855212	 0.013504029	 0.472577	 415	

ANGPTL5	 -6.250870	 2.272114	 16.842994	 0.013504029	 1.071737	 1484	

ENSG00000270907	 4.716345	 -1.411993	 16.725468	 0.01418948	 1.100401	 83	

TRHDE-AS1	 -7.303181	 1.709979	 16.633247	 0.014714672	 1.290410	 985	

TNXB	 -3.514270	 6.846319	 16.402385	 0.016419642	 0.492431	 35087	

WDR86	 -2.903014	 1.228223	 16.281914	 0.017269111	 0.336807	 632	

ADH1C	 -5.340350	 1.179215	 16.261670	 0.017269111	 0.864649	 664	

RP11-30J20.1	 4.701970	 -1.607689	 16.226534	 0.017372722	 1.106899	 69	

SPANXB2	 4.449936	 -2.270663	 16.196743	 0.017372722	 0.881163	 37	

LEFTY2	 -5.202815	 2.064883	 16.184626	 0.017372722	 0.864360	 1275	

PLA2G2D	 -8.813244	 0.433135	 16.162095	 0.017383067	 1.534710	 374	

DAZ3	 6.351402	 -0.530406	 16.077631	 0.017973906	 1.996862	 162	

RP11-276H7.2	 -5.337245	 -2.477950	 15.977347	 0.018743309	 0.214389	 31	

GFAP	 3.769769	 -0.526548	 15.893451	 0.01937978	 0.818300	 167	

SIX2	 -4.387198	 3.148553	 15.718232	 0.021031592	 0.711419	 2668	

KCNMA1	 -1.813214	 6.272674	 15.692311	 0.021094969	 0.167417	 22291	

THBS4	 -6.274424	 10.265122	 15.632720	 0.021541077	 1.209601	 377053	

FREM1	 -3.871492	 3.819082	 15.578721	 0.021876821	 0.597674	 3948	

ADAMTSL2	 -2.734610	 3.250688	 15.564082	 0.021876821	 0.339031	 2738	
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PTPRZ1	 2.899141	 2.286363	 15.479619	 0.02264301	 0.549350	 1268	

FAM196B	 2.736996	 0.759138	 15.415251	 0.023190836	 0.478008	 406	

WWC1	 2.618514	 1.358694	 15.201423	 0.025710491	 0.451923	 663	

VIT	 -5.165624	 1.518107	 15.171409	 0.025863781	 0.904497	 855	

MME	 1.241812	 5.825311	 15.138490	 0.026060641	 0.104139	 14919	

ALDH1A2	 -3.247774	 1.680579	 15.079694	 0.026624057	 0.449723	 924	

CIDEA	 -7.618434	 1.997627	 15.004137	 0.027445058	 1.538957	 1218	

ADIPOQ	 -9.283038	 5.331191	 14.971949	 0.027651331	 2.070883	 12459	

C6	 -6.351336	 2.364611	 14.882675	 0.028663039	 1.249225	 1537	

PPP1R1A	 -7.384094	 1.787529	 14.863033	 0.028663039	 1.484159	 1032	

TUSC5	 -8.612827	 3.520042	 14.851012	 0.028663039	 1.870611	 3541	

GFRA3	 3.571767	 1.215408	 14.749525	 0.02997034	 0.847165	 597	

AQP5	 -5.305923	 -2.504092	 14.685314	 0.030726792	 0.276945	 30	

PCSK2	 3.386579	 -0.443090	 14.657006	 0.030910724	 0.733047	 179	

FAM43B	 -4.619613	 0.665994	 14.614874	 0.031297541	 0.770658	 446	

HOXA13	 -3.719042	 -0.515066	 14.599618	 0.031297541	 0.479702	 179	

KIAA1755	 -3.424343	 3.773200	 14.583309	 0.031297541	 0.526886	 4181	

CHAD	 -4.755340	 4.398461	 14.544181	 0.031676403	 0.874730	 6571	

MEOX2	 -2.708951	 4.804440	 14.414467	 0.033642072	 0.364969	 8246	

ZNF704	 -1.806740	 5.483577	 14.384222	 0.033735689	 0.181062	 12985	

SIX1	 -2.523543	 3.318950	 14.377044	 0.033735689	 0.320600	 2862	

CP	 -3.851730	 1.811538	 14.313297	 0.034604262	 0.628169	 997	

SLC16A10	 2.639734	 1.745584	 14.222897	 0.03600428	 0.494964	 856	

ECHDC2	 -2.167563	 4.181883	 14.123747	 0.037638829	 0.253197	 5380	

CXCL5	 5.908142	 -0.079662	 14.096772	 0.037869514	 2.073381	 234	

SOX9	 -3.288826	 1.236268	 13.983648	 0.039890475	 0.489244	 660	

KLB	 -7.514357	 1.156547	 13.961195	 0.040044177	 1.573647	 651	

HLF	 -4.085636	 3.869139	 13.901259	 0.04069695	 0.728560	 4027	

CLIC5	 -2.976879	 1.702198	 13.900723	 0.04069695	 0.425457	 944	

HILPDA	 1.628795	 4.396500	 13.863259	 0.04118946	 0.196882	 5580	

MAMDC2	 -3.184337	 4.580663	 13.820851	 0.041800465	 0.496870	 6736	

CELA2A	 5.043921	 -2.144139	 13.745045	 0.043027361	 1.440080	 43	

DAZ4	 4.884806	 -2.310785	 13.724017	 0.043027361	 1.331112	 36	

ELOVL3	 -5.742146	 -2.178594	 13.711204	 0.043027361	 0.576099	 43	

AMY1A	 3.418859	 1.399938	 13.708702	 0.043027361	 0.842484	 684	

B3GALT1	 -5.591257	 -2.278012	 13.676515	 0.043442073	 0.503440	 39	

PLA2G4D	 4.834106	 -2.811226	 13.636652	 0.044043039	 1.154839	 20	

DAZ2	 6.219228	 -0.016359	 13.595276	 0.044690986	 2.342182	 237	

AQP7	 -4.774085	 2.909502	 13.555976	 0.045231624	 0.934951	 2292	

BTC	 2.846962	 -0.193481	 13.543397	 0.045231624	 0.572791	 215	

CXCL1	 4.347863	 0.246518	 13.531451	 0.045231624	 1.301562	 299	

C16orf89	 -5.641497	 1.901686	 13.446503	 0.046776109	 1.170547	 1117	

RP1-170O19.20	 -5.317063	 -2.502471	 13.441450	 0.046776109	 0.376337	 30	

CTRB2	 4.650127	 -1.162627	 13.413729	 0.047135782	 1.411714	 102	

HGF	 -1.882230	 3.278902	 13.335177	 0.048805752	 0.206414	 2809	
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MYOC	 -8.034040	 2.474104	 13.321657	 0.048815155	 1.885505	 1734	

MLXIPL	 -6.637010	 1.843749	 13.287079	 0.049324135	 1.474353	 1080	

FMO2	 -3.682644	 3.467817	 13.276168	 0.049324135	 0.648599	 3317	

SPINK1	 4.950032	 -2.192033	 13.241230	 0.049907831	 1.443166	 41	

 

 

 

 

  



 302 

Appendix 3: Single sample gene set enrichment analysis 

GeneSetName	
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RELA_PATHWAY	 0.3271	 0.3592	 0.332	 0.2781	 0.3098	 0.389	 0.2987	 0.3603	 0.3151	

NO1_PATHWAY	 0.383	 0.4114	 0.3799	 0.3394	 0.3704	 0.4298	 0.3484	 0.3863	 0.3795	

CSK_PATHWAY	 0.3494	 0.3453	 0.2479	 0.1766	 0.1786	 0.3091	 0.2173	 0.2307	 0.2069	

SRCRPTP_PATHWAY	 0.1561	 0.0973	 0.0959	 0.181	 0.1475	 0.1815	 0.1504	 0.1176	 0.1135	

AMI_PATHWAY	 0.092	 0.2535	 0.1761	 0.109	 0.1122	 0.1916	 0.0903	 0.1788	 0.1043	

GRANULOCYTES_PATHWAY	 -0.0046	 0.0682	 -0.0463	 -0.3939	 -0.4296	 0.1657	 -0.2702	 -0.0955	 -0.2897	

LYM_PATHWAY	 0.324	 0.3454	 0.336	 0.0803	 -0.0105	 0.3926	 0.2376	 0.2148	 0.1149	

ARAP_PATHWAY	 0.5501	 0.5139	 0.5704	 0.545	 0.5472	 0.5587	 0.5345	 0.5545	 0.5287	

AGR_PATHWAY	 0.4842	 0.5129	 0.5131	 0.4954	 0.4703	 0.483	 0.4825	 0.511	 0.4726	

AKAP95_PATHWAY	 0.3737	 0.346	 0.2867	 0.3199	 0.2904	 0.3221	 0.3332	 0.2974	 0.2866	

AKT_PATHWAY	 0.3725	 0.4344	 0.373	 0.3415	 0.3527	 0.4073	 0.3559	 0.3911	 0.3628	

ALK_PATHWAY	 0.4329	 0.3918	 0.4475	 0.4408	 0.4592	 0.3819	 0.4303	 0.4558	 0.4619	

AT1R_PATHWAY	 0.4673	 0.5067	 0.4578	 0.4739	 0.4673	 0.4834	 0.4499	 0.4544	 0.4755	

ACE2_PATHWAY	 -0.031	 0.0819	 -0.074	 -0.0224	 0.0721	 -0.0359	 -0.0633	 -0.0342	 0.0795	

ASBCELL_PATHWAY	 0.1299	 0.1074	 0.0815	 -0.0105	 -0.0187	 0.1133	 0.041	 0.0624	 0.049	

DNAFRAGMENT_PATHWAY	 0.218	 0.1489	 0.1439	 0.2161	 0.1986	 0.227	 0.2037	 0.1777	 0.1855	

CHEMICAL_PATHWAY	 0.3252	 0.2711	 0.285	 0.3278	 0.3137	 0.3384	 0.3161	 0.3032	 0.3187	

SPPA_PATHWAY	 0.2625	 0.293	 0.2375	 0.2411	 0.2608	 0.3114	 0.2323	 0.2312	 0.2489	

ATM_PATHWAY	 0.2769	 0.2739	 0.2555	 0.2762	 0.2835	 0.3234	 0.2721	 0.2862	 0.2879	

AGPCR_PATHWAY	 0.3098	 0.3372	 0.2345	 0.2723	 0.2832	 0.2679	 0.2522	 0.254	 0.255	

BCELLSURVIVAL_PATHWAY	 0.4149	 0.4045	 0.3847	 0.3804	 0.3685	 0.3953	 0.3799	 0.4032	 0.3781	

BLYMPHOCYTE_PATHWAY	 0.2717	 0.3293	 0.2062	 -0.0688	 -0.0776	 0.2805	 0.0889	 0.1177	 0.0224	

BCR_PATHWAY	 0.3427	 0.3402	 0.3412	 0.3114	 0.3172	 0.353	 0.299	 0.3292	 0.321	

BIOPEPTIDES_PATHWAY	 0.3648	 0.3824	 0.3496	 0.3555	 0.3716	 0.373	 0.3426	 0.3561	 0.3665	

NEUROTRANSMITTERS_PATHWAY	 -0.2535	 -0.3497	 -0.2973	 -0.4856	 -0.0742	 -0.0252	 -0.3452	 -0.3084	 -0.3521	

RANKL_PATHWAY	 0.2101	 0.2257	 0.2015	 0.2127	 0.1632	 0.2618	 0.1871	 0.2057	 0.1841	

CACAM_PATHWAY	 0.2589	 0.2547	 0.2364	 0.2511	 0.3021	 0.2276	 0.2554	 0.2705	 0.2641	

CDMAC_PATHWAY	 0.2595	 0.2934	 0.2516	 0.2566	 0.2633	 0.3461	 0.2465	 0.3058	 0.2504	

CARM_ER_PATHWAY	 0.2717	 0.2673	 0.2713	 0.289	 0.3072	 0.2512	 0.2747	 0.2736	 0.2879	

CASPASE_PATHWAY	 0.2211	 0.1838	 0.1537	 0.1606	 0.1434	 0.2175	 0.1651	 0.1685	 0.166	

CBL_PATHWAY	 0.3975	 0.4078	 0.383	 0.3689	 0.3666	 0.3842	 0.3674	 0.3863	 0.3524	

CCR3_PATHWAY	 0.3917	 0.4001	 0.3888	 0.4222	 0.4296	 0.413	 0.3945	 0.3994	 0.4185	

CD40_PATHWAY	 0.2267	 0.2811	 0.1992	 0.1515	 0.2128	 0.2915	 0.1739	 0.2275	 0.1717	

MCM_PATHWAY	 0.0123	 0.0178	 -0.0214	 0.0279	 0.0507	 0.0034	 -0.0083	 -0.0108	 -0.0216	

G1_PATHWAY	 0.251	 0.1827	 0.2416	 0.2669	 0.2391	 0.2225	 0.2592	 0.2356	 0.2512	

G2_PATHWAY	 0.1547	 0.135	 0.1209	 0.1643	 0.133	 0.1823	 0.1517	 0.1418	 0.1324	

CELL2CELL_PATHWAY	 0.5023	 0.438	 0.4905	 0.4818	 0.4712	 0.4948	 0.5144	 0.5012	 0.5089	

LAIR_PATHWAY	 0.1509	 0.2248	 0.1211	 -0.1002	 -0.2063	 0.2065	 0.0165	 0.0966	 -0.06	

CERAMIDE_PATHWAY	 0.2622	 0.2272	 0.2505	 0.2598	 0.235	 0.2748	 0.2431	 0.253	 0.2554	
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TID_PATHWAY	 0.2841	 0.2964	 0.2649	 0.1935	 0.2305	 0.3546	 0.2388	 0.2885	 0.248	

CLASSIC_PATHWAY	 0.4631	 0.4764	 0.4024	 0.2061	 0.1566	 0.412	 0.2604	 0.4317	 0.2329	

COMP_PATHWAY	 0.3454	 0.386	 0.2745	 0.1207	 0.1056	 0.3051	 0.1271	 0.3105	 0.1473	

VDR_PATHWAY	 0.4647	 0.4793	 0.458	 0.4476	 0.4893	 0.4205	 0.4385	 0.4615	 0.4602	

HDAC_PATHWAY	 0.3604	 0.4011	 0.4092	 0.3394	 0.3916	 0.372	 0.3462	 0.3985	 0.3901	

GCR_PATHWAY	 0.4651	 0.4581	 0.481	 0.4513	 0.48	 0.5048	 0.4464	 0.4749	 0.4784	

CTCF_PATHWAY	 0.3693	 0.3525	 0.3468	 0.3287	 0.3352	 0.3548	 0.3607	 0.3822	 0.349	

CTL_PATHWAY	 0.0147	 -0.0113	 -0.0532	 -0.1939	 -0.1983	 0.068	 -0.1256	 -0.0955	 -0.1634	

CXCR4_PATHWAY	 0.4161	 0.4282	 0.3919	 0.397	 0.4031	 0.444	 0.3935	 0.3981	 0.3909	

CELLCYCLE_PATHWAY	 0.0736	 0.0378	 0.0709	 0.1043	 0.0669	 0.1055	 0.0944	 0.0559	 0.0748	

CFTR_PATHWAY	 0.2106	 0.2458	 0.1501	 0.1028	 0.0979	 0.1482	 0.0932	 0.1646	 0.0905	

CYTOKINE_PATHWAY	 -0.249	 -0.2066	 -0.4096	 -0.3579	 -0.3424	 -0.1039	 -0.3561	 -0.2945	 -0.3789	

INFLAM_PATHWAY	 0.1495	 0.1297	 0.1397	 0.0513	 0.0549	 0.1728	 0.0967	 0.142	 0.1031	

D4GDI_PATHWAY	 0.2303	 0.2122	 0.1634	 0.1715	 0.1402	 0.226	 0.1615	 0.1793	 0.1831	

DC_PATHWAY	 -0.0263	 -0.0022	 -0.1314	 -0.2408	 -0.2352	 0.1026	 -0.1589	 -0.1641	 -0.2178	

P35ALZHEIMERS_PATHWAY	 0.3575	 0.3223	 0.3413	 0.3757	 0.3462	 0.3517	 0.3748	 0.3535	 0.3582	

RNA_PATHWAY	 0.3696	 0.3545	 0.3533	 0.3114	 0.3501	 0.4231	 0.3606	 0.3824	 0.3443	

MTA3_PATHWAY	 0.2926	 0.22	 0.2753	 0.324	 0.2708	 0.2769	 0.313	 0.302	 0.2889	

SKP2E2F_PATHWAY	 0.1173	 0.0866	 0.1084	 0.1309	 0.1086	 0.1363	 0.1171	 0.1032	 0.1105	

CALCINEURIN_PATHWAY	 0.4288	 0.4371	 0.4617	 0.4259	 0.4622	 0.4495	 0.4225	 0.4551	 0.4588	

EGF_PATHWAY	 0.423	 0.4372	 0.4109	 0.4237	 0.4125	 0.433	 0.3933	 0.4186	 0.403	

ETC_PATHWAY	 0.3989	 0.4145	 0.3883	 0.374	 0.3578	 0.3971	 0.3872	 0.3836	 0.392	

NDKDYNAMIN_PATHWAY	 0.4228	 0.4086	 0.4464	 0.4257	 0.4133	 0.4121	 0.4488	 0.444	 0.4302	

EPHA4_PATHWAY	 0.2464	 0.283	 0.2693	 0.2301	 0.2049	 0.355	 0.1869	 0.2961	 0.2463	

EPO_PATHWAY	 0.3901	 0.3933	 0.369	 0.3457	 0.3435	 0.3869	 0.3402	 0.3745	 0.3442	

ECM_PATHWAY	 0.5203	 0.5385	 0.5208	 0.5078	 0.5212	 0.5329	 0.5018	 0.5206	 0.5265	

ERK_PATHWAY	 0.4007	 0.3841	 0.3913	 0.3885	 0.3308	 0.4288	 0.3622	 0.4084	 0.359	

ERYTH_PATHWAY	 0.2801	 0.1658	 0.1965	 0.165	 0.2628	 0.0476	 0.2435	 0.2689	 0.2682	

EPONFKB_PATHWAY	 0.4404	 0.4589	 0.439	 0.3769	 0.4282	 0.5136	 0.4024	 0.4645	 0.4097	

EIF_PATHWAY	 0.5478	 0.5283	 0.5223	 0.5269	 0.5283	 0.548	 0.5568	 0.5332	 0.5402	

EXTRINSIC_PATHWAY	 -0.0141	 0.1602	 0.005	 -0.1074	 -0.076	 0.0492	 -0.077	 0.1144	 -0.0647	

FAS_PATHWAY	 0.2992	 0.2913	 0.2766	 0.2833	 0.2673	 0.3092	 0.2877	 0.2881	 0.2983	

FCER1_PATHWAY	 0.3537	 0.3727	 0.3557	 0.3036	 0.3165	 0.3673	 0.2994	 0.3346	 0.3209	

FEEDER_PATHWAY	 0.2582	 0.2301	 0.2613	 0.296	 0.1983	 0.2883	 0.2729	 0.2632	 0.2486	

FIBRINOLYSIS_PATHWAY	 0.5064	 0.5665	 0.5968	 0.5147	 0.4416	 0.5933	 0.517	 0.5524	 0.4762	

FMLP_PATHWAY	 0.29	 0.316	 0.3136	 0.2679	 0.2946	 0.3624	 0.2693	 0.3193	 0.2917	

FREE_PATHWAY	 0.2588	 0.229	 0.3005	 0.265	 0.2539	 0.3734	 0.2922	 0.2621	 0.2579	

GABA_PATHWAY	 -0.0021	 0.006	 -0.0121	 0.0606	 0.0394	 -0.0031	 0.0381	 0.0084	 0.0598	

GATA3_PATHWAY	 0.3164	 0.3551	 0.3152	 0.1956	 0.2822	 0.3015	 0.193	 0.3188	 0.2578	

GLYCOLYSIS_PATHWAY	 0.6575	 0.624	 0.6483	 0.6702	 0.6311	 0.6847	 0.6594	 0.6627	 0.6491	

SET_PATHWAY	 0.1833	 0.1578	 0.1647	 0.1877	 0.2077	 0.2228	 0.1654	 0.1437	 0.179	

GH_PATHWAY	 0.3064	 0.3447	 0.2799	 0.272	 0.2904	 0.3106	 0.2596	 0.286	 0.2714	

AHSP_PATHWAY	 0.0274	 0.1371	 0.0892	 0.2002	 0.0037	 0.0267	 0.0356	 -0.002	 0.0433	

TCAPOPTOSIS_PATHWAY	 -0.0573	 -0.1226	 -0.1896	 -0.3153	 -0.3125	 -0.0702	 -0.2222	 -0.2401	 -0.2476	

HIVNEF_PATHWAY	 0.2764	 0.274	 0.2456	 0.2338	 0.2336	 0.2927	 0.2469	 0.254	 0.2376	
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SALMONELLA_PATHWAY	 0.5638	 0.5354	 0.5652	 0.5599	 0.521	 0.5801	 0.5635	 0.5658	 0.5266	

MPR_PATHWAY	 0.3268	 0.3321	 0.2915	 0.3024	 0.2707	 0.3121	 0.3029	 0.2987	 0.2753	

HCMV_PATHWAY	 0.375	 0.3959	 0.3673	 0.3473	 0.3626	 0.3915	 0.3355	 0.3593	 0.3491	

P53HYPOXIA_PATHWAY	 0.4319	 0.403	 0.4241	 0.4212	 0.3931	 0.4466	 0.4097	 0.4357	 0.4189	

HIF_PATHWAY	 0.4934	 0.4875	 0.4817	 0.4889	 0.4884	 0.5115	 0.4879	 0.5049	 0.4915	

IGF1_PATHWAY	 0.4535	 0.4527	 0.4388	 0.438	 0.4286	 0.4159	 0.4243	 0.4625	 0.4455	

IL17_PATHWAY	 -0.0165	 -0.0383	 -0.1424	 -0.262	 -0.2078	 0.0515	 -0.171	 -0.1419	 -0.1727	

IL2_PATHWAY	 0.3596	 0.328	 0.2945	 0.2724	 0.2547	 0.3613	 0.2649	 0.3021	 0.2654	

IL3_PATHWAY	 0.3787	 0.4064	 0.3628	 0.278	 0.2907	 0.3837	 0.2864	 0.3672	 0.2897	

IL4_PATHWAY	 0.4613	 0.406	 0.4144	 0.3622	 0.3645	 0.4552	 0.4012	 0.4396	 0.3841	

IL5_PATHWAY	 0.1564	 0.1858	 0.1	 0.0102	 0.0229	 0.1663	 0.0745	 0.0746	 0.0927	

IL6_PATHWAY	 0.4332	 0.4241	 0.4064	 0.3951	 0.3922	 0.4597	 0.3855	 0.4206	 0.3822	

IL10_PATHWAY	 0.3425	 0.3506	 0.2881	 0.249	 0.2823	 0.3886	 0.2564	 0.2843	 0.2804	

IL12_PATHWAY	 -0.0571	 -0.0445	 -0.1006	 -0.1346	 -0.0928	 0.0128	 -0.1164	 -0.1365	 -0.1267	

IL2RB_PATHWAY	 0.315	 0.3096	 0.2637	 0.2259	 0.2164	 0.3194	 0.2351	 0.2878	 0.2186	

IL22BP_PATHWAY	 0.4807	 0.4982	 0.4267	 0.3514	 0.3535	 0.506	 0.3706	 0.4357	 0.3542	

IL7_PATHWAY	 0.2823	 0.3122	 0.1954	 0.1274	 0.1692	 0.311	 0.1653	 0.2063	 0.1442	

GSK3_PATHWAY	 0.4145	 0.3696	 0.4085	 0.3844	 0.3709	 0.4159	 0.3882	 0.3934	 0.3892	

DEATH_PATHWAY	 0.1997	 0.2192	 0.1713	 0.1341	 0.1435	 0.2	 0.157	 0.1952	 0.1362	

RACCYCD_PATHWAY	 0.3874	 0.3757	 0.3919	 0.3877	 0.3912	 0.4318	 0.378	 0.3871	 0.3841	

GLEEVEC_PATHWAY	 0.3894	 0.4288	 0.3802	 0.3424	 0.3429	 0.3986	 0.3426	 0.3963	 0.3512	

INSULIN_PATHWAY	 0.4029	 0.4091	 0.3959	 0.4215	 0.3872	 0.4053	 0.3902	 0.4112	 0.3955	

INTEGRIN_PATHWAY	 0.5367	 0.521	 0.5274	 0.5213	 0.5222	 0.5344	 0.5253	 0.5395	 0.5401	

INTRINSIC_PATHWAY	 0.0704	 0.1458	 0.0673	 0.0457	 0.0577	 0.0786	 0.0226	 0.0965	 0.0424	

KERATINOCYTE_PATHWAY	 0.2489	 0.2799	 0.239	 0.2123	 0.2522	 0.3111	 0.2091	 0.255	 0.2296	

TCRA_PATHWAY	 0.2028	 0.1746	 0.0924	 -0.0327	 -0.0131	 0.2159	 0.0375	 0.0425	 0.0353	

LECTIN_PATHWAY	 0.2068	 0.2719	 0.1431	 -0.0844	 -0.1051	 0.1335	 -0.1106	 0.195	 -0.0945	

PYK2_PATHWAY	 0.4419	 0.4312	 0.4276	 0.4442	 0.4342	 0.4614	 0.4268	 0.4255	 0.4308	

EGFR_SMRTE_PATHWAY	 0.3413	 0.409	 0.356	 0.356	 0.3462	 0.3511	 0.3184	 0.337	 0.3455	

MAPK_PATHWAY	 0.3047	 0.2994	 0.2968	 0.2815	 0.286	 0.3316	 0.2935	 0.3144	 0.286	

MCALPAIN_PATHWAY	 0.5491	 0.5895	 0.5398	 0.5128	 0.5169	 0.5289	 0.4919	 0.5416	 0.5193	

PPARA_PATHWAY	 0.4154	 0.4659	 0.3514	 0.3281	 0.3818	 0.3972	 0.3364	 0.3882	 0.3691	

ETS_PATHWAY	 0.4729	 0.4926	 0.4607	 0.41	 0.4208	 0.4905	 0.389	 0.4681	 0.4147	

MONOCYTE_PATHWAY	 0.3137	 0.3549	 0.2984	 -0.0185	 -0.0434	 0.3624	 0.1195	 0.2244	 0.0746	

MTOR_PATHWAY	 0.5521	 0.5587	 0.544	 0.563	 0.58	 0.5631	 0.5549	 0.5444	 0.5631	

IGF1R_PATHWAY	 0.4615	 0.4695	 0.4255	 0.4375	 0.4083	 0.4369	 0.4237	 0.4429	 0.4218	

PITX2_PATHWAY	 0.5405	 0.4412	 0.5061	 0.5469	 0.5274	 0.4625	 0.5284	 0.5207	 0.5172	

NGF_PATHWAY	 0.4809	 0.4413	 0.4612	 0.4882	 0.4049	 0.4804	 0.4229	 0.4728	 0.4281	

VIP_PATHWAY	 0.4026	 0.4855	 0.3759	 0.2752	 0.2994	 0.3874	 0.3003	 0.3938	 0.3132	

NFAT_PATHWAY	 0.3548	 0.3955	 0.3573	 0.3041	 0.3586	 0.3397	 0.3121	 0.3597	 0.3572	

NTHI_PATHWAY	 0.3437	 0.3759	 0.3689	 0.3074	 0.3745	 0.4351	 0.3444	 0.373	 0.3334	

NFKB_PATHWAY	 0.3281	 0.3595	 0.3075	 0.2326	 0.2965	 0.4012	 0.2706	 0.3361	 0.2737	

NOS1_PATHWAY	 0.3344	 0.322	 0.2913	 0.3271	 0.3158	 0.3136	 0.3458	 0.2956	 0.3212	

NO2IL12_PATHWAY	 -0.1572	 -0.16	 -0.2596	 -0.4038	 -0.3551	 -0.1119	 -0.3107	 -0.3257	 -0.3423	

RARRXR_PATHWAY	 0.4045	 0.4465	 0.4109	 0.386	 0.4117	 0.3623	 0.3862	 0.4109	 0.4023	



 305 

NUCLEARRS_PATHWAY	 -0.0616	 -0.022	 -0.1475	 -0.1215	 -0.0688	 -0.1005	 -0.1369	 -0.1188	 -0.0795	

ARENRF2_PATHWAY	 0.3827	 0.4381	 0.3754	 0.4159	 0.4364	 0.4577	 0.3517	 0.378	 0.3665	

P38MAPK_PATHWAY	 0.3677	 0.3678	 0.3605	 0.3482	 0.3524	 0.3719	 0.3634	 0.3673	 0.3491	

P53_PATHWAY	 0.3878	 0.2665	 0.3387	 0.4121	 0.3894	 0.3975	 0.371	 0.3423	 0.3954	

PDGF_PATHWAY	 0.4933	 0.5041	 0.4806	 0.4842	 0.4624	 0.5086	 0.457	 0.4849	 0.4638	

CCR5_PATHWAY	 0.5238	 0.5519	 0.4584	 0.4433	 0.4466	 0.5572	 0.431	 0.4467	 0.4221	

PTDINS_PATHWAY	 0.4457	 0.4321	 0.4582	 0.4497	 0.4681	 0.4706	 0.4493	 0.4694	 0.4627	

PLCE_PATHWAY	 0.3193	 0.3607	 0.273	 0.2311	 0.2169	 0.259	 0.2311	 0.2672	 0.2002	

EDG1_PATHWAY	 0.4025	 0.3935	 0.3974	 0.3972	 0.3872	 0.4518	 0.4104	 0.4129	 0.3932	

CDK5_PATHWAY	 0.3298	 0.2412	 0.3282	 0.3627	 0.2392	 0.3275	 0.2562	 0.3376	 0.2559	

MYOSIN_PATHWAY	 0.4326	 0.4486	 0.4228	 0.4438	 0.4559	 0.4296	 0.422	 0.4334	 0.4473	

PLATELETAPP_PATHWAY	 0.3319	 0.3809	 0.3584	 0.3616	 0.2898	 0.4028	 0.3483	 0.3647	 0.3163	

PS1_PATHWAY	 0.479	 0.4364	 0.4867	 0.4957	 0.4689	 0.4792	 0.4864	 0.4884	 0.4995	

PROTEASOME_PATHWAY	 0.4826	 0.4196	 0.4797	 0.4737	 0.4616	 0.5142	 0.5012	 0.4612	 0.4948	

AKAPCENTROSOME_PATHWAY	 0.3885	 0.403	 0.3333	 0.3474	 0.3579	 0.3386	 0.3457	 0.3508	 0.3732	

PTEN_PATHWAY	 0.5157	 0.52	 0.5075	 0.5277	 0.546	 0.5099	 0.5019	 0.5275	 0.5318	

RAB_PATHWAY	 0.4086	 0.4042	 0.4273	 0.4107	 0.3902	 0.4219	 0.4344	 0.4256	 0.4233	

RAC1_PATHWAY	 0.3993	 0.3845	 0.3591	 0.3834	 0.3791	 0.4032	 0.3797	 0.3792	 0.373	

RAS_PATHWAY	 0.4397	 0.434	 0.4394	 0.4442	 0.434	 0.4532	 0.4323	 0.4477	 0.4419	

NKCELLS_PATHWAY	 0.3759	 0.4083	 0.3186	 0.2471	 0.2471	 0.3884	 0.2712	 0.2852	 0.2633	

RB_PATHWAY	 0.2589	 0.211	 0.2286	 0.2654	 0.2242	 0.2931	 0.2679	 0.2554	 0.2323	

CHREBP2_PATHWAY	 0.4046	 0.4207	 0.3648	 0.3721	 0.3379	 0.3806	 0.3826	 0.3776	 0.3686	

BAD_PATHWAY	 0.3967	 0.3904	 0.3275	 0.2703	 0.3272	 0.3571	 0.3036	 0.36	 0.3144	

CK1_PATHWAY	 0.2538	 0.2772	 0.1881	 0.211	 0.1507	 0.2057	 0.2209	 0.2126	 0.1632	

EIF2_PATHWAY	 0.5822	 0.5232	 0.5658	 0.5864	 0.5636	 0.5752	 0.5962	 0.5736	 0.5842	

EIF4_PATHWAY	 0.4722	 0.4881	 0.4467	 0.4864	 0.5176	 0.4702	 0.4621	 0.4643	 0.4856	

STEM_PATHWAY	 -0.0894	 -0.0236	 -0.1982	 -0.3728	 -0.3128	 0.1007	 -0.3117	 -0.1649	 -0.3044	

P27_PATHWAY	 0.1633	 0.1523	 0.1738	 0.1801	 0.1668	 0.1862	 0.1627	 0.1556	 0.1595	

PGC1A_PATHWAY	 0.3324	 0.3471	 0.3338	 0.3278	 0.3274	 0.3252	 0.3251	 0.3302	 0.3262	

PML_PATHWAY	 0.3163	 0.2882	 0.301	 0.264	 0.2492	 0.33	 0.2834	 0.3269	 0.3034	

DREAM_PATHWAY	 0.4786	 0.4963	 0.3851	 0.3998	 0.3932	 0.3981	 0.3966	 0.4278	 0.3773	

LEPTIN_PATHWAY	 0.2455	 0.3767	 0.2455	 0.1512	 0.1805	 0.2097	 0.1515	 0.2427	 0.2019	

RHO_PATHWAY	 0.5605	 0.5531	 0.564	 0.5575	 0.5491	 0.5723	 0.5434	 0.5709	 0.5563	

AKAP13_PATHWAY	 0.5181	 0.5455	 0.4551	 0.4518	 0.4544	 0.4692	 0.4809	 0.468	 0.4616	

ATRBRCA_PATHWAY	 -0.0312	 -0.0459	 -0.0604	 -0.0151	 -0.029	 -0.043	 -0.0062	 -0.0433	 -0.0269	

CARDIACEGF_PATHWAY	 0.3662	 0.404	 0.349	 0.3771	 0.3858	 0.4534	 0.3408	 0.4162	 0.3727	

HER2_PATHWAY	 0.36	 0.3897	 0.3615	 0.3523	 0.3531	 0.3755	 0.3118	 0.3645	 0.3239	

ERK5_PATHWAY	 0.4359	 0.44	 0.4393	 0.4125	 0.4136	 0.4293	 0.4113	 0.4217	 0.4124	

MAL_PATHWAY	 0.4614	 0.4535	 0.4844	 0.4704	 0.4495	 0.4716	 0.449	 0.4701	 0.4665	

MEF2D_PATHWAY	 0.5243	 0.5241	 0.5602	 0.5238	 0.5677	 0.5527	 0.5137	 0.5597	 0.5543	

MITOCHONDRIA_PATHWAY	 0.1816	 0.1079	 0.0916	 0.1371	 0.1105	 0.1599	 0.1373	 0.1277	 0.1416	

ACH_PATHWAY	 0.3342	 0.3363	 0.3326	 0.3076	 0.3119	 0.3496	 0.3151	 0.3277	 0.3312	

PARKIN_PATHWAY	 0.1691	 0.126	 0.1925	 0.1808	 0.1752	 0.1608	 0.1932	 0.1712	 0.1725	

CDC42RAC_PATHWAY	 0.6817	 0.6751	 0.6807	 0.6743	 0.6311	 0.6931	 0.6779	 0.6765	 0.6375	

RANMS_PATHWAY	 0.2994	 0.1511	 0.241	 0.3142	 0.2235	 0.3101	 0.3051	 0.2519	 0.2731	
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BARR_MAPK_PATHWAY	 0.463	 0.4818	 0.4664	 0.451	 0.4587	 0.4594	 0.4461	 0.4917	 0.4636	

TOB1_PATHWAY	 0.2857	 0.2459	 0.2506	 0.2049	 0.258	 0.2371	 0.2068	 0.2731	 0.2352	

BARRESTIN_SRC_PATHWAY	 0.3928	 0.4031	 0.3877	 0.3669	 0.3677	 0.4195	 0.3712	 0.4036	 0.3778	

NKT_PATHWAY	 0.1308	 0.0818	 0.0415	 -0.0609	 -0.0542	 0.1309	 0.0314	 0.0323	 -0.0104	

IL1R_PATHWAY	 0.2435	 0.2495	 0.2473	 0.2265	 0.2691	 0.2961	 0.2407	 0.2714	 0.2519	

MET_PATHWAY	 0.5111	 0.5255	 0.5041	 0.4868	 0.4687	 0.4973	 0.4827	 0.5035	 0.4747	

GPCR_PATHWAY	 0.4711	 0.4899	 0.4661	 0.4509	 0.4524	 0.461	 0.4398	 0.474	 0.4515	

IGF1MTOR_PATHWAY	 0.5163	 0.5125	 0.4986	 0.4974	 0.5282	 0.4973	 0.5171	 0.5117	 0.5303	

SODD_PATHWAY	 0.1198	 0.1397	 0.0576	 -0.0167	 0.0052	 0.1138	 0.0003	 0.067	 0.02	

SHH_PATHWAY	 0.3101	 0.2966	 0.2445	 0.2831	 0.2696	 0.2116	 0.2705	 0.2669	 0.2762	

PTC1_PATHWAY	 -0.0801	 -0.0463	 -0.0794	 -0.0649	 -0.084	 -0.0501	 -0.0491	 -0.0706	 -0.0961	

SPRY_PATHWAY	 0.4156	 0.4535	 0.4042	 0.3762	 0.3852	 0.4311	 0.3807	 0.4445	 0.4036	

BARRESTIN_PATHWAY	 0.4666	 0.4724	 0.4524	 0.4519	 0.4627	 0.4443	 0.4474	 0.4916	 0.4535	

STATHMIN_PATHWAY	 0.0114	 -0.0189	 -0.1064	 -0.0903	 -0.1233	 -0.0219	 -0.0801	 -0.0966	 -0.1223	

HSP27_PATHWAY	 0.211	 0.143	 0.1728	 0.2068	 0.1454	 0.2098	 0.229	 0.1924	 0.1877	

TCR_PATHWAY	 0.3584	 0.3594	 0.3506	 0.3373	 0.3554	 0.3903	 0.3158	 0.3576	 0.3516	

TCYTOTOXIC_PATHWAY	 0.094	 0.0523	 -0.0385	 -0.3007	 -0.3069	 0.1526	 -0.1599	 -0.146	 -0.2449	

THELPER_PATHWAY	 0.1824	 0.149	 0.0335	 -0.232	 -0.2296	 0.2069	 -0.0851	 -0.0656	 -0.1427	

TALL1_PATHWAY	 0.1683	 0.2004	 0.1774	 0.1193	 0.1444	 0.2332	 0.1521	 0.1696	 0.11	

TEL_PATHWAY	 0.489	 0.5009	 0.4725	 0.4901	 0.4584	 0.5271	 0.4986	 0.4993	 0.4823	

TGFB_PATHWAY	 0.4762	 0.4586	 0.49	 0.4896	 0.4649	 0.4108	 0.5039	 0.5102	 0.4865	

TH1TH2_PATHWAY	 0.1499	 0.1253	 0.0837	 -0.0613	 -0.039	 0.2262	 0.0357	 0.0694	 0.0049	

41BB_PATHWAY	 0.347	 0.3945	 0.328	 0.3026	 0.3031	 0.4216	 0.3147	 0.3341	 0.2951	

KREB_PATHWAY	 0.519	 0.4784	 0.497	 0.5052	 0.528	 0.5105	 0.5069	 0.4918	 0.5373	

CTLA4_PATHWAY	 0.1126	 0.0844	 0.0256	 -0.0128	 0.0139	 0.1196	 0.0005	 0.0204	 0.0421	

LONGEVITY_PATHWAY	 0.4747	 0.5745	 0.4675	 0.3861	 0.4985	 0.4132	 0.3953	 0.4827	 0.4755	

SARS_PATHWAY	 0.5031	 0.4812	 0.5166	 0.518	 0.5081	 0.5563	 0.5258	 0.5024	 0.5128	

PAR1_PATHWAY	 0.3698	 0.3917	 0.3508	 0.3709	 0.389	 0.3874	 0.3567	 0.3591	 0.3782	

STRESS_PATHWAY	 0.2115	 0.2492	 0.2193	 0.1982	 0.24	 0.2806	 0.1919	 0.2213	 0.2035	

TNFR1_PATHWAY	 0.3319	 0.3072	 0.3123	 0.3172	 0.2829	 0.3441	 0.3134	 0.3127	 0.3109	

TNFR2_PATHWAY	 0.3444	 0.3841	 0.2979	 0.2348	 0.3103	 0.4303	 0.2547	 0.323	 0.2587	

TOLL_PATHWAY	 0.2759	 0.2926	 0.2568	 0.2182	 0.2417	 0.3154	 0.2234	 0.259	 0.2307	

TPO_PATHWAY	 0.4841	 0.5035	 0.4647	 0.4644	 0.4697	 0.4838	 0.4396	 0.4671	 0.4521	

CREB_PATHWAY	 0.3894	 0.3976	 0.3294	 0.3589	 0.355	 0.3544	 0.346	 0.3456	 0.3402	

CARM1_PATHWAY	 0.5166	 0.5354	 0.4618	 0.4332	 0.4409	 0.4429	 0.4561	 0.4744	 0.4451	

TFF_PATHWAY	 0.4925	 0.5029	 0.4772	 0.4916	 0.4641	 0.4623	 0.4748	 0.485	 0.4827	

TRKA_PATHWAY	 0.3781	 0.3515	 0.3692	 0.4153	 0.4173	 0.3912	 0.3727	 0.3617	 0.3778	

ARF_PATHWAY	 0.2921	 0.2851	 0.2415	 0.2669	 0.2748	 0.3575	 0.2976	 0.2914	 0.2933	

UCALPAIN_PATHWAY	 0.612	 0.5952	 0.6102	 0.5656	 0.5702	 0.6135	 0.5915	 0.6165	 0.6042	

VEGF_PATHWAY	 0.4248	 0.427	 0.4247	 0.409	 0.4523	 0.4774	 0.4363	 0.4336	 0.4419	

VITCB_PATHWAY	 0.3387	 0.3652	 0.301	 0.4001	 0.3882	 0.4583	 0.3374	 0.3688	 0.3501	

WNT_PATHWAY	 0.5513	 0.4611	 0.5406	 0.5464	 0.5495	 0.5789	 0.5536	 0.5956	 0.5687	

ACTINY_PATHWAY	 0.6821	 0.6683	 0.7075	 0.6847	 0.6574	 0.7075	 0.6946	 0.6911	 0.6489	
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Appendix 4: Fusion genes, high confidence 

sample	 fusion	genes	 chrom1	 base1	 chrom2	 base2	 gap	(kb)	
spanning	
pairs	

spanning	
reads	 inframe	 aligns	

rearrange
ment	 confidence	

04PM2436	 IGLV1-40:IGLC7	 chr22	 22764194	 chr22	 23264766	 500.574	 42	 4	 TRUE	 TRUE	 FALSE	 High	

04PM2436	 COL3A1:COL5A2	 chr2	 189859825	 chr2	 189898942	 39.118	 31	 1	 TRUE	 TRUE	 TRUE	 High	

04PM2436	 COL1A1:COL1A2	 chr17	 48266529	 chr7	 94047036	 Inf	 31	 1	 TRUE	 TRUE	 TRUE	 High	

04PM2436	 COL5A1:COL3A1	 chr9	 137688747	 chr2	 189858764	 Inf	 29	 1	 TRUE	 TRUE	 TRUE	 High	

04PM2436	 COL1A1:COL3A1	 chr17	 48273675	 chr2	 189871071	 Inf	 21	 1	 TRUE	 TRUE	 TRUE	 High	

04PM2436	 COL3A1:COL1A2	 chr2	 189859825	 chr7	 94047811	 Inf	 21	 1	 TRUE	 TRUE	 TRUE	 High	

04PM2436	 COL3A1:COL1A1	 chr2	 189869090	 chr17	 48268851	 Inf	 21	 1	 TRUE	 TRUE	 TRUE	 High	

04PM2436	 COL5A1:COL1A2	 chr9	 137694841	 chr7	 94043587	 Inf	 19	 1	 FALSE	 TRUE	 TRUE	 High	

04PM2436	 COL1A2:COL6A2	 chr7	 94038135	 chr21	 47542022	 Inf	 13	 1	 TRUE	 TRUE	 TRUE	 High	

04PM2436	 COL1A2:COL11A1	 chr7	 94047143	 chr1	 103427821	 Inf	 9	 1	 TRUE	 TRUE	 TRUE	 High	

04PM2436	
RP11-
680G10.1:GSE1	 chr16	 85391249	 chr16	 85682158	 290.914	 4	 1	 TRUE	 TRUE	 FALSE	 High	

04PM2436	
AC217772.1:ARL17
A	

chr17_ctg
5_hap1	 693835	

chr17_ctg5_
hap1	 400400	 293.431	 2	 2	 FALSE	 TRUE	 TRUE	 High	

06PM1219	
PDE4DIP:RP11-
353N4.1	 chr1	 144952201	 chr1	 149590973	 4638.769	 19	 3	 FALSE	 TRUE	 TRUE	 High	

06PM1219	 COL3A1:SLC40A1	 chr2	 189839294	 chr2	 190430325	 591.03	 4	 1	 TRUE	 TRUE	 TRUE	 High	

06PM1219	 IGKV4-1:IGKC	 chr2	 89185136	 chr2	 89157196	 27.94	 2	 1	 TRUE	 TRUE	 TRUE	 High	

06PM1219	
RP11-
680G10.1:GSE1	 chr16	 85391249	 chr16	 85682158	 290.914	 1	 1	 TRUE	 TRUE	 FALSE	 High	

07PM0274	 COL1A1:COL1A2	 chr17	 48272593	 chr7	 94047811	 Inf	 60	 2	 TRUE	 TRUE	 TRUE	 High	

07PM0274	 COL1A1:COL1A2	 chr17	 48268178	 chr7	 94047811	 Inf	 30	 1	 TRUE	 TRUE	 TRUE	 High	

07PM0274	 COL1A2:COL1A1	 chr7	 94053755	 chr17	 48266371	 Inf	 30	 1	 TRUE	 TRUE	 TRUE	 High	

07PM0274	 COL1A2:COL3A1	 chr7	 94045815	 chr2	 189866262	 Inf	 21	 1	 TRUE	 TRUE	 TRUE	 High	

07PM0274	 COL1A1:COL3A1	 chr17	 48271934	 chr2	 189858960	 Inf	 20	 1	 TRUE	 TRUE	 TRUE	 High	
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07PM0274	 COL1A2:COL3A1	 chr7	 94047143	 chr2	 189860418	 Inf	 20	 1	 TRUE	 TRUE	 TRUE	 High	

07PM0274	
PDE4DIP:RP11-
353N4.1	 chr1	 144952201	 chr1	 149590973	 4638.769	 6	 1	 FALSE	 TRUE	 TRUE	 High	

07PM0274	 COL1A1:RPL3	 chr17	 48276779	 chr22	 39708989	 Inf	 4	 1	 TRUE	 TRUE	 TRUE	 High	

07PM0274	
RP11-
680G10.1:GSE1	 chr16	 85391249	 chr16	 85682158	 290.914	 1	 2	 TRUE	 TRUE	 FALSE	 High	

07PM0274	 TEAD1:CAPRIN1	 chr11	 12923660	 chr11	 34093273	 21169.616	 1	 1	 TRUE	 TRUE	 FALSE	 High	

07RMH115	 COL1A1:COL3A1	 chr17	 48270158	 chr2	 189858960	 Inf	 70	 3	 TRUE	 TRUE	 TRUE	 High	

07RMH115	 COL1A1:COL1A2	 chr17	 48266529	 chr7	 94047811	 Inf	 32	 1	 TRUE	 TRUE	 TRUE	 High	

07RMH115	 COL1A1:COL1A2	 chr17	 48266738	 chr7	 94034985	 Inf	 32	 1	 TRUE	 TRUE	 TRUE	 High	

07RMH115	 COL1A2:COL1A1	 chr7	 94041994	 chr17	 48268285	 Inf	 32	 1	 TRUE	 TRUE	 TRUE	 High	

07RMH115	 COL1A2:COL1A1	 chr7	 94037692	 chr17	 48270054	 Inf	 31	 1	 TRUE	 TRUE	 TRUE	 High	

07RMH115	 COL1A2:COL1A1	 chr7	 94047143	 chr17	 48266371	 Inf	 31	 1	 TRUE	 TRUE	 TRUE	 High	

07RMH115	 COL1A1:COL3A1	 chr17	 48273675	 chr2	 189856910	 Inf	 23	 1	 TRUE	 TRUE	 TRUE	 High	

07RMH115	 COL3A1:COL1A2	 chr2	 189856448	 chr7	 94034985	 Inf	 23	 1	 TRUE	 TRUE	 TRUE	 High	

07RMH115	 COL3A1:COL1A2	 chr2	 189863444	 chr7	 94038634	 Inf	 23	 1	 TRUE	 TRUE	 TRUE	 High	

07RMH115	 COL3A1:COL1A2	 chr2	 189864303	 chr7	 94047811	 Inf	 23	 1	 TRUE	 TRUE	 TRUE	 High	

07RMH115	 COL1A2:COL3A1	 chr7	 94040254	 chr2	 189850391	 Inf	 23	 1	 TRUE	 TRUE	 TRUE	 High	

07RMH115	 COL1A2:COL3A1	 chr7	 94045815	 chr2	 189859267	 Inf	 23	 1	 TRUE	 TRUE	 TRUE	 High	

07RMH115	 COL3A1:COL1A2	 chr2	 189864303	 chr7	 94037159	 Inf	 22	 1	 TRUE	 TRUE	 TRUE	 High	

07RMH115	 COL3A1:COL1A2	 chr2	 189866176	 chr7	 94037159	 Inf	 22	 1	 TRUE	 TRUE	 TRUE	 High	

07RMH115	 COL1A2:COL3A1	 chr7	 94028396	 chr2	 189859772	 Inf	 22	 1	 TRUE	 TRUE	 TRUE	 High	

07RMH115	 COL1A2:COL3A1	 chr7	 94047864	 chr2	 189861891	 Inf	 22	 1	 TRUE	 TRUE	 TRUE	 High	

07RMH115	 COL6A3:COL3A1	 chr2	 238266460	 chr2	 189861891	 48404.566	 16	 1	 TRUE	 TRUE	 TRUE	 High	

07RMH115	
RP11-
680G10.1:GSE1	 chr16	 85391249	 chr16	 85682158	 290.914	 6	 4	 TRUE	 TRUE	 FALSE	 High	

07RMH115	 COL3A1:KIDINS220	 chr2	 189875616	 chr2	 8940628	
180934.98
9	 4	 1	 TRUE	 TRUE	 TRUE	 High	

07RMH115	
PDE4DIP:RP11-
353N4.1	 chr1	 144952201	 chr1	 149590973	 4638.769	 3	 1	 FALSE	 TRUE	 TRUE	 High	
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07RMH257	 COL1A1:COL1A2	 chr17	 48272795	 chr7	 94048810	 Inf	 32	 1	 TRUE	 TRUE	 TRUE	 High	

07RMH257	 COL1A1:COL1A2	 chr17	 48266529	 chr7	 94047811	 Inf	 31	 1	 TRUE	 TRUE	 TRUE	 High	

07RMH257	 COL1A1:COL1A2	 chr17	 48272082	 chr7	 94047811	 Inf	 31	 1	 TRUE	 TRUE	 TRUE	 High	

07RMH257	 COL1A2:COL1A1	 chr7	 94034058	 chr17	 48270054	 Inf	 31	 1	 TRUE	 TRUE	 TRUE	 High	

07RMH257	 COL1A2:COL1A1	 chr7	 94037692	 chr17	 48270054	 Inf	 31	 1	 TRUE	 TRUE	 TRUE	 High	

07RMH257	 COL3A1:COL1A1	 chr2	 189857666	 chr17	 48273889	 Inf	 24	 1	 TRUE	 TRUE	 TRUE	 High	

07RMH257	 COL3A1:COL1A1	 chr2	 189863444	 chr17	 48268285	 Inf	 24	 1	 TRUE	 TRUE	 TRUE	 High	

07RMH257	 COL1A1:COL3A1	 chr17	 48270158	 chr2	 189858960	 Inf	 23	 1	 TRUE	 TRUE	 TRUE	 High	

07RMH257	 COL3A1:COL1A1	 chr2	 189850504	 chr17	 48274424	 Inf	 23	 1	 TRUE	 TRUE	 TRUE	 High	

07RMH257	 COL3A1:COL1A1	 chr2	 189870985	 chr17	 48268285	 Inf	 23	 1	 TRUE	 TRUE	 TRUE	 High	

07RMH257	 COL3A1:COL1A2	 chr2	 189872333	 chr7	 94056500	 Inf	 22	 1	 TRUE	 TRUE	 TRUE	 High	

07RMH257	 COL1A2:COL3A1	 chr7	 94049756	 chr2	 189861891	 Inf	 22	 1	 TRUE	 TRUE	 TRUE	 High	

07RMH257	 COL3A1:COL1A2	 chr2	 189856954	 chr7	 94040368	 Inf	 21	 1	 TRUE	 TRUE	 TRUE	 High	

07RMH257	 COL3A1:COL1A2	 chr2	 189857666	 chr7	 94047036	 Inf	 21	 1	 TRUE	 TRUE	 TRUE	 High	

07RMH257	
RP11-
680G10.1:GSE1	 chr16	 85391249	 chr16	 85682158	 290.914	 6	 2	 TRUE	 TRUE	 FALSE	 High	

07RMH257	 GPR141:NME8	 chr7	 37723506	 chr7	 37923905	 200.403	 5	 1	 FALSE	 TRUE	 FALSE	 High	

07RMH257	 ADCY5:GADL1	 chr3	 123005532	 chr3	 30769907	 92235.629	 1	 1	 TRUE	 TRUE	 FALSE	 High	

07WH100	 COL3A1:COL1A1	 chr2	 189858808	 chr17	 48270054	 Inf	 40	 2	 TRUE	 TRUE	 TRUE	 High	

07WH100	 COL1A2:COL1A1	 chr7	 94053755	 chr17	 48266371	 Inf	 30	 1	 TRUE	 TRUE	 TRUE	 High	

07WH100	 COL3A1:COL1A2	 chr2	 189870985	 chr7	 94038634	 Inf	 26	 1	 TRUE	 TRUE	 TRUE	 High	

07WH100	 COL1A1:COL3A1	 chr17	 48273978	 chr2	 189859267	 Inf	 20	 1	 TRUE	 TRUE	 TRUE	 High	

07WH100	 COL3A1:COL1A1	 chr2	 189859058	 chr17	 48273889	 Inf	 20	 1	 TRUE	 TRUE	 TRUE	 High	

07WH100	 COL3A1:COL1A1	 chr2	 189870183	 chr17	 48272839	 Inf	 20	 1	 TRUE	 TRUE	 TRUE	 High	

07WH100	 COL4A1:COL1A2	 chr13	 110862476	 chr7	 94034005	 Inf	 16	 1	 TRUE	 TRUE	 TRUE	 High	

07WH100	 COL1A1:COL6A1	 chr17	 48273284	 chr21	 47414081	 Inf	 16	 1	 TRUE	 TRUE	 TRUE	 High	

07WH100	 COL16A1:COL1A2	 chr1	 32124089	 chr7	 94047811	 Inf	 8	 1	 TRUE	 TRUE	 TRUE	 High	



 310 

07WH100	 COL3A1:APPL2	 chr2	 189852860	 chr12	 105605095	 Inf	 2	 1	 TRUE	 TRUE	 TRUE	 High	

07WH100	
RP11-
680G10.1:GSE1	 chr16	 85391249	 chr16	 85682158	 290.914	 1	 1	 TRUE	 TRUE	 FALSE	 High	

07WH100	 COL3A1:PXDC1	 chr2	 189870985	 chr6	 3738382	 Inf	 1	 1	 FALSE	 TRUE	 TRUE	 High	

09RMH311	 COL1A1:COL1A2	 chr17	 48266529	 chr7	 94047811	 Inf	 27	 1	 TRUE	 TRUE	 TRUE	 High	

09RMH311	 COL1A2:SFRP4	 chr7	 94024413	 chr7	 37949282	 56075.132	 25	 1	 FALSE	 TRUE	 TRUE	 High	

09RMH311	 COL3A1:COL1A2	 chr2	 189864303	 chr7	 94037159	 Inf	 22	 1	 TRUE	 TRUE	 TRUE	 High	

09RMH311	 COL3A1:COL1A2	 chr2	 189872333	 chr7	 94056500	 Inf	 21	 1	 TRUE	 TRUE	 TRUE	 High	

09RMH311	 COL1A1:COL3A1	 chr17	 48270158	 chr2	 189858960	 Inf	 20	 1	 TRUE	 TRUE	 TRUE	 High	

09RMH311	 COL1A1:COL6A2	 chr17	 48267904	 chr21	 47540975	 Inf	 12	 1	 TRUE	 TRUE	 TRUE	 High	

09RMH311	
PDE4DIP:RP11-
353N4.1	 chr1	 144952201	 chr1	 149590973	 4638.769	 9	 2	 FALSE	 TRUE	 TRUE	 High	

09RMH311	 COL1A2:COL6A3	 chr7	 94034204	 chr2	 238267731	 Inf	 8	 1	 TRUE	 TRUE	 TRUE	 High	

09RMH311	
RP11-
680G10.1:GSE1	 chr16	 85391249	 chr16	 85682158	 290.914	 5	 1	 TRUE	 TRUE	 FALSE	 High	

10RMH289	 COL1A1:COL1A2	 chr17	 48266529	 chr7	 94047811	 Inf	 30	 1	 TRUE	 TRUE	 TRUE	 High	

10RMH289	 COL1A1:COL1A2	 chr17	 48272593	 chr7	 94047036	 Inf	 30	 1	 TRUE	 TRUE	 TRUE	 High	

10RMH289	 COL1A1:COL1A2	 chr17	 48272593	 chr7	 94047811	 Inf	 30	 1	 TRUE	 TRUE	 TRUE	 High	

10RMH289	 COL1A1:COL1A2	 chr17	 48272593	 chr7	 94054429	 Inf	 30	 1	 TRUE	 TRUE	 TRUE	 High	

10RMH289	 COL5A2:COL1A1	 chr2	 189943789	 chr17	 48273728	 Inf	 29	 1	 TRUE	 TRUE	 TRUE	 High	

10RMH289	 COL1A2:COL3A1	 chr7	 94040254	 chr2	 189858764	 Inf	 27	 1	 TRUE	 TRUE	 TRUE	 High	

10RMH289	 COL3A1:COL1A2	 chr2	 189853369	 chr7	 94034005	 Inf	 26	 1	 TRUE	 TRUE	 TRUE	 High	

10RMH289	 COL3A1:COL1A2	 chr2	 189871716	 chr7	 94034005	 Inf	 26	 1	 TRUE	 TRUE	 TRUE	 High	

10RMH289	 COL1A2:COL3A1	 chr7	 94042448	 chr2	 189859772	 Inf	 26	 1	 TRUE	 TRUE	 TRUE	 High	

10RMH289	 COL1A1:COL3A1	 chr17	 48270355	 chr2	 189860418	 Inf	 25	 1	 TRUE	 TRUE	 TRUE	 High	

10RMH289	 COL3A1:COL1A1	 chr2	 189858808	 chr17	 48271808	 Inf	 25	 1	 TRUE	 TRUE	 TRUE	 High	

10RMH289	 COL3A1:COL1A1	 chr2	 189870183	 chr17	 48272839	 Inf	 25	 1	 TRUE	 TRUE	 TRUE	 High	

10RMH289	
RP11-
680G10.1:GSE1	 chr16	 85391249	 chr16	 85667520	 276.274	 6	 1	 TRUE	 TRUE	 FALSE	 High	
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10RMH289	
PDE4DIP:RP11-
353N4.1	 chr1	 144952201	 chr1	 149590973	 4638.769	 4	 1	 FALSE	 TRUE	 TRUE	 High	

10RMH289	 SPARC:LOXL2	 chr5	 151051134	 chr8	 23217778	 Inf	 4	 1	 FALSE	 TRUE	 TRUE	 High	

11WH0144	 COL3A1:COL1A1	 chr2	 189858808	 chr17	 48271808	 Inf	 37	 2	 TRUE	 TRUE	 TRUE	 High	

11WH0144	 COL3A1:COL1A1	 chr2	 189863444	 chr17	 48268285	 Inf	 36	 2	 TRUE	 TRUE	 TRUE	 High	

11WH0144	 COL1A2:COL3A1	 chr7	 94047143	 chr2	 189860418	 Inf	 36	 2	 TRUE	 TRUE	 TRUE	 High	

11WH0144	 COL1A1:COL1A2	 chr17	 48266103	 chr7	 94047811	 Inf	 25	 1	 TRUE	 TRUE	 TRUE	 High	

11WH0144	 COL1A1:COL1A2	 chr17	 48272593	 chr7	 94047811	 Inf	 25	 1	 TRUE	 TRUE	 TRUE	 High	

11WH0144	 COL1A1:COL1A2	 chr17	 48274541	 chr7	 94043002	 Inf	 25	 1	 TRUE	 TRUE	 TRUE	 High	

11WH0144	 COL1A1:COL1A2	 chr17	 48266529	 chr7	 94054429	 Inf	 24	 1	 TRUE	 TRUE	 TRUE	 High	

11WH0144	 COL1A1:COL1A2	 chr17	 48266738	 chr7	 94043002	 Inf	 24	 1	 TRUE	 TRUE	 TRUE	 High	

11WH0144	 COL1A1:COL1A2	 chr17	 48268744	 chr7	 94042395	 Inf	 24	 1	 TRUE	 TRUE	 TRUE	 High	

11WH0144	 COL1A1:COL1A2	 chr17	 48272593	 chr7	 94047036	 Inf	 24	 1	 TRUE	 TRUE	 TRUE	 High	

11WH0144	 COL1A1:COL1A2	 chr17	 48273675	 chr7	 94034985	 Inf	 24	 1	 TRUE	 TRUE	 TRUE	 High	

11WH0144	 COL1A2:COL1A1	 chr7	 94047143	 chr17	 48266371	 Inf	 24	 1	 TRUE	 TRUE	 TRUE	 High	

11WH0144	 COL1A2:COL1A1	 chr7	 94053755	 chr17	 48272461	 Inf	 24	 1	 TRUE	 TRUE	 TRUE	 High	

11WH0144	 COL1A1:COL3A1	 chr17	 48265891	 chr2	 189860418	 Inf	 18	 1	 TRUE	 TRUE	 TRUE	 High	

11WH0144	 COL1A1:COL3A1	 chr17	 48268744	 chr2	 189864011	 Inf	 18	 1	 TRUE	 TRUE	 TRUE	 High	

11WH0144	 COL1A1:COL3A1	 chr17	 48268744	 chr2	 189864196	 Inf	 18	 1	 TRUE	 TRUE	 TRUE	 High	

11WH0144	 COL1A1:COL3A1	 chr17	 48270158	 chr2	 189858960	 Inf	 18	 1	 TRUE	 TRUE	 TRUE	 High	

11WH0144	 COL1A1:COL3A1	 chr17	 48273516	 chr2	 189860418	 Inf	 18	 1	 TRUE	 TRUE	 TRUE	 High	

11WH0144	 COL1A1:COL3A1	 chr17	 48273978	 chr2	 189859267	 Inf	 18	 1	 TRUE	 TRUE	 TRUE	 High	

11WH0144	 COL3A1:COL1A2	 chr2	 189867077	 chr7	 94051211	 Inf	 18	 1	 TRUE	 TRUE	 TRUE	 High	

11WH0144	 COL3A1:COL1A1	 chr2	 189868190	 chr17	 48268285	 Inf	 18	 1	 TRUE	 TRUE	 TRUE	 High	

11WH0144	 COL1A2:COL3A1	 chr7	 94052430	 chr2	 189867681	 Inf	 18	 1	 TRUE	 TRUE	 TRUE	 High	

11WH0144	 SSC5D:COL1A1	 chr19	 56009564	 chr17	 48273728	 Inf	 16	 1	 FALSE	 TRUE	 TRUE	 High	

11WH0144	
PDE4DIP:RP11-
353N4.1	 chr1	 144952201	 chr1	 149590973	 4638.769	 12	 3	 FALSE	 TRUE	 TRUE	 High	
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11WH0144	
RP11-
680G10.1:GSE1	 chr16	 85391249	 chr16	 85682158	 290.914	 10	 2	 TRUE	 TRUE	 FALSE	 High	

11WH0144	 RCN3:COL3A1	 chr19	 50046009	 chr2	 189864568	 Inf	 10	 1	 TRUE	 TRUE	 TRUE	 High	

11WH0144	 POSTN:ATG12	 chr13	 38143881	 chr5	 115168361	 Inf	 2	 1	 FALSE	 TRUE	 TRUE	 High	

11WH0144	 COL6A3:ANXA2	 chr2	 238305370	 chr15	 60656722	 Inf	 2	 1	 TRUE	 TRUE	 TRUE	 High	

11WH0144	 ZNF501:SPARC	 chr3	 44773052	 chr5	 151055762	 Inf	 1	 1	 FALSE	 TRUE	 TRUE	 High	
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Appendix 5: Grants, Scholarships and Prizes 

 

Research Grants 

 

• Australasian Sarcoma Study Group (ASSG) Xavier Krikori Sarcoma 

Research Grant 2016 

 

Scholarships 

 

• Royal Australasian College of Surgeons, Foundation for Surgery 

Scholarship: Frances & Phyllis Thornell Shore Memorial Trust for 

Medical Research Scholarship 2017 

 

• Medtronic (Covidien) Colorectal Research Fellowship 2017 

 

Prizes  

 

• Colorectal Surgical Society of Australia and New Zealand (CSSANZ) 

Foundation Award for Research from a Higher Degree, awarded 

August 2017 
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