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Abstract 

 

Acute myeloid leukaemia (AML) is an aggressive haematologic malignancy caused by 

somatically-acquired structural rearrangements, single-nucleotide variants (SNV) and 

insertions/deletions affecting a set of well-defined genes. However, the contribution of germline 

mutations to AML initiation and progression is incompletely established. Genomic instability 

has classically been shown to contribute to cancer, and DNA repair disorders such as Fanconi 

anaemia (FA) are associated with increased risk of AML. FA is caused by a severe dysfunction 

of haematopoietic stem cells (HSCs) due to bi-allelic mutations in one of the 21 FANC DNA 

repair genes and these patients have an increased risk of developing AML that is ≥800 times 

than the population average. 

The STRINGdb interface was used to expand the FA DNA repair pathway to include interacting 

components involved in DNA repair and cell cycle checkpoints, generating an extended 

network of 58 genes which have been termed the extended FA/BRCA-homologous 

recombination repair (FA/BRCA-HRR) network. This was further organised into several 

functional subgroups. Rare deleterious variants across this FA/BRCA-HRR network were 

identified from an exome-wide next generation sequencing study of an AML cohort and healthy 

Australian controls. Whole exome sequencing was performed for 145 adult and 23 paediatric 

AML cases at diagnosis, as well as a 329 all-female healthy controls. A total of 199 variants 

were identified across this network in the adult AML cohort, with 32 variants identified in the 

paediatric. Based on Sanger sequencing of a subset of variants using matched tumour and non-

tumour samples it was predicted that the majority of these rare variants are germline in origin.  

Adult AML samples with variants across the FA/BRCA-HRR network displayed significantly 

increased abnormal karyotype (P=0.012). In the adult AML samples, there was a significant 

increase in frequency of rare and damaging variants in a number of FA/BRCA-HRR network 

genes, compared to the normal healthy population (n=33370) from the publically available 

Exome Aggregate Consortium database. Furthermore, burden testing revealed enrichment of 

rare deleterious variants affecting FANCL and RMI1 in this adult AML cohort. In the smaller 

paediatric cohort, the mutation spectrum of the FA/BRCA-HRR network genes was 

significantly different to that of the adult samples. In particular, FANCC, FANCL and FANCM 

variants which were significantly over-represented in adult AML (compared to healthy 

controls), were absent in the paediatric AML samples. Moreover, BRCA1/2 variants were 

observed at a strikingly increased frequency in the paediatric samples. In the paediatric AML, 
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a significant association of BRCA1/2 variants with Down syndrome and trisomy 21 was also 

observed (P=0.045).  

The mutation data were also cross-referenced to the disease databases for FA and breast cancer 

to determine known disease-causing mutations (D-C mutations). In the adult AML, a significant 

enrichment was observed for D-C mutations affecting the 19 FANC genes compared to the all-

female healthy control cohort [P=0.018; Odds ratio=3.3 (1.3-8.6)]. Similarly, an over-

representation of  D-C mutations affecting 16 of the FANC genes was observed in the adult 

AML cohort, compared to that reported in a separate published study of  large healthy 

populations [P=0.002; odds ratio=3.4 (1.7-7.0)]. The mutation data was also compared against 

cancer and disease databases to determine the presence of disease-causing (D-C) mutations in 

all 58 genes, and to identify other disease-associated (D-A) variants. This analysis revealed a 

number of mutations that were present in multiple disease samples, while being absent, or 

present at low frequency, in the control cohorts.  

Gene expression profiling was performed for a small set of adult AML (n=57) using microarray. 

This analysis, comparing gene expression in mutant versus non-mutant AML, revealed 

differences in gene expression pattern associated with presence of rare variants affecting 

functional gene subgroups within the FA/BRCA-HRR network. Examination of the individual 

differentially-expressed genes, and gene set enrichment analysis (GSEA), suggested that there 

may be potential differences in leukaemic cell of origin for AML carrying rare variants affecting 

the different functional subgroups of the extended FA/BRCA-HRR network. GSEA also 

suggested potential up-regulation of gene-sets associated with base excision repair and 

homologous recombination repair, as well as replicative stress, in samples carrying rare variants 

affecting the genes encoding the FA core & ID2 proteins. It is speculated that this may be 

indicative of increased basal replicative stress and DNA damage in the samples carrying these 

rare variants, with compensatory up-regulation of these repair pathways. 

Based on the data presented it is hypothesised that rare germline variants affecting the genes in 

the FA/BRCA-HRR network result in subtle changes to the effectiveness of the FA DNA repair 

pathway in HSC, with a resultant modest increased pre-disposition to AML. An important 

question raised by this study relates to the cellular phenotype associated with rare, heterozygous 

deleterious variants affecting genes in the FA/BRCA-HRR network, and the FANC genes in 

particular. To investigate this further clonal cell lines were generated from a non-cancer cell 

line (MCF10A) carrying heterozygous or bi-allelic damaging mutations in FANCL. Changes to 

DNA repair capacity have been shown in cells with FANCL heterozygous mutations to be 

statistically different to the wild type cells. 
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Chapter 1 Introduction 

 

1.1 Haematopoiesis 

Haematopoiesis is the life-long generation of blood cells, a process that is critical for the 

survival of organisms possessing a circulatory system. It provides organisms, including 

mammals and arthropods, with the specialised blood cells which make up the basis of the innate 

and adaptive immune system, as well as cells from erythroid lineage that are central to the 

transport of oxygen. 

 

1.1.1 The haematopoietic stem cell 

Primitive haematopoiesis occurs initially in the yolk sac and switches to the foetal liver during 

foetal development. The switch to definitive haematopoiesis occurs just before birth and 

continues into adulthood in the bone marrow (Ciriza et al., 2013). During early development 

when haematopoietic stem cells (HSC) are derived from foetal liver, the HSC compartment 

rapidly expands to construct the circulatory system. This is a critical step in embryogenesis and 

HSC rely heavily on competent DNA repair pathways during this process. HSCs are one of the 

most studied adult stem cells (ASC) and possess the classical characteristics of ASC, including 

self-renewal and the capacity to differentiate into multiple lineage specific progenitors that 

drive tissue regeneration. 

 

Based on extensive studies in the murine system, HSC is classified into long-term HSC (LT-

HSC) and short-term HSC (ST-HSC).  LT-HSC divide symmetrically for self-renewal and can 

engraft for long periods of time upon transplantation. Conversely, ST-HSCs are able to 

differentiate into lineage specific progenitors and only engraft for a short period of time on 

transplantation. A major challenge in the study of HSC has been the isolation of sufficient 

numbers of cells. Approximately 0.01% of nucleated cells in murine bone marrow are HSC, 

based on engraftment assays, with ST-HSC being more common (1 in 2000 cells) than LT-HSC 

(1 in 10000 cells) (Morrison et al., 1995). The enrichment of murine HSC is performed using 

the expression of the cell surface makers c-Kit+, Lin- and Sca-1+ which are commonly referred 

to as the LSK phenotype.  The LSK phenotype has become an accepted standard for enrichment 

of HSC (Okada et al., 1992). HSC can also be enriched using CD150+, CD48- and CD41- (Kiel 

et al., 2007). The LSK phenotype selects for both LT-HSC and ST-HSC fractions with further 

enrichment possible using the expression of CD34 and Flk-2; LT-HSC (CD34- and Flk-2- ), 

ST-HSC (CD34+ and Flk2-) and multipotent progenitor (MPP) (CD34+ & Flk-2+) (Kiel et al., 
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2007, Yang et al., 2005). The enrichment of HSC can also be performed through cell cycle 

kinetics using Ki67 and BrdU staining since LT-HSC are more quiescent and less proliferative 

than ST-HSC (Challen et al., 2009).The expression of cell surface markers beyond the LSK 

phenotype to classify common lymphoid progenitors (CLP), myeloid progenitors, common 

myeloid progenitor (CMP), megakaryocyte-erythrocyte progenitor (MEP) and granulocyte-

macrophage progenitors (GMP) in murine haematopoiesis has also been determined (Figure 

1.1) (Kondo et al., 1997, Akashi et al., 2000, Seita and Weissman, 2010). The understanding of 

the human HSC compartment is less established and studies in human HSC have shown minor 

differences between murine and human HSC. Human HSC are Lin- and KIT+ (CD117+) but are 

also CD34+ unlike murine LT-HSC (Notta et al., 2011). Interestingly, the most important and 

widely used cell surface marker in the identification and/or enrichment of human HSC is CD34, 

which along with Thy1+ (CD90+), CD38-, CD45RA- and CD49f+, has become the standard for 

human HSC (Craig et al., 1993, Terstappen et al., 1991, Lansdorp et al., 1990, Seita and 

Weissman, 2010). 

 

The maturation of HSCs is a tightly regulated process which results in an organised hierarchy 

that progressively becomes more restrictive towards a specific cell type in which the HSC loses 

its stem-cell characteristics. The LT-HSC differentiate into ST-HSC which further 

differentiates into one of two multipotent progenitors, either the common myeloid progenitor 

(CMP) or the common lymphoid progenitor (CLP) and these progenitors give rise to an array 

of terminally differentiated cells (Figure 1.1). The decision to self-renew or terminally 

differentiate is coordinated by cell-cell interactions, growth factors and the bone marrow 

microenvironment (niche) (Ho et al., 2015). The concept of the bone marrow niche was first 

proposed by Schofield in 1978 (Schofield, 1978) and has since been established as a complex 

ecosystem with various cellular and acellular factors (Schepers et al., 2015). Two aspects of the 

bone marrow niche have the greatest effect on HSC biology and function, the endosteal and 

perivascular niches (Levesque and Winkler, 2011, Li and Li, 2006). The endosteal niche consist 

mainly of osteoblasts (bone-forming cells) and cells that are committed to the osteogenic 

lineage and is physically closer to the bone than the perivascular niche. Dormant and quiescent 

LT-HSC are found in the endosteal niche wherein quiescence is maintained by secreted factors 

and chemokines such as stem cell factor (SCF), tumour growth factor beta-1 (TGF-β1), 

chemokine (C-X-C motif) ligand 4 (CXCL4) and C-X-C chemokine receptor type 4 (CXCR4) 

(Schepers et al., 2015). The perivascular niche contains multipotent mesenchymal stromal cells 

(MSC) and chemokines such as CXCL12 and cellular factors which influence HSC homing and   
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Figure 1.1. Haematopoiesis in mouse and human (adapted from (Seita and Weissman, 

2010, Ho et al., 2015)). The maturation process of HSC to common myeloid and lymphoid 

progenitors (CMP and CLP), finally ending in mature blood cells. Cell surface markers used to 

enrich for various haematopoietic stem and progenitor cells (HSPC) at different stages of 

haematopoiesis in mouse and humans are shown. 
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lodgement.  As such, actively cycling ST-HSCs are located in the perivascular niche. Key 

signalling pathways such as Jagged-NOTCH and WNT/β-catenin cascade also contribute to the 

maintenance of the bone marrow niche (reviewed in, (Ho et al., 2015)). 

 

1.2 Acute myeloid leukaemia 

Acute myeloid leukaemia (AML) is a complex haematologic malignancy with remarkable 

heterogeneity in morphology, cytogenetics, molecular characteristics, response to treatment and 

survival outcomes. It is a clonal disorder caused by the malignant transformation of HSC or 

committed myeloid progenitor cells that results in leukaemic stem cells (LSC) which are 

essential for malignant haematopoiesis. Upon transformation, LSCs acquire self-renewal 

capabilities with increased proliferation and blocked differentiation. This results in the 

accumulation of early myeloid precursor cells (myeloblasts) with markers of the myeloid 

lineage consisting of granulocytes (neutrophils, eosinophils and basophils), monocytes, 

macrophages, erythrocytes, megakaryocytes, and mast cells (Biondi and Rambaldi, 1996). 

AML can occur de novo, or secondary to myelodysplastic syndrome (MDS), myeloproliferative 

neoplasm (MPN) or as treatment-related myeloid neoplasms that arise as a result of cytotoxic 

therapy to a preceding malignancy (Granfeldt Ostgard et al., 2015). Clinical manifestation 

typically includes neutropenia, anaemia and thrombocytopenia (Meyers et al., 2005, Nebgen et 

al., 2016).  Incidence rates of AML dramatically increase with age with AML having a median 

age of diagnosis of 69 years old. In Australia, approximately 4 in every 100000 individuals are 

diagnosed with AML with an estimate of approximately 1000 new cases annually and a 

corresponding mortality of 950 deaths annually (Cancer Australia 2017: 

http://www.aihw.gov.au/publication-detail/?id=60129558547).   

 

1.3 Classification of AML 

1.3.1 French-British-American and World Health Organization classification of AML 

Different classification systems have been used to describe AML over the years, the first of 

which was by the French-American-British Cooperative Group (FAB) and was proposed in 

1976 (Bennett et al., 1976). The FAB system uses cellular morphology and apparent maturity 

of the leukaemic blast when viewed using light microscopy as its main criteria. Eight subtypes 

(M0-M7) were defined with increased numbers matching the apparently increased maturity of 

the leukaemic blast (Shi et al., 2004). Additionally, for an AML classification, bone marrow 

biopsies require at least 30% of the bone marrow to be leukaemic blasts. A flaw in this 

http://www.aihw.gov.au/publication-detail/?id=60129558547
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classification system however is that the FAB system does not account or correlate with patient 

prognosis and outcomes.   

 

In 2002, the World Health Organization (WHO) proposed an updated classification system 

which integrates morphology with recurring chromosomal rearrangements and smaller 

molecular variations as criteria (Vardiman et al., 2002). The WHO classification system is 

regularly updated to incorporate advancement of the field (Arber et al., 2016). As of the latest 

revision in 2016 (Arber et al., 2016), there are 4 broad categories for the classification of AML 

as shown in Table 1.1. The first and broadest category is AML with recurrent genetic 

abnormalities including somatically acquired mutations in nucleophosmin 1 (NPM1), 

CCAAT/enhancer-binding protein alpha (CEBPA) and runt-related transcription factor 1 

(RUNX1), and recurring chromosomal translocations in genes such as RUNX1, mixed-lineage 

leukaemia (MLL) and, GATA binding protein 2 (GATA2) (described in Section 1.6 of this 

chapter). This category makes up approximately 50% of all adult AMLs. The second category 

is treatment-related myeloid neoplasms (T-MN) which are secondary AMLs developed by 

patients who have undergone treatment or therapy for another malignancy or disease. The third 

category is AMLs not otherwise specified (NOS). The WHO uses the FAB subtypes to further 

sub-divide this group of AMLs which have neither discerning karyotypic abnormalities nor 

clinical evidence consistent with treatment related malignancies. The fourth category is myeloid 

proliferations related to Down syndrome. This category includes transient abnormal 

myelopoiesis (TAM) which occurs within days after birth and progresses into myeloid 

leukaemia later (within 3 years of life). This category has been associated with inherited 

mutations associated with GATA1 and the Janus kinase (JAK) and two Signal Transducer and 

Activator of Transcription (JAK-STAT) pathway (Bhatnagar et al., 2016, Kiyoi et al., 2007). 

 

1.3.2 Proposed molecular classification of AML 

A recent large-scale and multi-centre study performed by the Cancer Genome Project 

(Wellcome Trust Sanger Institute) and EMBL-EBI analysed 1540 AML patient samples 

tabulating the driver mutations in 111 cancer genes (Papaemmanuil et al., 2016).  This data was 

then correlated with patient cytogenetic and clinical data. Owing to the size of the study, 

Papaemmanuil and colleagues were able to determine mutation co-occurrence and exclusivity 

patterns of AML driver mutations. A total of 5234 driver mutations were identified, involving 

76 genes with 73% of the mutations being missense mutations (3824 out of 5234). Based on 

their findings, Papaemmanuil and colleagues proposed a genomic classification approach for  
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Table 1.1. World Health Organisation (WHO) classification of AML (adapted from 

(Arber et al., 2016)). 

Classifications Criteria for classifications 

Acute myeloid leukaemia (AML) with 

recurrent genetic abnormalities 

AML with recurrent genetic abnormalities 

AML with t(8;21)(q22;q22.1); RUNX1-

RUNX1T1 

AML with inv(16)(p13.1q22) or 

t(16;16)(p13.1;q22); CBFB-MYH11 

APL with PML-RARA 

AML with t(9;11)(p21.3;q23.3); MLLT3-MLL 

AML with t(6;9)(p23;q34.1);DEK-NUP214 

AML with inv(3)(q21.3q26.2) or 

t(3;3)(q21.3;q26.2); GATA2, MECOM 

AML (megakaryoblastic) with 

t(1;22)(p13.3;q13.3);RBM15-MKL1 

Provisional entity: AML with BCR-ABL1 

AML with mutated NPM1 

AML with biallelic mutations of CEBPA 

Provisional entity: AML with mutated RUNX1 

Treatment-related myeloid neoplasm Therapy-related myeloid neoplasms 

AML NOS (Not Otherwise Specified) AML with minimal differentiation 

AML without maturation 

AML with maturation 

Acute myelomonocytic leukaemia 

Acute monoblastic/monocytic leukaemia 

Pure erythroid leukaemia 

Acute megakaryoblastic leukaemia 

Acute basophilic leukaemia 

Acute panmyelosis with myelofibrosis 

Myeloid proliferations related to Down 

syndrome 

Transient abnormal myelopoiesis (TAM) 

Myeloid leukaemia associated with Down 

syndrome 
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AML as shown in Table 1.2. This proposed classification incorporates both the mutations and 

cytogenetics for the identification of AML and expands upon the WHO classification. 

 

1.4 Risk stratification of AML 

1.4.1 ELN classification 

In 2010, the European LeukaemiaNET (ELN) risk stratification scheme was proposed by 

Dohner and colleagues (Dohner et al., 2010). More recently, this classification has undergone 

a revision and as of 2017, the risk associated with highly penetrance germline predisposition  

mutations are now included (Dohner et al., 2017). Risk stratification recommended by the ELN 

for AML is grouped into favourable (17%), intermediate (68%) and adverse (15%) (Dohner et 

al., 2017). These categorical groups were established using standardised genetic abnormalities, 

clinical characteristics and patient outcome. The ELN classification stratifies patients 

depending on two prognostic indicators, patient factors and AML factors that are considered 

together to determine the outcome groups as detailed in. The main patient factor that determines 

outcome is the age of the patient, with poorer outcome and response to treatment increasing 

with age. AML factors include cytogenetic abnormalities and molecular genetics as described 

below in Section 1.6.1 of this chapter. Key mutations include those in NPM1 and tumour 

protein 53 (TP53), internal tandem duplications of fms like tyrosine kinase 3 (FLT3-ITD), as 

well as translocation and fusion genes involving RUNX1 and MLL.  

 

The favourable risk category includes RUNX1-RUNX1T1 translocations, inversion of 

chromosome 16 (inv(16)), bi-allelic mutation of CEBPA and NPM1 mutation without FLT3-

ITD. The intermediate risk category includes FLT3-ITD mutation with NPM1 mutation, the 

translocation involving MLLT3-MLL and other cytogenetic abnormalities that were not 

classified as favourable or adverse. The adverse risk category includes individuals with a 

“complex karyotype” which is determined by a patient carrying 3 or more karyotypic 

abnormalities, as well as aneuploidy such as monosomy 5 and monosomy 7.  

 

1.4.2 Grimwade classification 

An alternative to the ELN classification is the classification proposed by Grimwade and 

colleagues (Grimwade et al., 2010), another widely accepted risk stratification method.  

However, unlike the ELN classification that takes into account recurrent somatic mutation such  
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Table 1.2. Proposed Genomic Classification of AML. (adapted from (Papaemmanuil et al., 2016)) 

Proposed genomic Subgroup No. of patients (%) 

AML with NPM1 mutation 418 (27) 
1AML with mutated chromatin, RNA-splicing genes, or both 275 (18) 
2AML with TP53 mutations, chromosomal aneuploidy, or both 199 (13) 

AML with inv(16)(p13.1q22) or t(16;16)(p13.1;q22); 

CBFB–MYH11 

81 (5) 

AML with biallelic CEBPA mutations 66 (4) 

AML with t(15;17)(q22;q12); PML–RARA 60 (4) 

AML with t(8;21)(q22;q22); RUNX1–RUNX1T1 60 (4) 
3AML with MLL fusion genes; t(9;11)(p21;q23) 44 (3) 

AML with inv(3)(q21q26.2) or t(3;3)(q21;q26.2); GATA2, 

MECOM(EVI1) 

20 (1) 

AML with IDH2-p.R172 mutations and no other class-defining lesions 18 (1) 

AML with t(6;9)(p23;q34); DEK–NUP214 15 (1) 

AML with driver mutations but no detected class-defining lesions 166 (11) 

AML with no detected driver mutations 62 (4) 

AML meeting criteria for ≥2 genomic subgroups 56 (4) 
1Requires one or more driver mutations in RUNX1, ASXL1, BCOR, STAG2, EZH2, SRSF2, SF3B1, U2AF1, ZRSR2, or MLL-PTD or the presence of other class-defining lesions 

(inv(16), t(15;17), t(8;21), t(6;9), MLL fusion genes, or complex karyotype) in conjunction with NPM1 mutations. 

or driver mutations in TP53, NPM1, or CEBPA biallelic — two or more chromatin–spliceosome mutations are required. 
2Requires TP53 mutation, complex karyotype, or in the absence of other class-defining lesions, one or more of the following: −7/7q, −5/5q, −4/4q, −9q, −12/12p, −17/−17p, −18/18q, 

−20/20q, +11/11q, +13, +21, or +22. 
3MLL has multiple fusion partners and the clinical implications depend on the specific fusion partner.
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Table 1.3 ELN risk classification of AML (adapted from (Dohner et al., 2017)) 

Risk category Genetic abnormality 

Favourable  t(8;21)(q22;q22.1); RUNX1-RUNX1T1 

 inv(16)(p13.1q22) or t(16;16)(p13.1;q22); CBFB-MYH11 

 Mutated NPM1 without FLT3-ITD or with FLT3-ITDlow (low 

allelic ratio <0.5) 

 Biallelic mutated CEBPA 

Intermediate  Mutated NPM1 and FLT3-ITDhigh (high allelic ration >0.5) 

 Wild-type NPM1 without FLT3-ITD or with FLT3-ITDlow (low 

allelic ratio <0.5), without adverse-risk genetic lesions 

 t(9;11)(p21.3;q23.3); MLLT3-MLL 

Adverse  t(6;9)(p23;q34.1); DEK-NUP214 

 t(v;11q23.3); MLL rearranged 

 t(9;22)(q34.1;q11.2); BCR-ABL1 

 inv(3)(q21.3q26.2) or t(3;3)(q21.3;q26.2); GATA2, 

MECOM(EVI1)  

 -5 or del(5q); -7; -17/abnormal(17p) 

 Complex karyotype (3 or more abnormalities), monosomal 

karyotype 

 Wild-type NPM1 and FLT3-ITDhigh (high allelic ration >0.5) 

 Non-translocation mutations in RUNX1 (if co-occur with 

favourable risk subtypes) 

 Mutated ASXL1 (if co-occur with favourable risk subtypes) 

 Mutated TP53 (Significantly associated with complex and 

monosomal karyotype) 
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as NPM1 and FLT3-ITD, the Grimwade classification is based solely on karyotypic 

abnormalities. It includes three categories, like the newest revision of ELN, favourable, 

intermediate and adverse, as shown in Table 1.4. The favourable category includes the RUNX1 

and CBF translocations. The adverse category is also similar to that of the ELN classification 

except for the exclusion of NPM1 and FLT3-ITD mutational status. The intermediate risk group 

accounts for cases that do not classify as either favourable or adverse. 

 

1.5 Treatment of AML 

Despite an increased understanding of the genomic and molecular landscape of AML, treatment 

options for patients have not improved since the introduction of anthracyline and cytarabine 

based regimens in the 1970s, and this treatment remain highly toxic with severe relapse rates 

(Mims and Stuart, 2013). The key breakthrough in treatment is the use of all-trans retinoic acid 

(ATRA) to treat acute promyelocytic leukaemia (APL), a subtype of AML (Degos and Wang, 

2001). The induction therapy for APL does not include chemotherapeutic compounds but 

consists only of ATRA, and consolidation therapy with anthracycline described below, along 

with ATRA. Other targeted therapy include inhibitors that target mutated FLT3 and IDH1/2 

that are currently in clinical trials (Garcia and Stone, 2017, Dang and Su, 2017). 

 

Treatment options for AML are limited, with standard therapy consisting of chemotherapy 

using a combination of drugs. Allogenic haematopoietic stem cell transplantation (HCT) is an 

available treatment option for patients defined as “high-risk”, which corresponds to being 

classified in the ELN “adverse” group. Induction therapy consists of 3 days of anthracycline 

and 7 days of cytarabine commonly referred to as the “7+3” regimen (Tefferi and Letendre, 

2012). After the initial induction therapy, 60% to 80% of patients achieve complete remission 

(CR), which is defined by the presence of less than 5% blast in the bone marrow (biopsy) of the 

patient. Patients that did not achieve CR with the induction therapy may be given an additional 

intensive anthracycline regimen. 

 

Once the patient achieves CR, they then undergo consolidation therapy. The intensity of the 

consolidation therapy is based on the individuals’ age, intensive therapy for young patients (≤60 

years of age) and less intensive therapies for the elderly (>60 years) (Estey, 2001). Younger 

patients with favourable and intermediate risk group are given 2 to 4 cycles of intense 

anthracycline regime while patients in the intermediate risk group undergo allogenic HCT 
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Table 1.4. Grimwade classification of AML (Adapted from (Grimwade et al., 2010)) 

Risk category Genetic abnormality 

Favourable  t(15;17)(q22;q21) 

 t(8;21)(q22;q22) [Irrespective of additional cytogenetic 

abnormalities] 

 inv(16)(p13q22)/t(16;16)(p13;q22) 

Intermediate  Entities not classified as favourable or adverse  

Adverse  abnormal(3q) excluding t(3;5)(q21-25;q31-35) 

 inv(3)(q21q26)/t(3;3)(q21;q26) 

 add(5q), del(5q), -5 

 +7, add(7q)/del(7q) [Excluding cases with favourable 

karyotype] 

 t(6;11)(q27;q23) 

 t(10;11)(p11~13;q23) 

 t(11q23) [excluding t(9;11)(p21~22;q23) and t(11;19)(q23;p13) 

 t(9;22)(q34;q11) 

 -17/abn(17p) 

 Complex (>4 unrelated abnormalities) 
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(when stem cell donors are available). The patients in the adverse risk group are not given 

consolidation therapy but undergo allogenic HCT (when stem cell donors are available) upon 

achieving CR. Older patients in the favourable risk group are given a less intensive 

consolidation therapy regimen compared to the younger patients. Unfortunately, older patients 

in the intermediate and adverse risk groups have limited treatment options. Established 

intensive anthracycline regime and allogenic HCT is considered on a case by case scenario. 

However, as these patients that are not fit for intensive consolidation therapy, a number of low 

dose treatment approaches with azacitidine, decitabine and low-dose cytarabine are available. 

 

1.6 AML genomics: somatically acquired mutations and pathogenesis of AML 

The earliest next-generation sequencing (NGS) study of AML was carried out by Ley and 

colleagues, who later formed the Cancer Genome Atlas (TCGA) (Ley et al., 2008). This study 

involved the whole genome sequencing (WGS) of a single AML patient at diagnosis, remission 

and relapse, and reported 8 somatic mutations with similar frequencies at diagnosis and relapse 

(Ley et al., 2008). They also reported a second WGS study of a patient who had 64 somatic 

mutations that were subsequently tested in an additional 188 samples (Ley et al., 2010). This 

study also identified the recurrent IDH1 and IDH2 mutations (Mardis et al., 2009) which 

identified a novel pathway commonly affected in adult AML pathogenesis. The next major 

TCGA publication studying AML identified DNA methyltransferase 3A (DNMT3A) to be 

frequently mutated (62 out of 281 patients), with a particular DNMT3A mutation (p.R882H) 

found mutated in 37 out of the 62 patients (Ley et al., 2010). 

 

The advancement in NGS technology also allowed Patel and colleagues to use an NGS 

approach to address the effects of recurrent mutations on treatment outcome for AML. The 

approach involved the sequencing of recurrently mutated genes (18 genes) in a large cohort of 

patients (n=398) who were undergoing treatment using a single drug, daunorubicin at high-dose 

and standard-dose (Patel et al., 2012). The cohort consisted only of patients younger than 60 

years of age. The results from this study suggested that mutational analysis could be used for 

risk stratification, treatment decision and informative prognosis. In 2013, the TCGA analysed 

the genomes of 200 clinically annotated primary AML cases using WGS (n=50) and whole-

exome sequencing (WES) (n=150). This study reported an average of 13 somatic mutations per 

AML case, and identified 23 which were significantly mutated (Cancer Genome Atlas 
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Research, 2013). These large scale genomic studies demonstrated the power of NGS for 

mutation discovery and in identifying key genes driving leukaemogenesis. 

 

1.6.1 Classes of somatically acquired mutations in AML 

In an attempt to better classify AML pathogenesis, Kelly and Gilliland (2002) proposed the 

“two-hit” model wherein two classes of acquired genetic lesions (Class I and Class II mutations) 

cooperate to give rise to AML (Kelly and Gilliland, 2002). Class I mutations confer a 

proliferative and survival advantage and consist mainly of signalling genes. Class II mutations 

affect mainly transcription factors and were proposed to impair differentiation. Advancement 

of NGS technologies has resulted in the discovery of new classes of recurrent mutations. As a 

result, Murati and colleagues expanded the classification of mutations classes to five. While 

retaining Class I and II, three new classes were added, epigenetic regulators (Class III), tumour 

suppressors (Class IV) and RNA maturation regulators (Class V) (Murati et al., 2012). 

Currently, the contribution of somatically acquired mutations in AML has reached saturation 

and the most recurrently mutated genes based on mutation classes as proposed by Murati and 

colleagues with the key genes for each classes are summarised in Table 1.5. Deep sequencing 

studies have identified specific classes of mutations that are found enriched in AML founder 

clones, suggesting that these mutations occur early in leukaemogenesis. Class III mutations in 

DNMT3A, IDH1, IDH2 and TET2 are suggested to be founder mutations while the Class I 

mutations in FLT3-ITD, FLT3-TKD are to be cooperative mutations (Sun et al., 2017). 

 

1.7 Contribution of germline mutations to predisposition and pathogenesis of 

AML 

 

1.7.1 Familial and genome wide association studies in AML 

It is well established that selected germline mutations can confer a high risk of tumour initiation 

with classic examples including mutations the breast cancer associated (BRCA) genes. 

Mutations in these genes greatly increase the likelihood of developing breast and ovarian cancer 

(Petrucelli et al., 2010). Germline mutations contribute to rare cases of familial AML, occurring 

in a set of genes predominantly encoding haematopoietic transcription factors (section 1.7.2).  

The largest study to determine familial aggregation of AML was performed in by Goldin and 

colleagues (Goldin et al., 2012).         
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Table 1.5. Recurrent somatic mutations in AML 

 Genes/Complex Frequency 

in TCGA (1) 

Role in AML pathogenicity  References 

C
la

ss
 I

 

FLT3 28.0%  Internal tandem duplication (FLT3-ITD) in the juxtamembrane domain of the receptor or 

mutation in the intracellular tyrosine kinase domain (FLT3-TKD) leads to constitutive 

activation 

2, 3, 4,5 

NRAS 

KRAS 

7.5% 

4.5% 

 Mutations at codons 12, 13 or 16 leads to constitutive activation that affect the 

MAPK/ERK pathway 

1, 6 

c-KIT 8.0%  Mutations in c-KIT lead to constitutive activation 7, 8 

C
la

ss
 I

I 

RUNX1 10.0%  Commonly observed as translocations to form fusion proteins  

 t(8;21) results in RUNX1-RUNXT1 which acts as a transcription repressor to block 

differentiation 

9, 10 

CEBPA 6.0%  Mutations lead to block in differentiation of granulocytes 10 

NPM1 27.0%  Commonly observed as a 4-base pair frameshift insertion at positions 956-959 of exon 12 

 Results in stronger nuclear export signal leading to cytoplasmic localisation 

1, 11 

RARA 9.0%  Commonly observed as 8 types of fusion proteins with PML-RARA being the most 

common (98%) 

 t(15;17)(q24;q21) PML-RARA  binds to promoter region as a transcription repressor that 

blocks differentiation 

12 

C
la

ss
 I

II
 

DNMT3A 26.0%  Commonly mutated at residue R882 which may cause the loss of function of DNMT3A, 

leading to aberrant methylation of the genome  

 Associated with poor prognosis 

 Often observed as a founder mutation in AML 

1, 13, 14, 15 

TET2 9.0%  Commonly observed as heterozygous mutations in the C-terminal catalytic domain 

 Aberrant methylation of the genome 

 Does not co-occur with IDH mutations 

16, 17, 18 
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IDH1/2 9.5%/ 10.0%  Commonly observed as IDH1-R132 and IDH2-R172 and R140 resulting in block in 

differentiation 

 Mutant IDH converts the α-KG (alpha-ketoglutarate) which is a substrate required by 

enzymes such as TET2 to 2-HG (2-hydroxy-glutarate)  

16, 17, 18 

MLL (KMT2A) 5.5%  Commonly observed as translocations (over 70 partners) or partial tandem duplication 

(PTD) 

 MLL fusion proteins have functional N-terminal domains of MLL, hence retaining the 

methyl transferase activity 

19, 20 

C
la

ss
 I

V
 TP53 8.0%  TP53 mutations have complex karyotype resulting from chromothripsis that results in 

complex somatic rearrangements with alternating copy numbers of one or more 

chromosomes 

 Loss of TP53 also results in uncontrolled cell cycle checkpoint resulting in accumulation of 

mutations 

21, 22 

C
la

ss
 v

 

Spliceosome complex 

(SF3B1, U2AF1, or 

SRSF2) 

14.0%  Mutations alter splice site recognition  

 Affects methylation, DNA repair and apoptosis 

23, 24 

Cohesin complex 

(STAG1, STAG2, 

SMC1A, SMC3, and 

RAD21) 

13.0%  Mutations in the sub units are mutually exclusive 

 Mutations result in dysregulated gene transcription in key haematopoietic genes such as 

RUNX1 

1, 25, 26 

(1) (Cancer Genome Atlas Research, 2013); (2) (Nakao et al., 1996); (3) (Abu-Duhier et al., 2001); (4) (Hatzimichael et al., 2013); (5) (Marcucci et al., 2011); (6) (Bowen et 

al., 2005); (7) (Ashman and Griffith, 2013); (8) (Qin et al., 2014); (9) (Lam and Zhang, 2012); (10)(Paz-Priel and Friedman, 2011); (11) (Heath et al., 2017); (12) (De 

Braekeleer et al., 2014); (13) (Shih et al., 2012); (14) (Yuan et al., 2016); (15) (Yang et al., 2015); (16) (Goyama and Kitamura, 2017); (17) (Inoue et al., 2016b); (18) (Dang 

et al., 2016); (19) (Meyer et al., 2009); (20) (Milne, 2017); (21) (Mrozek, 2008); (22) (Stengel et al., 2017); (23) (Ilagan et al., 2015); (24) (Inoue et al., 2016a); (25) (Leeke 

et al., 2014); (26) (Thol et al., 2014) 6
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It included approximately 7000 AML patients with 25000 first-degree relatives matched with 

28000 population controls and 90000 first-degree relatives. They reported that overall, AML 

did not aggregate in the relatives of patients, however, the relatives had moderately increased 

risk of developing haematologic and solid malignancies. Interestingly, Goldin and colleagues 

determined that the first-degree relatives of younger AML patients have a statistically higher 

risk (3-fold) of developing AML/MDS. This suggest that germline mutations may contribute a 

stronger role in AML which occurs at a younger age. This is consistent with studies in 

monozygotic twins that also revealed a very high concordance (25%) in infant twins with AML 

(Greaves et al., 2003), unlike for solid malignancies such as retinoblastoma (2% concordance) 

(Buckley et al., 1996).  

 

Genome wide association studies (GWAS), have also been used to determine low risk germline 

alleles in AML (Manolio et al., 2009).  The first landmark GWAS was performed by the 

Wellcome Trust Cast Control Consortium, consisting of 14000 cases distributed across seven 

common diseases (bipolar disorder, coronary artery disease, Crohn’s disease, hypertension, 

rheumatoid arthritis, type 1 and 2 diabetes) and 3000 controls (Wellcome Trust Case Control, 

2007). They examined over 500000 SNPs and identified 24 SNPs which associated 

independently with the seven diseases (one with bipolar disorder, one with coronary artery 

disease, nine with Crohn’s disease, three with rheumatoid arthritis, seven with type 1 diabetes 

and three with type 2 diabetes). They stated that the power of this study averaged across the 

SNPs with a minor allele frequency above 5% was estimated to be 43% for alleles with a relative 

risk of 1.3 and increasing to 80% for alleles with a relative risk of 1.5. 

 

According to the largest GWAS catalogue available (NHGRI-EBI Catalogue: 

https://www.ebi.ac.uk/gwas/) as of 2017, there was only one reported GWAS in AML (Choi et 

al., 2013). Choi and colleagues performed a genome-wide SNP-array consisting of 247 NK-

AML (118 for discovery and 129 for validation). They genotyped approximately a total of 

870000 autosomal SNPs across their AML cohorts and the association with overall survival 

(OS). They determined four SNPs (rs2826063, rs12791420, rs11623492 and rs2575369) were 

associated with poorer OS in ethnically matched cohorts (discovery and validation). In a GWAS 

in t-AML by Knight and colleagues consisting of 80 t-AML cases (discovery), 70 t-AML cases 

(validation) and 150 controls, they identified 3 SNPs enriched in a subset of cases with loss of 

chromosomes 5 and 7 to be associated with t-AML (Knight et al., 2009). 
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1.7.2 Dominantly inherited mutations associated with AML predisposition 

A number of familial predisposition syndromes have been described as being linked to inherited 

mutations in key haematopoietic transcription factors such as RUNX1, GATA2 and CEBPA. 

Most recently, these genes have been incorporated into the 2017 revision of ELN classification 

(Dohner et al., 2017) 

 

1.7.2.1 Germline mutations in RUNX1  

The previously mentioned RUNX1, that has somatically acquired translocations in AML is one 

the best classified germline predisposition genes. RUNX1, also referred to as core binding factor 

subunit-alpha 2 (CBFA2), is a transcription factor that contains the DNA binding domain of the 

CBF transcription factor when it heterodimerises with CBFB to form CBF. CBF is primarily 

involved in haematopoiesis and the decision of HSC to divide, differentiate or remain quiescent 

(Link et al., 2010). The contribution of germline RUNX1 mutations to familial haematological 

malignancies was first reported by Song and colleagues (Song et al., 1999). Autosomal 

dominant germline mutations have since then been reported in familial platelet disorder that 

increases the predisposition to AML (FPD/AML) (Beri-Dexheimer et al., 2008, Owen et al., 

2008, Jongmans et al., 2010). It is noteworthy that the majority of the germline mutations are 

clustered to the N-terminal region of the protein which contains the DNA binding domain, thus, 

these mutations cause the loss of DNA binding function while retaining the dimerization 

capabilities (Schmit et al., 2015).   

 

1.7.2.2 Germline mutations in CEBPA 

Another previously mentioned gene is CEBPA. The first case linking germline CEBPA 

mutations with AML was reported by Smith and colleagues, describing a case of two siblings 

who developed AML within a span of two weeks (Smith et al., 2004). Their father had AML 

during childhood (age 10) and all three (father and two sons) had heterozygous germline 

deletion mutation in CEBPA at amino acid residue 158, which resulted in premature protein 

termination. A more recent study by Tawana and colleagues (2015) consisted of 10 CEBPA 

mutated families representing 24 members (Tawana et al., 2015). They observed that germline 

mutations are usually located in the N-terminus while the somatic mutations affect mainly the 

C-terminal. Similar to FPD/AML, familial AML derived from germline CEBPA mutations arise 

at an early age. 
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1.7.2.3 Germline mutations in GATA2 

GATA2 is another transcription factor that is now classified as a high risk predisposition gene. 

While somatic mutations in GATA2 have been associated with chronic myeloid leukaemia 

(CML) (Zhang et al., 2008), Hahn and colleagues reported GATA2 as a high risk candidate 

predisposition gene for MDS/AML (Hahn et al., 2011). They identified the GATA2 mutation 

p.T354M in 3 families with AML and the deletion mutation p.T355del in a family with MDS. 

They have also functionally shown that the aforementioned GATA2 mutations had reduced 

transactivation abilities. Similar to germline RUNX1 and CEBPA mutations, familial AML 

derived from germline GATA2 mutations arise at an earlier age. GATA2 mutations are now well 

defined as associated with syndromic features (Collin et al., 2015). 

 

1.7.2.4 Germline mutations in DDX41 

The portable ATP-dependent deadbox RNA helicase, DDX41 has recently been classified as a 

high risk predisposition gene for late-onset AML (Tawana and Fitzgibbon, 2016). Polprasert 

and colleagues first proposed that germline DDX41 mutations predispose to the acquisition of 

a secondary hit in DDX41 in myeloid neoplasms (MDS/AML, CML, non-Hodgkin lymphoma 

and Hodgkin lymphoma) (Polprasert et al., 2015). They reported that more than 65% of familial 

cases with DDX41 mutations harboured the p.D140 frameshift along with an acquired mutation 

on the other allele of DDX41. This hypothesis was confirmed by Lewinsohn and colleagues 

who observed the same p.D140 frameshift mutation residing within a splicing site in 3 families 

associated with late-onset AML (Lewinsohn et al., 2016). A single copy of DDX41 was 

sufficient for normal baseline haematopoiesis and the mean age of onset of 62 suggest a late-

onset myeloid neoplasm. This is in stark contrast to germline RUNX1, CEBPA and GATA2 

mutations which were observed in younger patients. 

 

1.7.3 Recessively inherited syndromes associated in AML predisposition 

AML can arise from a number of syndromes associated with cancer predisposition. Since there 

are multiple subtypes of cancer within cell specific types meant that an extensive list of 

syndromes are associated with cancer. With respect to AML and haematopoietic malignancies, 

a number of these syndromes are autosomal recessive DNA repair disorders. Patients with these 

DNA repair disorders, such as Fanconi anaemia (FA), ataxia telangiectasia (A-T), Nijmegen 

breakage syndrome (NBS), Seckel syndrome (SS) and Bloom’s syndrome (BS), have increased 

cancer predisposition as well as develop cancer at an early age (Kutler, 2003, Stankovic et al., 
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1998, German, 1969, Tanaka et al., 2012, Kruger et al., 2007). In particular, FA has a 

predisposition to development of MDS and progression to AML.   

 

1.7.3.1 Fanconi anaemia 

FA is a rare inherited autosomal recessive disorder driven by progressive bone marrow failure 

and genomic instability, with a high risk of progression to AML and other malignancies. 

Patients with FA have an 800 fold increased risk of developing AML compared to the 

unaffected members of the population (Rosenberg et al., 2008). FA is a paediatric disease, first 

described by Guido Fanconi, a Swiss paediatrician in 1927, in three brothers from the same 

family who had physical abnormalities and died from severe pancytopenia at the age of 7 years 

(Velleuer, 2006). However, a further sixty-five years were needed to successfully clone and 

molecularly characterise the first FA gene, FANCC (Strathdee et al., 1992). Further studies have 

shown that FA results from biallelic mutations of the ever growing list of FANC proteins which 

participate in the FA DNA repair pathway. As of 2016, a total of 21 FANC genes had been 

identified.  

 

1.7.3.2 Clinical features of FA 

FA is classified into different subtypes based on the causative gene with the most common 

subtypes being FA-A, FA-C and FA-G, which make up approximately 85% of all FA cases 

(Schneider et al., 2015). However, the subtypes FA-D1 and FA-D2 have the most severe clinical 

phenotype and genomic instability (Hirsch et al., 2004, Kalb et al., 2007). Clinical features of 

FA include an array of congenital abnormalities such as short stature, skin pigmentation, and 

underdeveloped organs such as heart and kidney (Soulier, 2013). With the growing 

understanding of the pathology of FA and improved treatment, survival of FA patients has 

improved. However, persistent genomic instability leads to accumulation of mutations, which 

predispose FA patients to MDS/AML and solid malignancies. Table 1.6 shows disease 

progression of FA patients and the various types of cancers reported by the International 

Fanconi Anaemia Registry (IFAR) from 1982-2001 (Kutler, 2003). Of the 754 reported cases, 

16% developed haematopoietic malignancies and half of these were AML.
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Table 1.6.  Malignancies identified in the patients enrolled in the International Fanconi 

Anaemia Registry (1982-2001). Adapted from (Kutler, 2003). 

 

Tumour type  No. cases 

AML 60 

MDS 53 

ALL 5 

CMML 1 

Burkitt lymphoma 1 

Liver adenoma 11 

Hepatocellular carcinoma 6 

Liver adenocarcinoma  1 

Medulloblastoma 4 

Astrocytoma  1 

Wilms’ tumour  4 

Renal cell carcinoma 1 

Nephroblastoma  1 

Head and neck squamous cell 

carcinoma 

19 

Cancer of the vulva  8 

Cervical cancer  6 

Cutaneous cancer 3 

Cancer of the anus  2 

Oesophageal cancer 1 

Breast cancer  3 

Basal cell carcinoma 2 

Neuroblastoma  1 

Desmoid tumour  1 

Gonadoblastoma  1 

Melanoma  1 

Neurilemmona  1 

Osteogenic sarcoma 1 
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1.7.3.2.1 Pathogenesis of FA 

Pathogenesis of FA results from chromosomal instability and hypersensitivity to interstrand 

crosslinking agents (ICL agents), such as mitomycin C and diepoxybutane (DEB), due to the 

loss of both alleles of a FANC gene. This unique characteristic forms the basis of a powerful 

diagnostic test for FA to measure chromosomal breakage (Deans and West, 2009). In recent 

years, it has been established that the pathogenesis of FA is caused by HSC dysfunction that 

leads to ineffective haematopoiesis and progressive bone marrow failure (Garaycoechea and 

Patel, 2014, Pontel et al., 2015). HSC are highly reliant on the FA DNA repair pathway for the 

maintenance of genomic integrity, particularly in the case of exposure to endogenous ICL and 

during repeated rounds of haematopoiesis due to replication and infections (Kaschutnig et al., 

2015, Walter et al., 2015, Pontel et al., 2015).  

 

1.7.3.2.2 Heterozygous mutations in FANC genes 

While bi-allelic mutations in FANC genes can lead to FA with varied severity, the effect of 

heterozygous mutations on carriers is a heavily debated topic (Berwick et al., 2007, Tischkowitz 

et al., 2008, Lhota et al., 2016, Esteban-Jurado et al., 2016, Nielsen et al., 2016). Retrospective 

pedigree analysis of British families of FA patients by Tischkowitz and colleagues revealed that 

there was no increased risk or incidence of haematologic malignancies (Tischkowitz et al., 

2008). However, a separate study by Berwick and colleagues observed an increased frequency 

of breast cancer in grandmothers of FA patients (Berwick et al., 2007). It is important to note 

that the distribution of FA subtypes in such studies are biased towards the more common 

subtypes (FA-A, FA-C and FA-G), and may not be a fair representation of other subtypes and 

their potential as cancer predisposition genes.  

 

The advent of the genomics era has facilitated multi-centre cancer genomic studies using NGS 

technology to determine the mutational landscape of cancers. Mutations in FANCA, FANCC, 

FANCG, FANCI, FANCL and FANCM have been identified in cohorts of patients with familial 

pancreatic cancer, breast cancer, colorectal cancer, metastatic prostate cancer and paediatric 

cancer respectively (Nielsen et al., 2016, Esteban-Jurado et al., 2016, Lhota et al., 2016, Zhang 

et al., 2015, Hart et al., 2016, Lu et al., 2015). FANCC mutations have also been reported at 

increased frequency in children with sporadic AML(Awan et al., 1998). Several of the FANC 
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genes are also known high-risk familial cancer genes: the tumour suppressor and cancer pre-

disposition genes BRCA1 (FANCS), BRCA2 (FANCD1), BRIP1 (FANCJ), and PALB2 

(FANCN) (Nielsen et al., 2016).  

 

Even though the cancer predisposition risk of heterozygous carriers is still being debated, on a 

molecular and cellular level, heterozygous phenotypes have been reported to show reduced 

function of the FA DNA repair pathway. Haploinsufficiency has been strongly established for 

the breast cancer associated genes BRCA1 and BRCA2 (Buchholz et al., 2002, Jeng et al., 2007, 

Feilotter et al., 2014, Pathania et al., 2014, Sedic and Kuperwasser, 2016, Tan et al., 2017). 

Dominant negative mutations have also been reported in RAD51 (FANCR), BRCA1 and BRCA2 

(Ameziane et al., 2015, Wang et al., 2015, Vaclova et al., 2016). Evidence for heterozygous 

phenotypes for the remaining FANC genes, however, is limited due to the rarity of FA as a 

disease. During the early 1980s, before the establishment of the different subtypes of FA, 

Auerbach and colleagues showed that lymphocytes of heterozygous parents and obligate 

heterozygous carriers were more sensitive to ICL induced by DEB than individuals (with 

wildtype FANC genes  (Auerbach et al., 1981). More recently, studies have reported that 

lymphocytes from heterozygous carriers are sensitive to bleomycin and ionizing radiation 

(Barquinero et al., 2001), which suggests that there is a phenotype for heterozygous FANC gene 

mutations that should be studied further and potentially utilised for clinical decisions such as 

treatment and genetic counselling.   

 

1.7.3.2 Ataxia telangiectasia 

Ataxia telangiectasia (A-T) is a neurodegenerative disease with immunological defects, 

radiation sensitivity, sterility, accelerated aging, and cancer susceptibility, caused by the loss of 

function of the ATM kinase (van Os et al., 2017). ATM is widely considered as one of the three 

DNA signalling kinases (along with ATR and DNA-PKc) involved in regulating DNA repair 

pathways and cell cycle (Marechal and Zou, 2013). A study performed by Suarez and 

colleagues consisting of 279 A-T patients showed that 24.5% of individuals developed cancer, 

with the majority of these being lymphoid malignancies (Suarez et al., 2015). A recent 

systematic analysis of heterozygous carriers of ATM mutations observed a threefold increased 

risk of developing breast cancer in female carriers, as well as cancer of the digestive tract (van 

Os et al., 2016). 
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1.7.3.3 Seckel syndrome 

Seckel syndrome (SS) is an autosomal recessive disorder wherein patients present with 

microcephaly. Similar to FA, SS has multiple subtypes (SCKL1-SCKL10) that are caused by 

the loss of function in genes involved in DNA repair and cell cycle regulation. The first 

mutations were identified in ATR, one of the three key DNA damage response signalling kinases 

(O'Driscoll et al., 2003). Though the incidence of cancer is lower than in A-T (Hayani et al., 

1994), it has been shown that loss of ATR function in mouse models results in embryonic 

replicative stress and an accelerated aging phenotype (Murga et al., 2009).  

 

1.7.3.4 Nijmegen breakage syndrome  

Nijmegen breakage syndrome (NBS) is an autosomal recessive chromosomal instability 

disorder caused by the loss of function of the gene nibrin (NBN). NBS patients present with 

congenital defects such as microcephaly, intrauterine growth retardation and short stature, 

immunodeficiency, increased risk for cancer, and premature ovarian failure in females (Wegner 

et al., 1988, Saar et al., 1997). On a molecular level, cells from A-T, SS and NBS are 

phenotypically similar due to the three genes (ATM, ATR and NBN) all participating in DNA 

repair pathways, particularly during replication. The cancer incidence in NBS patients has been 

reported to be as high as 40%, with a predilection for lymphoma, similar to A-T (Chrzanowska 

et al., 2012). Heterozygous carriers are asymptomatic but have been reported to have increased 

cancer risk (Steffen et al., 2004, Seemanova et al., 2007). 

 

1.7.3.5 Bloom’s syndrome 

Bloom’s syndrome (BS) is caused by loss of function mutations in the RECQL-helicase BLM. 

BS patients present with congenital defects, partial immunodeficiency, sensitivity to sunlight, 

and increased risk of developing any of multiple cancer at an earlier age (Cunniff et al., 2017). 

Based on the Bloom’s Syndrome Registry, 46% of BS patients develop cancer with the majority 

of them being epithelial carcinoma (52.5%), while 11.3% developed AML (Bloom’s Syndrome 

Registry: http://weill.cornell.edu/bsr/data_from_registry/).  

 

1.8 DNA damage and repair pathways 

As discussed above in Section 1.7.2, ineffective or compromised DNA repair can give rise to 

numerous syndromes.  Various types of DNA damage can occur endogenously during DNA 
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replication and cellular metabolism, as well as through exposure to genotoxic compounds such 

as chemotherapeutic and crosslinking compounds and exogenous environmental factors such 

as UV light and radiation (Ciccia and Elledge, 2010, Jeggo et al., 2016).  The severity of the 

damage ranges from the simple, such as single-stranded breaks (SSB), to bulky adducts that 

distort the helical structure, to extremely detrimental double-stranded breaks (DSB), which, if 

not faithfully repaired, can trigger cellular apoptotic cascades (Figure 1.2). The FA DNA repair 

pathway functions to remove interstrand crosslinks (ICLs) and is one of the many DNA damage 

repair (DDR) pathways used by cells to remedy genetic lesions. The FA DNA repair pathway 

is described below.   

 

1.8.1 Interstrand cross-link repair (FA DNA repair pathway) 

Most FANC genes were initially ‘orphan’ genes, not known to participate in other biological 

pathways. The unique feature of FANC genes is their involvement in the FA DNA repair 

pathway (Figure 1.3). This pathway is activated during the G2/S phase of mitotic cell division 

when the cell encounters ICL. This pathway also plays a vital role in clearing genotoxic damage 

caused by chemical ICL agents, endogenous ICL agents such as aldehyde and reactive oxygen 

species (ROS) and exposure to ultraviolet (UV) light and stabilisation of the stalled replication 

fork (Naim and Rosselli, 2009) (Lachaud et al., 2016).  

 

The FANC genes are broadly classified into three major groups in the order of their 

participation in the pathway. The first group is the FANC core complex (FANCA, FANCB, 

FANCC, FANCE, FANCF, FANCG, FANCL and FANCM), which assembles as an ubiquitin 

E3 ligase complex and is responsible for the activation of the FANCI-FANCD2 (ID2) complex 

(Hodson and Walden, 2012).  The loss of function of any of the 8 proteins will destabilise the 

entire complex, resulting in the loss of E3 ligase function and the breakdown of the FA DNA 

repair pathway. The second group is the ID2 complex. It consists of FANCD2 and FANCI that 

heterodimerise and, when monoubiquitinated, act as a platform for the recruitment of the third 

group that carry out the DNA repair process. The third group consists of the remaining 

downstream FANC genes (BRCA2, BRIP1, PALB2, RAD51C, SLX4, ERCC4, and BRCA1), 

which carries out the downstream DNA repair processes (nucleolytic incision repair (NIR), and 

homologous recombination repair (HRR)).  
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Figure 1.2. Types of DNA lesions and respective pathways (adapted from (Ghosal and 

Chen, 2013)). Single stranded breaks caused by hydrolysis, oxidation and metabolic by-

products such as ROS are repaired by base excision repair (BER). Mismatch repair (MMR) is 

predominantly involved in the removal of erroneous and small nucleotide insertion/deletion 

mismatches that are introduced during replication.  Bulky adducts and helical distortion caused 

by UV are repaired by NER. ICLs caused by chemotherapeutic compounds and stalled 

replication forks are repaired by the FA DNA repair pathway and homologous recombination 

repair (HRR) pathway. Double stranded breaks are caused by irradiation, chemotherapeutic 

compounds, meiosis and lymphocyte maturation. Pathways involved in DSB repair are HRR, 

classical non-homologous end joining (C-NHEJ) and alternate-end joining (A-EJ) repair 

pathways. 
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Figure 1.3. Interstrand cross-link (ICL) repair (adapted from (Garaycoechea and Patel, 

2014)). The Fanconi Anaemia DNA repair pathway is activated upon ICL damage. The FANC 

core complex consisting of FANCA/B/C/E/F/G/L/M binds to the lesion, along with the ID2 

complex (FANCI and FANCD2). The ID2 complex is activated through phosphorylation by 

ATR and monoubiquitination by the FANC core complex. Structure-specific endonucleases 

ERCC1-FANCQ, SLX1-FANCP, MUS81-EME1 and FAN1 are involved in the unhooking of 

the ICL. Translesion synthesis bypasses the lesion to generate a DSB. DSB is repaired by 

downstream FANC genes and HRR. 



27 

 

 

1.8.1.1 FANC core complex 

Of the genes involved in the core complex, FANCM plays a key role in initiating the FA 

pathway by recognising genetic lesions and activating the ATR/CHEK1 checkpoint during the 

G2/S phase of replication (Collis et al., 2008). Phosphorylation of CHEK1 by ATR prevents 

late origin activation, halting replication. FANCM, with FANCA, FANCE, FANCD2 and 

FANCI are phosphorylated by checkpoint kinases. FANCM has a translocase/helicase motif 

and works in conjunction with FAAP24 (FA associated proteins 24), FAAP100, MHF1 (histone 

fold protein 1) and MHF2 (Singh et al., 2010). These stabilizing proteins aid FANCM by 

stalling the replication fork and facilitate recruitment of the remaining members of the core 

complex (FANCA, FANCB, FANCC, FANCE, FANCF, FANCG and FANCL). FANCL 

contains a Zinc finger domain with E3 ligase activity and works in conjunction with UBE2T 

(FANCT), which has E2 ligase activity, to monoubiquitinate FANCD2 and FANCI (de Winter 

and Joenje, 2009). Once the FANC core complex is fully assembled, it performs 

monoubiquitination of the FANCD2 and FANCI. A recent study by Swuec and colleagues 

demonstrated the homo-dimeric modules within the FANC core complex and the contributions 

of these modules in the stabilisation and monoubiquitination of the ID2 complex (Swuec et al., 

2017). 

 

1.8.1.2 ID2 complex 

FANCD2 and FANCI proteins are paralogues that exist as heterodimers, hence the name ID2 

complex. The ID2 complex has been successfully isolated and the crystal structure has also 

been determined (Joo et al., 2011). The monoubiquitination of the ID2 complex is the hallmark 

of FA pathway activation and is often used in conjunction with the chromosomal breakage test 

using ICL agents in diagnostic tests. The monoubiquitination of FANCD2 and FANCI has been 

shown to be required for the nucleolytic incision at the ICL and the recruitment of the RAD51 

recombinase for homologous recombination repair.  

 

1.8.1.3 Nucleolytic incision and lesion bypass 

The next step is the nucleolytic incision of the ICL and the exact mechanism surrounding the 

unhinging step is still unclear (Kim and D'Andrea, 2012). It has been proposed that a number 

of structure-specific endonucleases are involved (Palovcak et al., 2017). This is also called the 
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‘unhooking step’. The ID2 complex recruits a series of structure-specific endonucleases that 

are involved in this step. SLX4 (FANCP) and FA associated nuclease 1 (FAN1) contain a 

unique ubiquitin-binding domain called UBZ4 (ubiquitin binding zinc finger 4) that recognize 

and binds to the ubiquitin of the activated FANCD2 (Ciccia et al., 2008). SLX1 is the catalytic 

subunit of SLX4 and the SLX1-SLX4 complex has 5’-endonuclease activity, while FAN1 has 

5’-3’-exonuclease activity (Coulon et al., 2004) (Kratz et al., 2010). FAN1 has also recently 

been shown to contribute to replication fork stability (Lachaud et al., 2016). Other nucleases 

that interact with SLX4 include MUS81-EM1 and XPF-ERCC1 (ERCC4-ERCC1). It has been 

suggested that the various nucleases function in different order, with MUS81-EME1 being the 

first nuclease to carry out the first cleavage. Crossan and colleagues have shown that disruption 

of SLX4 in a murine model resulted in lowered leukocytes and platelet counts, and other 

congenital defects that arise with FA when compared to the wild-type mice (Crossan et al., 

2011). 

 

Once unhooking is complete, translesion DNA synthesis (TLS) is carried out to extend the 

nascent strand beyond the ICL using the Y family TSL polymerases. The Y family TSL 

polymerases (POLI, POLH, POLK, and REV1) lack the 3’-5’ proofreading activity and allow 

for base pair mismatches (Waters et al., 2009). The B family polymerase REV3L is also 

involved (Sale et al., 2012). The monoubiquitination of PCNA by the E2-E3 ligase complex 

RAD6-RAD18 triggers the recruitment of REV1 and REV3L to the site of lesion.  REV1 

regulates the TLS repair by switching out different TSL polymerases (Haynes et al., 2015).  

 

Once TLS has been performed, the BRCA/RAD51 driven homologous recombination repair 

(HRR) described below which recruits the RAD51 recombinase to the DSB to complete the 

repair process (Gravells et al., 2013).  This is facilitated by the remainder of the FANC 

members, which consist mainly of breast cancer susceptibility genes (FANCD1/BRCA2, 

FANCJ/BRIP1, and PALB2/FANCN) as well as the RAD51 paralogues RAD51B, 

RAD51C/FANCO, RAD51D, XRCC2 and XRCC3 (D'Andrea, 2013, Godin et al., 2016).  

 

1.8.2 Homologous recombination repair 

HRR is a highly complex and tightly regulated process involved in the removal of DSBs during 

replication.  HRR can also be triggered by ICL repair. It is considered to be the most important 

DDR pathway. HRR can be categorised into pre-synapsis, synapsis and post-synapsis. Pre-
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synapsis involves the recognition and assembly of the repair components, synapsis involves the 

strand invasion and synthesis, and post-synapsis involves the resolution of the DNA 

heteroduplex (Figure 1.4).  

The signalling of DSB repair is similar to that of ICL but involves the serine/threonine kinase 

ATM, as well as ATR. BRCA1 and PARP1 have also been implicated in being early recruited 

factors to the DSB site, along with MRE11A, NBN and RAD50 (the MRN complex). The MRN 

complex is essential for the recruitment of the ATM kinase (Lee and Paull, 2005) which auto-

phosphorylates and phosphorylates the MRN complex, along with CtIP (RBBP8), BLM 

helicase, DNA replication helicase/nuclease2 (DNA2) and  exonuclease 1 (EXO1) to perform 

strand resection (Shiotani and Zou, 2009, Liu and Huang, 2016). This creates a stretch of SSB 

overhang which allows for the binding of the replication protein A (RPA) to the single-stranded 

DNA (ssDNA), in order to prevent the degradation of the ssDNA (Zou and Elledge, 2003), as 

well as ATR and its heterodimeric partner ATRIP (Cortez et al., 2001). ATR and ATRIP are 

then activated and this leads to the phosphorylation of CHEK1 which induces cell cycle arrest 

at G2/S phase, allowing for the repair process to complete before cell cycle progression. 

CHEK1 also phosphorylates the recombinase RAD51 to recruit it to the site (Bahassi et al., 

2008). 

RAD51 recruitment involves BRCA1, BRCA2, BARD1 and PALB2 with stabilisation of the 

recombinase being performed by the RAD51 paralogues mentioned above (Liu et al., 2010).  It 

is at this repair step where the FA DNA repair and HRR pathways overlap. The RAD52 

homologue in yeast performs the role of BRCA2 but it has been implicated that in humans, 

RAD52 is still able to perform this task in BRCA2 null cells (Sugawara et al., 2003). The 

binding of RAD51 to the site of damage displaces RPA. RAD51 and its paralogues next form 

nucleoprotein filaments (RAD51 filaments) on the ssDNA to perform homology search and 

strand invasion. This process is assisted by RAD54 which stabilises the RAD51 filament and 

promotes strand invasion (Mazin et al., 2003), while also functioning to dissociate RAD51 from 

the heteroduplex DNA thus allowing for DNA polymerases to bind to the site (Li and Heyer, 

2009). DNA polymerases then synthesise and extend the invading strand using the homology 

from the sister chromatid as a template. The capture of the second end of the DSB will result in 

the formation of the classical double Holliday junction. The resolution of the Holliday junction 

is performed by the structure-specific endonucleases BLM complex that produces no 

crossovers, while the resolution by MUS81-EME1 and SLX1-SLX4 will result in crossover 

between the two homologous chromatids (Matos and West, 2014). If the second end of the DSB 
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Figure 1.4. Homologous recombination repair (HRR). DSB is recognised by the MRN 

complex, ATM and BRCA1. MRN complex, ATM and breast cancer associated proteins 

(BRCA1/2, BARD1, PALB2 and BRIP1) localise to the lesion. BLM, CtIP, DNA2, EXO1 and 

MRE11A perform strand resection to generate overhangs. RPA coats the single stranded DNA. 

BRCA2 and RAD52 facilitate the recruitment of RAD51 to the site. The RAD51 paralogues 

(RAD51B, RAD51C, RAD51D, XRCC2 and XRCC3) stabilise RAD51. RAD51 displaces 

RPA and form RAD51 filaments for strand invasion. Strand invasion occurs and repair 

synthesis is performed by POLD. Double Holliday junctions are resolved by the BLM complex 

and MUS81-EME1 endonuclease. 
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was not captured, synthesis-dependent strand annealing (SDSA) pathway of resolution will take 

place. RAD52 has also been shown to promote SDSA (Nimonkar et al., 2009). 

 

1.8.3 Remaining DNA repair pathways 

As previously shown in Figure 1.2, ICLs are just one type of DNA lesion. Other DNA repair 

pathways are involved in the repair of other DNA lesions. Maintaining genomic stability is 

paramount for cells to prevent malignant transformation, hence, these DNA repair pathways 

overlap with one another. Base excision repair (BER) is predominantly involved in the removal 

of non-helix-distorting single base lesions that occur on one strand of the DNA from 

endogenous deamination, oxidation and methylation, as well as exogenous factors such as 

treatment with cytotoxic compounds, alkylating agents and exposure to radiation (Figure 1.5). 

Mismatch repair (MMR) is predominantly involved in the removal of erroneous and small 

nucleotide insertion/deletion mismatches that are introduced during replication (Figure 1.6). 

Nucleotide excision repair (NER) is involved in the removal of helix-distorting bulky adducts, 

lesions caused by ultraviolet radiation (Figure 1.7), and also participate in ICL repair (detailed 

in Section 1.8.1). Classical non-homologous end joining (C-NHEJ) repair and alternate-EJ (A-

EJ) (Figure 1.8) are tightly associated with HRR, and to a degree with ICL repair due to the 

involvement of all of these pathways in rectifying DSBs.  

 

1.8.4 Targeting DNA repair defects in cancer 

Defects in DNA repair have been targeted in the treatment of solid malignancies through 

synthetic lethality (Pearl et al., 2015). A popular model of synthetic lethality was demonstrated 

in Brca1-/- and Brca2-/- mouse embryonic stem cells in 2005 (Farmer et al., 2005). Brca1-/- and 

Brca2-/- cells were found to be sensitive to PARP1 inhibitors (PARPi) and currently, two models 

are proposed describing how PARPi selectively kill BRCA1/2 deficient cells. The first, is the 

classical model in which PARPi prevent PARP1 from participating in BER, causing an 

accumulation SSBs that become DSBs when not repaired due to defective HRR.  Consequently, 

BRCA1/2 deficient cells become reliant on NHEJ, leading to genomic instability and apoptosis 

(Patel et al., 2011). The second model involves the trapping of PARP1 on the DNA, which 

prevents other repair factors from binding to the lesion to perform the repair processes and the 

trapped PARP1 on the DNA itself becoming a larger lesion, leading to genomic instability and 
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apoptosis (Murai et al., 2012). There are currently multiple clinical trials using synthetic 

lethality of DNA repair defects through PARPi, in combination with chemotherapeutic 

compounds, to treat breast and ovarian cancer (Matulonis and Monk, 2017). 
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Figure 1.5. Base excision repair (BER). (A) Short-patch BER involved in the repair of single 

nucleotide error. The lesion is recognised by a glycosylase and the single base is removed, 

leaving an apurinic/apyrimidinic site (AP site). AP endonuclease removes the DNA backbone. 

Repair synthesis is performed by POLB, and the strand is ligated by LIG3 and XRCC1. (B) 

Long-patch BER involved in the repair of a stretch of bases. Similar to the short-patch BER, 

the damaged bases are recognised and removed by glycosylase, additional factors such as 

PCNA functions as a clamp in this process and FEN1 is used to remove the flap. The repair 

synthesis is performed by POLB/D/E and the strand is ligated by LIG1. 
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Figure 1.6. Mismatch repair (MMR). (A) EXO1-dependent MMR in a MutSα complex and 

MutLα complex driven pathway during replication. Mutsα complex recognises the mismatch 

and recruits MutLα complex. PCNA is loaded onto the DNA by RCF and activate MutLα 

complex. MutLα complex nicks the DNA, allowing EXO1 to bind and excise the strand. 

POLD/E binds to lesion along with RPA to carry out repair synthesis. The lesion is ligated by 

LIG1. (B) EXO1-independent MMR in a MutSα and MutLα complex driven pathway during 

replication. Similar to EXO1-dependent MMR but MutLα complex performs multiple nicks 

and the strand containing the mismatch is displaced and degraded. Repair synthesis and 

resolution are performed using similar components as in EXO1-dependent MMR. 
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Figure 1.7. Nucleotide excision repair (NER). (A) Genomic-NER (GG-NER) lesion 

recognition involves the XPC complex which scans the genome and binds to the lesion, 

recruiting XPE complex, TFIIH complex and XPG. The helicase activity from the XPE 

complex loosens the DNA structure, allowing RPA and XPA to bind to the lesion. The 5’ and 

3’ region of the lesion are nicked by XPA and XPG respectively. POLD/E, along with PCNA, 

perform the repair synthesis and ligation of the strand is performed by LIG1. (B) Transcription 

complex-NER (TC-NER) recognises the stalled RNA Poll II as the lesion. CUL4-CSA complex 

binds to the lesion and causes the backtracking and removal of RNA Pol II. Downstream repair 

processes are identical to GG-NER. 
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Figure 1.8. Non-homologous end joining (NHEJ) repair. (A) Classical-NHEJ (C-NHEJ) 

involves the recognition of the DSB by Ku70/80 heterodimers. DNA-PKcs is recruited to the 

site of lesion, as well as the endonuclease ARTEMIS, which primes the ends and perform small 

end resection. LIG4 and XRCC4 ligate the DSB break together. (B) Alternate-end joining (A-

EJ) involves the recognition of the DSB by PARP1 and strand resection is performed by the 

MRN complex and CtIP to generate microhomology overhangs (20-25 bases). POLQ performs 

the repair synthesis and LIG1/3 and XRCC1 are involved in the ligation of the strands.
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1.9 The research question 

1.9.1 What is the role of FANC genes in AML pathogenesis? 

As described in this chapter, the FA DNA repair pathway is critical for the removal of ICL from 

DNA, and recent studies have shown a non-redundant tumour suppressor function for this 

pathway in HSC through maintenance of genomic integrity.  FA, caused by biallelic germline 

deleterious mutations in any of FA-causing genes (FANC genes), is associated with a 

profoundly increased risk of developing AML. Disease-causing FANC gene variants exist in 

the population at a frequency of 4.5% (Rogers et al., 2014), and rare damaging variants in 

certain FANC genes have been observed to be over-represented in cancer cohorts. However to 

date variants affecting FANC genes have not been extensively analysed in AML.  

This project has the following hypotheses: 

- Rare heterozygous damaging variants affecting FANC genes, and their interacting 

partners, will be increased in frequency in AML cohorts, consistent with a role in 

increasing AML pre-disposition.  

- Such rare gene variants lead to impairment of FA DNA repair pathway capacity, 

increased genomic instability, and increased risk of HSC malignant transformation. 

 

1.9.2 Aims of the project 

In order to address these hypotheses, this study has the following Specific Aims: 

1. To analyse whole exome sequencing data from a cohort of AML cases to identify rare 

deleterious, and disease related, gene variants affecting FANC genes, and genes 

encoding other factors that closely interact with the FA DNA repair pathway 

2. To analyse the frequency of such predicted deleterious and disease-causing gene 

mutations in AML compared to healthy populations. 

3. To analyse the gene expression signatures of AML carrying variants in different 

functional subgroups of the extended FA DNA repair pathway 

4. To establish models to test the effect of heterozygous deleterious FANC gene mutations 

on FA DNA repair pathway activity. 
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Chapter 2 Materials and Methods 

 

2.1 Whole exome sequencing 

Whole exome sequencing (WES) was performed in two separate batches at the Diamentina 

Institute by A/Prof Leo and his team. The initial sequencing was performed using the Illumina 

TruSeq Exome Enrichment Kit v2.0 (Illumina) on 101 adult AML samples collected at 

diagnosis, 5 of which were removed due to multiple failed runs, resulting in 96 exomes. A 

control cohort consisting of 329 samples from healthy females were sequenced and analysed 

along with the first batch of AML samples. The second batch of AML samples were sequenced 

using the Illumina Nextera Rapid (FC-140-1003, Illumina) and consisted of 49 adult AML and 

23 paediatric AML samples collected at diagnosis. Both batches of sequencing were performed 

on the HiSeq 2000 configured for paired-end reads. Details of variant calling and filtering of 

the exome data are presented in the supplementary methods of the attached manuscripts in 

Chapter 4 and 5. 

 

2.1.1 Ethical approval 

Primary AML samples for the WES were obtained from two tissue banks in Australia; the 

Australian Leukaemia & Lymphoma Group (ALLG) tissue bank at the Princess Alexandra 

Hospital (PAH, Brisbane, QLD, Australia), and the South Australian Cancer Research Biobank 

(SACRB) at the Royal Adelaide Hospital (RAH) and SA Pathology (Adelaide, SA, Australia). 

The use of the samples for this research study was approved by the PAH, the RAH, the 

University of Adelaide, the University of South Australia and the University of Queensland 

Human Research Ethics Committees (HREC/04/QPAH/172 & HREC/13/RAH/612). ALLG 

AML samples were collected with informed consent. SACRB AML patient samples obtained 

from 1998 onwards were collected with signed informed consent for research purposes. The 

RAH HREC waived the requirement for informed consent for SACRB specimens collected 

before 1998. 
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2.2 Validation of variants identified from the WES 

2.2.1 Culture of bone marrow mononuclear cells (BMMNC), mesenchymal stromal cells 

(MSC) and T-cells of patient samples and genomic DNA extraction 

Patient bone marrow samples were thawed in a 37oC water bath and resuspended in 20mL of 

resuspension media consisting of Iscove’s Modified Dulbecco’s Medium (IMDM; Sigma: 

I3390) with 20% fetal bovine serum (FBS; JRH Biosciences:12003) supplemented with an 

additional 2mM L-glutamine (Sigma: G7513), 100U/mL penicillin and 100μg/mL 

streptomycin (Sigma: P4333) and 50U/mL DNAse I (Sigma: DN25-1G). The resuspension 

media was added dropwise at a steady rate. The samples were spun for 5 minutes, supernatant 

was discarded and the cell pellets were resuspended in the recovery media consisting of IMDM 

(Sigma: I3390) with 10% FBS (JRH Biosciences: 12003), supplemented with 2 mM L-

glutamine (Sigma: G7513), 100U/mL penicillin and 100μg/mL streptomycin (Sigma: P4333), 

10ng/mL hIL-3 (Peprotech: 200-03), 10ng/mL hTPO (Peprotech: 300-18), 50ng/mL hSCF 

(Peprotech: 300-07), 10ng/mL hFL (Peprotech: 300-19) and 20ng/mL hIL-6 (Peprotech: 200-

06). Viability of each sample was determined using 0.4% Trypan Blue (Sigma T8154) and 

haemocytometer. The samples were recovered incubated in a Sanyo humidified incubator 

(Sanyo: MCO-20AIC) overnight with 5% CO2 at 37oC. After recovery, suspension cells 

consisting mainly of blast cells were lysed and genomic DNA was extracted using the QIAmp 

DNA Blood Mini Kit (QIAGEN: 51106) as per manufacturer’s recommended protocol.  

Mesenchymal stromal cells (MSC) which had adhered to the tissue culture flask after recovery 

of the patient bone marrow samples, were cultured in Alpha-Modification Minimum Essential 

Medium Eagle (A-MEM; Sigma: M4526) with 20% FBS (JRH Biosciences: 12003) 

supplemented with 100μM L-ascorbic acid (Wako: 013-12061), 2mM L-glutamine (Sigma: 

G7513), 100U/mL penicillin and 100μg/mL streptomycin (Sigma: P4333). Once sufficient 

numbers of MSC were obtained, cells were detached using 1xTrypsin (Sigma: 59418C), 

followed by extraction of genomic DNA using the QIAmp DNA Blood Mini Kit (QIAGEN: 

51106) as per manufacturer’s recommended protocol. 

For bone marrow samples that did not grow MSC, an additional vial of BMMNC sample was 

thawed as previously mentioned and CD3 (T-cell) enrichment was performed. Following 

overnight recovery, BMMNC were pelleted as described above and resuspended using 80µL of 

MACS Buffer (Miltenyi Biotec: 130-091-222) and 2.5mL MACS BSA (Miltenyi Biotec: 130-

091-376) per 107 cells. 20µL of CD3 MicroBeads (Miltenyi Biotec: 130-050-101) was added 
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per 107 cells and incubated at 4oC in the dark for 15-30 minutes. The cells were washed using 

2mL of MACS Buffer (Miltenyi Biotec: 130-091-222) per 107 cells. The cells were centrifuged 

for 4 minutes, the supernatant was discarded and the cells resuspended in 500µL of MACS 

Buffer (Miltenyi Biotec: 130-091-222). The LD column (Miltenyi Biotec: 130-042-901) was 

placed in the magnetic field of the separator (Miltenyi Biotec Midi MACS separation unit: 130-

042-302) and was rinsed with 2mL of MACS buffer (Miltenyi Biotec: 130-091-222). A pre-

separation filter (Miltenyi Biotec: 130-041-407) was attached to the top of the LD column 

(Miltenyi Biotec: 130-042-901) and pre-wet by adding 0.5mL of MACS buffer (Miltenyi 

Biotec: 130-091-222). The cell suspension was added to the filter and allowed to flow through 

the LD column and into a collection tube. The LD column was removed from the magnetic field 

separator and placed over a clean collection tube. To elute the cells, 3mL of MACS buffer was 

added to the LD column, and the plunger for the LD column was inserted and pushed through. 

This elution step was repeated. The eluted cells were sorted for CD3 positivity by probing with 

CD3 antibody (ABCAM: ab16669) and sorted using Flow cytometry (BD FACSAria™ II cell 

sorter).  

 

2.2.2 Validation of variants with Polymerase Chain Reaction (PCR)  

Genomic sequences of the FA/BRCA-HRR network genes were obtained from the USCS 

genome browser (hg 19; http://genome.ucsc.edu/), and primers were designed using Primer3 

(http://bioinfo.ut.ee/primer3-0.4.0/) (Appendix A).  

PCRs were performed using the HotStarTaq DNA Polymerase (QIAGEN: 203203) as per the 

manufacturer’s protocol and DNA extracted from samples as described above.   

The PCRs were performed using the Eppendorf Nexus GX2 thermocycler. The cycling 

conditions were as follow: initial denaturing at 95oC for 5 minutes, followed by 35 cycles of 

denaturing at 94oC for 1 minute, annealing using the annealing temperatures shown in 

Appendix A for 1 minute, extension at 72oC for 1 minute 30 seconds, and a final extension at 

72oC for 10 minutes.  

The amplified PCR products were visualised on 2% agarose gels (Amresco: 0710-500G) to 

ensure a single PCR product was obtained from each PCR reaction. The PCR products were 

purified using the illustra™ ExoProStar™ kit (GE Healthcare Life Sciences: US78220). The 

purified PCR products were sequenced at the Southpath and Flinders Sequencing Facility 

http://genome.ucsc.edu/
http://bioinfo.ut.ee/primer3-0.4.0/
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(Adelaide, Australia). The sequence were visualised using Chromas (v2.6, Technelysium Pty 

Ltd) and compared to the corresponding reference sequences for each gene to determine the 

presence of variants observed in the WES data. 

 

2.3 FA DNA repair immunofluorescence assay in cell lines 

2.3.1 MCF10A culture conditions 

MCF10A (ATCC® CRL-10317™) is a cell line derived from normal breast epithelial cells. 

The cell line was cultured using Dulbecco's Modified Eagle's medium (DMEM; Sigma: 

D5546), with 5% horse serum (Sigma: H1138) supplemented with 20ng/mL epidermal growth 

factor (EGF; R&D Systems: 236-ED-200), 500ng/mL hydrocortisone (Sigma: H0888), 

10µg/mL insulin (Sigma: I6634), 500ng/mL Cholera toxin (Sigma: C8052-0.5mg), 100U/mL 

penicillin and 100μg/mL streptomycin (Sigma: P4333). To detach the cells, multiple washes 

with 1x phosphate buffered saline (PBS; Sigma: P5493), followed by the addition of 5xTrypsin 

(Sigma: 59418C) and incubation for 5 minutes in 5% CO2 at 37oC incubator, and sterilised 

disposable cell scrapers were used. The cells were cultured in a Sanyo humidified incubator 

(Sanyo: MCO-20AIC) with 5% CO2 at 37oC.  

 

2.3.2 PD20i and PD20i;RVD2 culture 

The cell lines PD20i (Catalogue ID: GM16633) and PD20i;RVD2 (Catalogue ID: GM16634) 

were obtained from Corriell Institute Depository. The cells were cultured using A-MEM 

(Sigma: M4526) with 10 % FBS (JRH Biosciences: 12003) supplemented with 2mM L-

glutamine (Sigma: G7513), 100 U/mL penicillin and 100μg/mL streptomycin (Sigma: P4333). 

To detach, 1xTrypsin (Sigma: 59418C) was used. The cells were cultured in a Sanyo humidified 

incubator (Sanyo: MCO-20AIC) with 5% CO2 at 37oC. 

 

2.3.3 Immunofluorescence assay 

The immunofluorescence assays (IF) were performed using 8-well chambered slides (Nunc® 

Lab-Tek® Chamber Slide™ system; Sigma: C7182). Approximately 104 cells (PD20i, 

PD20i;RVD2 or MCF10A) were seeded into each well of the chambered slide and incubated 

in 5% CO2 at 37oC for 48 hours.  
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The growth media was aspirated from the wells and cells were treated with 40ng/mL of 

mitomycin C (MMC) (Enzo Lifescience: BML-GR311-0002) for 24 hours in 5% CO2 at 37oC. 

The media (with or without MMC) was removed from each well. Each well was washed using 

500µL of 1x PBS (Sigma: P5493) on a rocking shelf for 5 minutes and then aspirated. The cells 

were fixed using 200µL of 4% paraformaldehyde (Sigma: P6148) containing 5mM MgCl2 

(Sigma: M1028) for exactly 20 minutes and then aspirated. Each well was washed using 500µL 

of 1x PBS (Sigma: P5493) on a rocking shelf for 5 minutes and then aspirated. The cells were 

permeabilised using 500µL of 0.3% Triton™ X-100 (Sigma: T8787) in PBS (Sigma: P5493) 

for exactly 10 minutes and then aspirated. Each well was washed using 500µL of 1x PBS 

(Sigma: P5493) on a rocking shelf for 5 minutes and then aspirated.   

The cells were blocked for unspecific binding using 500µL of blocking buffer consisting of 1x 

PBS (Sigma: P5493), 10% FBS (JRH Biosciences: 12003) and 0.1% NP40 (US Biosciences: 

N3500) and incubated at room temperature for 1 hour. The blocking buffer was aspirated from 

the wells. Primary antibodies for FANCD2 rabbit polyclonal antibody (Novus: NB100-182) 

and γ-H2AX (MERCK-Millipore: 05-636-I) mouse monoclonal antibody were diluted using 

the above mentioned blocking buffer (at 1:1000 ratio), added to the wells and incubated for 3 

hours on a rocking shelf at room temperature. The primary antibody from each well was 

aspirated. Each well was washed 3 times using 500µL of 1x PBS (Sigma: P5493) and 2% FBS 

(JRH Biosciences: 12003) on a rocking shelf for 5 minutes and then aspirated. 

The secondary antibodies goat -mouse Alexa488 (Cell Signalling: 4408) and goat -rabbit 

Alexa647 (Cell Signalling: 4414) were diluted using the above mentioned blocking buffer (at 

1:1000 ratio), added to the wells and incubated at 4oC on a rocking shelf overnight. Each well 

was washed 3 times using 500µL of 1x PBS (Sigma: P5493) and 2% FBS (JRH Biosciences: 

12003) on a rocking shelf for 5 minutes and then aspirated. DAPI anti-fade, ProLong™ Gold 

Antifade Mountant with DAPI (ThermoFisher Scientific: P36935) was added to each well to 

prevent rapid bleaching of the fluorophores. The cells were imaged using the ZEISS LSM 700 

confocal microscope. The images were processed using ZEN Blue (version 2.3) program from 

ZEISS. 
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2.4 Generation of the FANCL heterozygous mutant cell lines 

2.4.1 CRISPR-Cas9 plasmid  

The CRISPR-Cas9 plasmid pSpCas9(BB)-2A-Puro (PX459) V2 (Figure 2.1) as described by 

Ran and colleagues (Ran et al., 2013) was kindly provided by Dr Dawei Liu of the Goodall 

Laboratory (Centre for Cancer Biology, Adelaide, Australia).  

 

2.4.2 Amplification of the pSpCas9(BB)-2A-Puro (PX459) V2 construct 

The plasmid was amplified in a bacteria system. All glassware (bottles and conical flasks) were 

autoclaved prior to use. Luria Broth bacterial powder (Miller) (Sigma: L3522) was used for 

both bacterial agar and broth. NEB® 10-beta Competent E. coli (High Efficiency) (NEB: 

NEBC3019) was used for all experiments and the transformations were performed using the 

recommended manufacturer’s protocol. Antibiotic selection was performed using 100µg/mL of 

ampicillin (Sigma: A0166). The following morning, bacteria clones from the transformed plates 

were selected and cultured in 5mL of LB broth with appropriate antibiotic and were cultured in 

a shaking incubator at 37oC for 8 hours. The 5mL cultures were transferred into 50mL cultures 

in 250mL conical flasks with appropriate antibiotic and cultured in a shaking incubator at 37oC 

overnight. Midiprep was performed using QIAGEN Plasmid Midi Kit (QIAGEN: 12145) as 

per the manufacturer’s recommended protocol. 

 

2.4.3 Restriction enzyme digestion and preparation of the pSpCas9(BB)-2A-

Puro(PX459) V2 construct 

Restriction endonuclease digestion was performed using BbsI (NEB: R0539S) on 6µg of the 

purified plasmid and incubated for 4 hours at 37oC. To dephosphorylate the 5’ end of the 

construct, 1µL of Calf Intestinal Alkaline Phosphatase (CIP) (NEB: M0290S) was added to the 

digestion reaction and incubated for a further 1 hour at 37oC. The digested and 

dephosphorylated construct was loaded into a 1% agarose gel (Amresco: 0710-500G), and ran 

at 30V overnight for gel extraction purification (PureLink™ Quick Gel Extraction Kit 

(ThermoFisher Scientific: K210012)). Ethanol purification using sodium acetate was 

performed to concentrate the purified construct. 
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Figure 2.1 pSpCas9(BB)-2A-Puro (PX459) V2 vector map. (taken from Addgene: 

https://www.addgene.org/62988/) 
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2.4.4 Designing single guide RNA (sgRNA) for the pSpCas9(BB)-2A-Puro (PX459) V2 

construct 

The sgRNA specific for exon 1 of FANCL (Ref Seq: NM_018062) was generated using 

thehttp://crispr.mit.edu/ online tool. The top 3 pairs of sgRNA sequences with a guide score 

greater than 90 were selected to minimise off-target gene editing. The 3 pairs of sgRNA 

sequences were additionally modified to be able to be cloned into the CRISPR-Cas9 construct 

(Table 2.1). For the 5’ ends of the sgRNA sequences of the forward oligo of the sgRNA, an 

additional sequence of CACC was added for cloning using the BbsI restriction site in the 

construct. An additional nucleotide G was also added to the 5’ end of the sgRNA if the sequence 

did not began with a G to ensure efficient transcription of the sgRNA by RNA Polymerase III. 

Similarly for the reverse oligo, an additional sequence of AAAC was added to the 5’ region and 

an additional nucleotide C was also added to the 3’ region of the sgRNA.  

 

2.4.5 Annealing the forward and reverse oligos of the 3 pairs of sgRNA 

The T4 polynucleotide kinase (NEB: M0201S) was used as per the manufacturer’s protocol to 

phosphorylate the forward and reverse strands of the 3 pairs of sgRNA followed by the 

annealing. The phosphorylation and annealing processes were performed using the Eppendorf 

Nexus GX2 thermocycler using the following cycling conditions. One Cycle of 37oC for 30 

minutes, 94oC for 10 minutes, and ramp down to 25oC at a rate of 1%.  

 

2.4.6 Cloning the sgRNA sequences into the pSpCas9(BB)-2A-Puro (PX459) V2 

construct 

Ligation reaction was performed using T4 DNA Ligase (NEB: M0202) consisting of 15ng of 

vector and 2µL of annealed sgRNA, according to the manufacturer’s protocol in a final volume 

of 15µL with H2O for a total of 3 ligation reactions (1 for each sgRNA). The ligation reactions 

were incubated at 16oC overnight in the Eppendorf Nexus GX2 thermocycler. Each ligation 

reaction was transformed into the above mentioned NEB® 10-beta Competent E. coli (High 

Efficiency) (NEB: NEBC3019) as per the manufacturer’s protocol. Ten colonies from each 

plate were picked and cultured in 5mL of LB broth and ampicillin. Miniprep was performed 

using QIAprep Spin Miniprep Kit (QIAGEN: 27104) following the manufacturer’s 

http://crispr.mit.edu/
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Table 2.1 Single guide RNA (sgRNA) targeting exon 1 of FANCL.  

Primer Sequence Target Ref Seq 

FANCL sgRNA 1 FW3 CACC G ACACGGTTTTCGACCGGTTC Exon 1 NM_018062 

FANCL sgRNA 1 RV3 AAAC GAACCGGTCGAAAACCGTGT C Exon 1 NM_018062 

FANCL sgRNA 2 FW3 CACC G CACGGTTTTCGACCGGTTCT  Exon 1 NM_018062 

FANCL sgRNA 2 RV3 AAAC AGAACCGGTCGAAAACCGTG C Exon 1 NM_018062 

FANCL sgRNA 3 FW3 CACC G CCGGTCGAAAACCGTGTATG Exon 1 NM_018062 

FANCL sgRNA 3 RV3 AAAC CATACACGGTTTTCGACCGG C Exon 1 NM_018062 

 

Red font represents the additional sequences added to the sgRNA as restriction sites for BsbI. Blue font represents the additional base added to ensure efficient 

transcription of the sgRNA by RNA Polymerase III. 
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recommended protocol. The purified constructs were sequenced at the Southpath and Flinders 

Sequencing Facility (Adelaide, Australia) using the primers LK0 1.5 

(GACTATCATATGCTTACCGT) and pSPCas9 RV (CACGCGCTAAAAACGGACTA). 

The constructs containing their respective sgRNA were transformed into the above mentioned 

NEB® 10-beta Competent E. coli (High Efficiency) (NEB: NEBC3019) as per the 

manufacturer’s protocol. Antibiotic selection was performed using 100µg/mL of ampicillin 

(Sigma A0166). Bacteria clones from the transformed plates were selected and cultured in 5mL 

of LB broth with appropriate antibiotic the following morning and were cultured in a shaking 

incubator at 37oC for 8 hours. The 5mL cultures were transferred into 50mL cultures in 250mL 

conical flasks with appropriate antibiotic and cultured in a shaking incubator at 37oC overnight. 

Midiprep was performed using QIAGEN Plasmid Midi Kit (QIAGEN: 12145) as per the 

manufacturer’s recommended protocol. 

 

2.4.7 Transfection of MCF10A with the pSpCas9(BB)-2A-Puro (PX459) V2 construct 

The MCF10A cell line was cultured using the media and conditions as described in Section 

2.3.1. Cells were grown to 80% confluency and 106 cells from the culture were seeded into a 

10cm petri dish. The cells were transfected with a pSpCas9(BB)-2A-Puro (PX459) V2 

construct containing one sgRNA two days later. The transfection reagent used was 

Lipofectamine 3000 (ThermoFisher Scientific: L3000015) as per the manufacturer’s protocol. 

Fresh media containing 2µg/mL of puromycin (ThermoFisher Scientific: A1113802) was added 

to the plate 24 hours after transfection. The cells were selected using puromycin for 48 hours. 

Fresh media was added to the cells (without puromycin) and left to recover for 7 days. The cells 

were detached and serial dilution was performed to obtain cell concentrations of 0.5 cells/well, 

1.0 cells/well and 2.0 cells/well. Each dilution was seeded into two 96-well plates each. The 

clones were expanded and scaled up to 24-well and eventually 6-well plates upon reaching 

confluency. Each individual clone was frozen and gDNA was also made using QIAmp DNA 

Blood Mini Kit (QIAGEN: 51106) as per manufacturers recommended protocol.  

 

2.5 Gene expression analysis 

Gene expression profiling was performed using the Ilumina_HumanHT_12_v4 chip, (47247 

probes) for a total of 57 samples. RNA was extracted from BMMNC at diagnosis (n=57). The 
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CD34+ cell fraction from healthy control BMMNC (n=13) was used as control. The data was 

background corrected using negative control probes. Probes with sequences considered to be 

poor matches for the corresponding target or with no matches were removed. Detection Above 

Background (DABG) was also performed and probes with detection p-values >0.05 in more 

than half of the samples were removed leaving a total of 15484 probes for down-stream analysis 

For baseline expression levels, 9 healthy CD34+ cell populations were used. The initial analysis 

and data processing was performed with the help of Stephen Pederson and Mahmoud Bassal. 

Detailed methods are shown in the attached manuscripts in Chapters 4 and 5. 
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Chapter 3 Defects in the FA/BRCA-HRR pathway and the impact on AML  

 

3.1 Introduction 

As described in Chapter 1 (Section 1.7.2.1), bi-allelic loss of any of the 19 FANC genes in the 

Fanconi Anaemia (FA) DNA repair pathway is known to cause FA, an autosomal recessive 

disorder with progressive bone marrow failure, and a profoundly increased risk of AML (800 

fold) (Rosenberg et al., 2008). FA pathogenicity is due to haematopoietic stem cell (HSC) 

dysfunction, which begins in utero and manifests as bone marrow failure in adulthood (Ceccaldi 

et al., 2012, Pontel et al., 2015). Its mode of pathogenicity centres on HSC dysfunction 

associated with increased sensitivity to endogenous/exogenous DNA toxins, replicative stress 

or repeated infections (Garaycoechea et al., 2012, Cherubini et al., 2011, Walter et al., 2015, 

Kaschutnig et al., 2015). This establishes the link between maintenance of HSC genomic 

integrity and suppression of MDS/AML. Previous studies in AML have shown that loss of 

function in FANC genes can occur through epigenetic changes such as promoter methylation, 

or large exonic deletions occurs (Hess et al., 2008, Tischkowitz et al., 2004), potentially 

contributing to genomic instability in AML. IDH1/2 mutations have recently been shown to 

impair homologous recombination repair (HRR) resulting in increased sensitivity to PARP1 

inhibitors (PARPi) (Sulkowski et al., 2017). 

However, the contribution of heterozygous germline FANC gene variants to AML initiation 

has not been clearly established. Some FANC genes are classical tumour suppressor genes 

associated with very high risk of solid cancers (BRCA1 and BRCA2) (Petrucelli et al., 2010).  

In recent pan-cancer studies using large cohorts of more common cancers, deleterious mutations 

in a number of FANC genes were observed to be enriched (described in Chapter 1; Section 

1.7.2.1.3), suggesting potential roles of FANC mutations in cancer predisposition. The cancer 

risk associated with heterozygous FANC mutations across individual FANC genes has been 

difficult to assess. In familial studies in the early 2000s, increased cancer incidence was not 

observed for FA carriers, but grandmothers of the probands had increased breast cancer risk, 

suggesting that there may potentially be risk for breast cancer with advanced age (Berwick et 

al., 2007, Tischkowitz et al., 2008). These studies are necessarily biased to the more common 

subtypes of FA, namely FA-A, FA-C and FA-G making up approximately 85% of FA cases 

(Dong et al., 2015). Furthermore, FA carriers occur at low frequency in the population 

(estimated at 0.5%) (Rosenberg et al., 2011) compared to the reported frequency of individuals 
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with heterozygous damaging variants across all FANC genes (reported at a frequency of 4.5% 

in European-Americans) (Rogers et al., 2014). This suggests that for most of the genes reported 

to cause FA, only rarely are mutations identified in the bi-allelic state, possibly due to lethality. 

However, given the frequency of heterozygous damaging variants in the population, and the 

profound increase in risk of AML for FA patients with severe FA pathway deficiency, variants 

in this group of genes could contribute significantly to the AML patient population.  

The 19 FANC genes participate in the FA DNA repair pathway which is critical for repair of 

interstrand crosslinks (ICL), and operates in conjunction with HRR to resolve stalled replication 

forks that result from ICLs induced by ionization radiation, aldehydes and reactive oxygen 

species (ROS) (described in Chapter 1). These genes interact with other DNA damage sensors 

and repair pathways. The aim of the work presented in this chapter was to investigate rare and 

predicted deleterious variants in the FANC genes with their key interacting partners, and the 

co-occurrence or exclusivity with common AML mutations and karyotypic abnormalities in 

AML. As such, the results in this chapter describe the generation of a network of functionally 

related proteins built from the FANC genes, and the identification and characterisation of 

damaging variants across this network in adult AML and healthy control cohorts.  

 

3.2 Results 

3.2.1 Extended FA/BRCA-HRR network 

As a first step to investigate the involvement of the FA DNA repair pathway in AML, an 

extended network of genes was constructed with the FANC genes as the seed network using 

the protein/gene interaction predictor STRINGdb v9.05 (Szklarczyk et al., 2011). This extended 

network is referred to as the extended FA/BRCA-HRR network. At the time of construction 

(2013), only 16 genes were officially associated with FA, and hence were used as the seed 

network. As of 2017, the total number of FANC genes has continued to increase to 21 with 

FANCR (RAD51), FANCS (BRCA1), FANCT (UBE2T), FANCU (XRCC2) and FANCV (REV7) 

recently associated with FA (Ameziane et al., 2015, Sawyer et al., 2015, Hira et al., 2015, Park 

et al., 2016, Bluteau et al., 2016). The results presented in this study were done with respect to 

19 FANC genes (excluding the more recently classified FANCU and FANCV). 

A two-step approach was utilised in constructing the FA/BRCA-HRR network. The first step 

utilised STRINGdb to identify interacting partners of each of the 16 FANC proteins. The second 
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step utilised the ability of STRINGdb to generate interactions within a list of query proteins. 

Thus, each of the 16 FANC proteins (query) were individually searched in STRINGdb and the 

top 50 proteins that interacted with each of the 16 FANC proteins with confidence level of 0.9 

(90%) based on experimental evidence, knowledge-based and text mining evidences were 

compiled into a single list (Appendix B). This list was then used as the query file that was input 

into STRINGdb providing the interactions of high confidence within the query list as output. 

The output from STRINGdb was then further manually clustered to show the functional 

subgroups with high confidence interactions based on literature evidences, as detailed in Table 

3.1 and Figure 3.1. Thus in this FA/BRCA-HRR network, all the proteins have a direct 

relationship, based on experimental and literature evidence, with the 16 FANC proteins. 

Importantly, this analysis highlighted several interactions of a number of FANC proteins 

beyond the canonical ICL repair pathway. Each of the various functional subgroups is explained 

and summarised below. 

 

3.2.1.1 FANC core complex 

The genes of the classical FANC core complex as described in Chapter 1 (Section 1.8.1.1), 

were grouped together as they are directly involved in the repair of ICLs and function to activate 

the heterodimeric ID2 complex, which is considered to be the master regulator of the FA 

pathway. This consisted of the eight FANC proteins (Table 3.1), three FA associated proteins 

(FAAP), which function to stabilise the complex, and two additional proteins, MHF1 and 

MHF2. The FANC core complex can be further subdivided into the FANCM anchor complex 

(Walden and Deans, 2014) and the minimal ubiquitination complex (Rajendra et al., 2014). The 

FANCM anchor complex consists of FANCM, MHF1, MHF2 and FAAP100. They have been 

shown to form a complex at the site of ICL to recruit the remaining members of the core 

complex (Collis et al., 2008). In a separate study, the minimal ubiquitination complex has been 

shown to be required for the ubiquitination of the ID2 complex (Hodson and Walden, 2012). 

The FANC core complex and ID2 complex (described below in Section 3.2.1.2) are referred to 

as a combined subgroup due to their direct interactions and cooperation in ICL repair. 
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Table 3.1 Functional subgroups and combined subgroups of the extended FA/BRCA-

HRR network 

Functional Subgroup Genes 

FANC core complex FANCA, FANCB, FANCC, FANCE, FANCF, FANCG, FANCL, 

FANCM, MHF1 (APITD1), MHF2 (STRA13), FAAP20 (C1orf86), 

FAAP24 (C19orf40), FAAP100 (C17ORF70) 

FANCM anchor complex FANCM ,MHF1 (APITD1),  MHF2 (STRA13), FAAP24 (C19orf40) 

Minimal FANCD2 

monoubiquitination complex 

FANCB, FANCL, FAAP100 (C17ORF70) 

ID2 Complex FANCD2, FANCI 

FANC core & ID2 complex FANCA, FANCB, FANCC, FANCE, FANCF, FANCG, FANCL, 

FANCM, MHF1 (APITD1), MHF2 (STRA13), FAAP20 (C1orf86), 

FAAP24 (C19orf40), FAAP100 (C17ORF70), FANCI, FANCD2 

Structure-specific endonucleases FANCP (SLX4), FANCQ (ERCC4), SLX1A, MUS81, ERCC1, FAN1, 

EME1, EME2 

BLM complex RMI1, RMI2, BLM, TOP3A,  

ATM/ATR checkpoint proteins RPA1, RPA2, RPA3, ATM, ATR, ATRIP, CHEK1 ,RAD9A, RAD17, 

CHEK2 

RPA proteins RPA1, RPA2, RPA3 

MRN complex MRE11A, NBN, RAD50 

Breast cancer associated proteins FANCD1 (BRCA2), FANCJ (BRIP1), FANCN (PALB2), BRCA1, 

BARD1 

RAD51 paralogues FANCO (RAD51C), RAD51, RAD51B, RAD51D, XRCC2, XRCC3 

Mismatch Repair (MMR) Genes MLH1, MLH3 

Ubiquitination modifiers UAF1, USP1, UBA52, UBE2T, UBC 

 

Combined Subgroup Genes 

FA/BRCA-HRR Network FANCA, FANCB, FANCC, FANCD1 (BRCA2), FANCD2, FANCE, 

FANCF, FANCG, FANCI, FANCJ (BRIP1), FANCL, FANCM, 

FANCN (PALB2), FANCO (RAD51C), FANCP (SLX4), FANCQ 

(ERCC4), FANCR (RAD51), FANCS (BRCA1), FANCT (UBE2T) 

MHF1 (APITD1), MHF2 (STRA13), FAAP20 (C1orf86), FAAP24 

(C19orf40), FAAP100 (C17ORF70), SLX1A, MUS81, ERCC1, FAN1, 

EME1, EME2, MRE11A, NBN, RAD50, BRCA2, BRCA1, BARD1, 

RAD51, RAD51B, RAD51D, XRCC2, XRCC3, RMI1, RMI2, BLM, 

TOP3A, RPA1, RPA2, RPA3, ATM, ATR, ATRIP, CHEK1, RAD9A, 

RAD17, CHEK2, MLH1, MLH3 

BLM & ATM/ATR checkpoint  RMI1, RMI2, BLM, TOP3A, RPA1, RPA2, RPA3, RPA1, RPA2, 

RPA3, ATM, ATR, ATRIP, CHEK1 ,RAD9A, RAD17, CHEK2 

KEGG Homologous Recombination 

Repair (HRR) Pathway 

MRE11A, NBN, RAD50, BRCA2, BRIP1, FANCN (PALB2), BRCA1, 

BARD1, FANCO (RAD51C), RAD51, RAD51B, RAD51D, XRCC2, 

XRCC3 

FANC 19 FANCA, FANCB, FANCC, FANCD1 (BRCA2), FANCD2, FANCE, 

FANCF, FANCG, FANCI, FANCJ (BRIP1), FANCL, FANCM, 

FANCN (PALB2), FANCO (RAD51C), FANCP (SLX4), FANCQ 

(ERCC4), FANCR (RAD51), FANCS (BRCA1), FANCT (UBE2T) 
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Figure 3.1. The extended FA/BRCA-HRR network generated using STRINGdb (v9.05). Proteins were clustered based on functional groups and 

involvement in the various pathways. Colour of the lines connecting each circle were based on the types of interaction evidences as shown in the figure legend.  

Green circles represent genes that have no alternate variants identified in the AML whole exome sequencing (WES) dataset, while red circles represent the 

genes that have one or more variants. The intensity of the colour signifies the total number of variants identified for each gene (darker shades representing 

genes with the most number of variants and lighter shades representing genes with fewer variants).    
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3.2.1.2 ID2 complex and structure-specific endonucleases 

The FANCI/D2 heterodimer is recruited to sites of ICLs and stalled replication forks along with 

the FANC core complex (Joo et al., 2011). It is activated when phosphorylated by ATR 

(Matsuoka et al., 2007) and monoubiquitinated by the E3 ligase FANCL, of the FANC core 

complex as described in Chapter 1 (Section 1.8.1.1). The ID2 complex functions as a scaffold 

for the recruitment of the remaining repair factors, as well as in stabilisation and protection of 

stalled replication forks (Schlacher et al., 2012). Ubiquitin molecules of the ID2 complex are 

recognised by the ubiquitin-binding zinc-finger 4 (UBZ4) domain of the nuclease scaffold 

protein, SLX4 (FANCP) (Yamamoto et al., 2011). SLX4 then recruits a series of endonucleases 

and interacting partners to perform the incision of the crosslink. Such endonucleases include 

heterodimeric MUS81-EME1 and ERCC1-ERCC4 (FANCQ), as well as SLX1-SLX4 (Klein 

Douwel et al., 2014, Kottemann and Smogorzewska, 2013). The structure-specific nuclease 

Fanconi Anaemia nuclease 1 (FAN1) is also recruited to the ICL (Pizzolato et al., 2015), and it 

has recently been shown to be recruited by FANCD2 to resume replication and not necessarily 

for the resolution of ICL (Lachaud et al., 2016) . These structure specific-endonucleases 

participate in the “unhinging” of crosslinks, causing a double-stranded break (DSB) to occur. 

 

3.2.1.3 BLM complex 

In addition to its canonical function, the FANC core complex has been shown to interact with 

the BLM complex and is required for activation of the BLM pathway (Pichierri et al., 2004). 

The BLM complex consists of BLM and its interacting partners TOP3A, RMI1 and RMI2. The 

BLM complex is canonically known to be involved in the resolution of Holliday junctions 

during HRR. BLM mutations result in the development of Bloom syndrome (BS) described in 

Chapter 1 (Section 1.7.2.5). The BLM complex also interacts with the replication proteins 

RPA1/2/3 (Xue et al., 2013). Consistent with BLM complex role, cells from BS patients have 

significantly increased frequency in sister chromatid exchange (McDaniel and Schultz, 1992).  

 

3.2.1.4 MRN complex 

The MRN complex, consisting of MRE11A, NBN and RAD50, is involved in the initial 

detection of DNA damage resulting from DSB (Lamarche et al., 2010). The MRN complex is 

one of the first factors recruited to the site of DNA damage and is upstream of ATM/ATR 
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kinases. This complex is essential for the rapid recruitment of the kinase ATM to the site of 

damage (Lee and Paull, 2005). It is also involved in the activation of the kinase ATR through 

DNA end resection (Lee and Dunphy, 2013).  

 

3.2.1.5 ATM/ATR Checkpoint proteins  

This functional subgroup consists of proteins which interact with the ATM and ATR kinases. 

There are 3 main kinases, ATM, ATR and DNA-PKc which are involved in signalling and 

phosphorylation of cell cycle checkpoint and DNA repair proteins (Marechal and Zou, 2013). 

DNA-PKc is primarily involved in activation of non-homologous recombination (NHEJ) repair 

(Davis et al., 2014); while ATM is primarily activated by DSB and is involved in HRR 

(Bensimon et al., 2010). ATR on the other hand is activated from a variety of damages including 

single-stranded breaks (SSB), DSB, as well as DNA lesions that interfere with replication 

(Bensimon et al., 2010). Despite being characterised as responding to different types of DNA 

damage, evidence has mounted suggesting cross talk between the two kinases (ATM and ATR) 

(Cuadrado et al., 2006).  

ATM has been shown to exist as either heterodimers or oligomers. Upon recruitment by the 

above mentioned MRN complex (Uziel et al., 2003) and autophosphorylation, it dissociates and 

becomes a monomer. ATM activation promotes ATR activation by enhancing DNA end 

resection by a number of repair factors to form single-stranded DNA (ssDNA) as described in 

Chapter 1 (Section 1.8.2) (Shiotani and Zou, 2009). ATR and its heterodimeric partner ATRIP 

(Cortez et al., 2001) bind to RPA bound ssDNA (Zou and Elledge, 2003). Activation of ATR 

can occur from phosphorylation dependent protein-protein interactions involving ATR-

TOPB1, TOPBP1-RAD9A and RAD17-CLSPN (Marechal and Zou, 2013). The best classified 

effectors of ATM and ATR are the CHEK2 and CHEK1 kinases respectively (Marechal and 

Zou, 2013). Both ATM and ATR have also been shown to be involved in the recruitment of 

cell cycle regulators and DNA repair factors such as BRCA1 (Deng, 2006) and TP53 (Saito et 

al., 2002, Tibbetts et al., 1999). 

Mutations in ATM cause ataxia telangiectasia (A-T), which is a neurodegenerative disorder with 

increased predisposition to various types of cancers as described in Chapter 1 (Section 

1.7.2.2). Mutations in ATR on the other hand lead to Seckel syndrome (SS) which presents with 

growth retardation and intellectual disabilities (Casper et al., 2004, Harsha Vardhan et al., 
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2007). Clinically, both A-T and SS patients show some overlapping phenotypic characteristics 

(described in Chapter 1; Section 1.7.2.3). 

 

3.2.1.6 Breast cancer associated proteins and RAD51 paralogues  

The breast cancer associated proteins BRCA1 (FANCS) and BRCA2 (FANCD1) are classical 

tumour suppressors, mutations in which cause familial cancer with high penetrance. Germline 

mutations in these genes greatly increase the overall risk of breast and ovarian cancer in 

females, as well as prostate and breast cancer in males (Stan et al., 2013). BRCA2 was one of 

the first genes to be cloned and classified as a FANC gene (Howlett et al., 2002). BRCA1 has 

also recently been classified as a FANC gene but with a single case being reported, the validity 

of the classification is yet to be determined (Sawyer et al., 2015). Brca1/2 null mice die at the 

embryonic stage, when both alleles are lost and this may be a reason why bi-allelic germline 

mutations in these genes in humans are observed only rarely (Evers and Jonkers, 2006). PALB2 

(FANCN) is involved in the nuclear localisation and stability of BRCA2 (Xia et al., 2006), and 

PALB2 mutations have been shown to cause familial breast cancer (Antoniou et al., 2014). 

BRIP1 (FANCJ) interacts with the C-Terminal domain of BRCA1 (Cantor et al., 2001), and 

mutations in BRIP1 have been shown to increase risk of familial ovarian cancer (Rafnar et al., 

2011). BRCA1-associated RING domain protein 1 (BARD1) is the heterodimeric partner of 

BRCA1. The BRCA1-BARD1 complex becomes stabilised upon heterodimerisation and 

functions mainly as a ubiquitin ligase (Irminger-Finger and Jefford, 2006). BARD1 has also 

been reported to be associated with familial breast and ovarian cancer, although with lower 

penetrance (Ratajska et al., 2012). These breast cancer associated proteins are central to HRR 

as described in Chapter 1 (Section 1.8.2).  

As previously described in Chapter 1 (Section 1.8.2), the RAD51 recombinase and its 

paralogues (RAD51A, RAD51B, RAD51C, XRCC2 and XRCC3), play a pivotal role in HRR 

by generating the RAD51 filaments which are required for homology search and strand invasion 

(Suwaki et al., 2011, Godin et al., 2016). The successful recruitment and assembly of RAD51 

to the site of damage is mediated by the RAD51 paralogues, as well as BRCA1 and BRCA2. 

RAD51 (FANCR) has also been recently identified as a FANC gene, along with RAD51C 

(FANCO) and XRCC2 (FANCU) (Ameziane et al., 2015, Sawyer et al., 2015, Hira et al., 2015, 

Park et al., 2016, Bluteau et al., 2016, Vaz et al., 2010). It is becoming increasingly evident that 

RAD51 and its paralogues are critical to HRR, hence it is not surprising that their loss of 
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function can result in DNA repair disorders such as FA. The RAD51 paralogues and BRCA 

proteins make up the KEGG-HRR combined subgroup along with the MRN complex due to 

their close interactions and participation in HRR. 

 

3.2.1.7 Mismatch repair proteins 

MLH1 and MLH3 are central to the mismatch repair pathway (MMR), dysfunction of which 

leads to microsatellite instability (Mangold et al., 2005). Mutations in both genes are strongly 

associated with hereditary nonpolyposis colorectal cancer (HNPCC) (Wu et al., 2001). The key 

MRR genes MutS, MutL and MutH were first identified in prokaryotes (S. pneumoniae and E. 

coli) (Tiraby and Fox, 1973, Siegel and Bryson, 1967). The eukaryotic homologue, MutS 

homologues (MSH2/3/4/5/6) forms two main heterodimers, MSH2-MSH6 (MutSα) that 

recognises single base pair mismatches, and the heterodimer MSH2-MSH3 (MutSβ) that 

recognises small insertions/deletion loops (IDLs) (Silva et al., 2009, Jun et al., 2006). Similar 

to the MutS homologues, the MutL homologue, MLH1 also forms the following heterodimers; 

MLH1-PMS2 (MutLα), MLH1-PMS1 (MutLβ), and MLH1-MLH3 (MutLγ) (Jun et al., 2006). 

The main MMR pathway is driven by MutSα and MutLα (Figure 1.6). MutSα recognises 

mismatches during replication and utilises ATP to undergo a conformational change that allows 

it to form a clamp and move along the DNA. PCNA is also loaded onto the DNA by the 

replication factor C (RFC), allowing MutLα to bind and nick the nascent strand. In the EXO1-

dependent pathway, the resulting DNA segment from the nick is excised by the EXO1 

exonuclease, in cooperation with the single-stranded DNA-binding protein RPA. In the EXO1-

independent pathway, strand displacement repair synthesis is carried out. The downstream 

repair synthesis involves the previously mentioned POLD, POLE, and LIG1. 

 

3.2.1.8 Ubiquitination modifiers  

As the monoubiquitination of the ID2 complex is central to the FA DNA repair pathway, a 

number of ubiquitin proteins also form a functional group in the extended FA/BRCA-HRR 

network. UBE2T (FANCT) (Hira et al., 2015) is a ubiquitin-conjugating E2 ligase that directly 

interacts with FANCL to ubiquitinate the ID2 complex (Machida et al., 2006). It has also been 

shown that upon completion of the ICL repair, the timely removal of the ubiquitin from the ID 

complex is critical and this is performed by the deubiquitinase USP1 and its interacting partner 
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U2AF1 (Kim and D'Andrea, 2012). Finally, UBA52 and UBC are key genes involved in stress-

induced protein degradation through ubiquitination (Flick and Kaiser, 2012). 

 

3.2.2 AML cohort and whole exome sequencing 

To identify variants across the genes in the extended FA/BRCA-HRR network in AML, whole 

exome sequencing (WES) was performed on a cohort of primary AML samples sourced from 

two Australian tissue banks; the Australian Leukaemia & Lymphoma Group (ALLG) tissue 

bank at the Princess Alexandra Hospital (PAH, Brisbane, QLD, Australia), and the South 

Australian Cancer Research Biobank (SACRB, Royal Adelaide Hospital and SA Pathology, 

Adelaide, Australia). 

The detailed characteristics of the adult AML cohort (n=145) are shown in (Table 3.2). The 

cohort consisted of more male patients (60.7%) than female. The majority of the patients were 

de novo AML (where data were available). The cohort was a representative AML cohort with 

respect to characteristics such as cytogenetic risks, FAB subgroups and karyotypic 

abnormalities which were within the range observed for other AML cohorts.  

WES was performed, initially on 96 diagnostic AML samples (70 samples from SACRB and 

26 samples from ALLG). The Illumina TruSeq Exome Enrichment Kit v2.0 (Illumina) was used 

for the first batch of AML samples (n=96), and for an all-female healthy cohort (n=329) which 

will be referred to as the Australian control cohort from this point forward (Duncan et al., 2011). 

Two criteria were set for the first batch of AML samples that were sequenced (n=96); patients 

were required to have had a diagnosis bone marrow blast percentage of >50%, and all M3 FAB 

subclass patients were excluded. A second WES experiment was performed with an additional 

49 independent diagnostic adult AML samples from the ALLG tissue bank. Illumina Nextera 

Rapid (FC-140-1003, Illumina) was used for this second batch of adult AML samples. Thus, 

the total number of AML exomes analysed was 145. Massive parallel sequencing was 

performed using the Illumina HiSeq 2000 configured for paired-end reads. The first batch of 

exomes had a mean coverage of 57x (26-102x), while for the second batch mean coverage was 

47.6x (22-144x). 

A cohort of paediatric AML samples (n=23) sourced from the Queensland Tumour Bank (in 

collaboration with Dr Andrew Moore), was also included in the second batch of sequencing.  
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Table 3.2. Cohort characteristics of the adult AML patients used in the WES analysis 

(n=145)  

Characteristics *All Cases 

(n=145) 

Age 54 (16-89) 

Male - n (%) 88 (60.7%) 

Female - n (%) 57 (39.3%) 

WCC x 109/L - median (range) 19 (1.1-315.6) 

BM Blast % - median (range) 80.8 (50-100) 

Primary/Secondary AML  - n/total (%) 

    De Novo 80/88 (90.9%) 

    Secondary 8/88 (9.7%) 

    Other/Unknown 57 

Transplant – n/total (%) 

    Yes 25/96 (26.0%) 

    No 71/96 (74.0%) 

    Unknown 49 

FAB – n/total (%) 

    M0 4/89 (4.5%) 

    M1 34/89 (38.2%) 

    M2 19/89 (21.3%) 

    M3 0/89 (0.0%) 

    M4 17/89 (19.1%) 

    M5 14/89 (15.7%) 

    M6 0/89 (0.0%) 

    M7 1/89 (1.1%) 

    Unknown 56 

Grimwade Cytogenetic Risk – n/total (%) 

    Good 6/128 (4.7%) 

    Intermediate 97/128 (75.8%) 

    Poor 25/128 (19.5%) 

    Unknown 17 

Simple Karyotype  - n/total (%) 

    Normal 77/142 (54.2%) 

    Abnormal 45/142 (31.7%) 

    Complex 20/142 (14.1%) 

    Unknown 3 

Cytogenetics – n/total (%) 

    t(15;17) 0/142 (0.0%) 

    CBF 10/142 (7.0%) 

    MLL 8/142 (5.6%) 

    tri(8) 12/142 (8.5%) 

    mono(5) / del(5q) 6/142 (4.2%) 

    mono(7) / del(7q) 10/142 (7.0%) 

    tri(21) 3/142 (2.1%) 

Mutations  - n/total (%) 

    FLT3-ITD 49 / 145 (33.8%) 

    FLT3-TKD 10 / 145 (6.9%) 

    NPM1 54 / 145 (37.2%) 

    DNMT3A 45 / 145 (31.0%) 

    IDH1 16 / 145 (11.0%) 

    IDH2 23 / 145 (15.9%) 

    TET2 26 / 145 (17.9%) 

    NRAS/KRAS 17 / 145 (11.7%) 

*Total number of samples in the cohort is 

145, however, where clinical characteristics 

were not available, the sample is listed as 

unknown 

FAB: French-American-British 

classification (Neame et al., 1986) 

Grimwade classification (Grimwade et al., 

2010)
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The paediatric AML data was analysed using the same pipeline as the adult AML data. The 

results from the paediatric exome data are presented in the manuscript in Chapter 5.  

The sequencing, base calling, alignment and initial analysis of the data was performed at the 

Diamantina Institute, University of Queensland by A/Prof Paul Leo, and the methods for this 

are detailed in the supplementary methods of the manuscripts presented in Chapter 4 and 5. 

In order to generate a list of rare variants, a minor allele frequency of 0.001 was used to filter 

against dbSNP147, 1000 genome project and the Exome Sequencing Project (ESP). To remove 

common single nucleotide polymorphisms (SNP), variants identified in >3% of the Australian 

control cohort (n=329) were also excluded. Finally, a pathogenicity prediction filter (Combined 

Annotation Dependent Depletion, CADD v1.2, (Kircher et al., 2014)) was applied to the dataset 

and only variants with a CADD score > 10 (corresponding to a >90% likelihood of being a 

deleterious change to protein function) were selected for downstream analyses. CADD was 

chosen for pathogenicity filtering because it incorporates a number of different prediction 

algorithms to determine pathogenicity (Kircher et al., 2014).  

 

3.2.3 FA/BRCA-HRR mutation status  

In the AML cohort, 101 out of 145 patients (72%) carried one or more variants across the 

extended FA/BRCA-HRR network of 58 genes (Table 3.3), with a total of 199 variants (151 

unique individual variants) identified. Of the 199 variants, 113 were unique to the AML patients 

and absent in the control cohort (n=329), while 37 were unique to the AML and were absent in 

the non-Finnish Europeans (n=33370) in the Exome Aggregate Consortium (ExAC) database.  

It was noted that out of the 37 variants, 25 were absent in the entire ExAC database (n=60706). 

The number of variants across each subgroup of the extended FA/BRCA-HRR is summarised 

in Table 3.4, and for each individual gene in Table 3.5. The complete list of 199 variants in the 

101 patients is detailed in Appendix C. The majority of variants were identified across the 

FANC 19 subgroup and the ATM/ATR checkpoint subgroup, which are the largest subgroups 

in the extended network. 
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Table 3.3. Summary of the variants identified from the WES of 145 adult AML patients 

Type of 

mutation 

Total no. of 

variants  

in WES of 

AML 

Unique 

individual 

variants 

Total no. of 

variants 

absent in 

healthy control 

(n=329) 

Total no. of 

variants absent 

in non-Finnish 

Europeans in 

ExAC database 

(n=33370) 

Missense 173 127 97 29 

Frameshift 

In/del 

8 7 5 4 

Nonsense 10 9 8 4 

Splicing 8 8 3 0 

Total 199 151 113 37 
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Table 3.4. Number of variants identified from the WES of 145 adult AML patients across 

various subgroups in the extended FA/BRCA-HRR network 

Functional Subgroup Total number of variants 

FANC core complex 49 

FANCM anchor complex 12 

Minimal FANCD2 monoubiquitination complex 21 

ID2 complex 8 

FANC core & ID2 complex 54 

Structure-specific endonucleases 25 

BLM complex 21 

ATM/ATR checkpoint proteins 40 

RPA proteins 5 

MRN complex 10 

Breast cancer associated proteins 11 

RAD51 paralogues 8 

Mismatch repair (MMR) proteins 18 

Ubiquitination modifiers 4 

 

Combined Subgroup  

FA/BRCA-HRR Network 199 

BLM & ATM/ATR checkpoint  60 

KEGG Homologous Recombination Repair (HRR) Pathway 29 

FANC 19 69 
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Table 3.5. Number of variants identified in the extended FA/BRCA-HRR network genes 

Gene No. of Variants No. of Unique Variants 

ATM 21 18 

ATR 9 8 

ATRIP 5 3 

BARD1 1 1 

BLM 4 3 

BRCA1 4 2 

CHEK1  0 0 

CHEK2 3 3 

EME1 2 2 

EME2 0 0 

ERCC1 0 0 

FAAP100 (C17ORF70) 10 5 

FAAP20 (C1orf86) 0 0 

FAAP24 (C19orf40) 0 0 

FAN1 7 4 

FANCA 5 5 

FANCB 9 9 

FANCC 4 2 

FANCD1 (BRCA2) 3 3 

FANCD2 4 4 

FANCE 1 1 

FANCF 0 0 

FANCG 4 1 

FANCI 4 4 

FANCJ (BRIP1) 1 1 

FANCL 11 9 

FANCM 12 8 

FANCN (PALB2) 2 2 

FANCO (RAD51C) 1 1 

FANCP (SLX4) 7 7 

FANCQ (ERCC4) 6 5 

MHF1 (APITD1) 0 0 

MHF2 (STRA13) 0 0 

MLH1 6 4 

MLH3 12 5 

MRE11A 1 1 

MUS81 3 2 

NBN 3 3 

RAD9A 0 0 

RAD17 2 2 

RAD50 6 6 

RAD51 0 0 

RAD51B 5 3 

RAD51D 1 1 

RBBP8 (CTIP) 3 3 

RMI1 2 2 

RMI2 0 0 

RPA1 2 2 

RPA2 1 1 

RPA3 2 2 

SLX1A 0 0 

TOP3A 15 8 

UAF1 0 0 

UBA52 0 0 

UBC 2 2 

UBE2T 0 0 

USP1 2 2 

XRCC2 0 0 

XRCC3 1 1 
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3.2.3.1 Sanger validation of FA/BRCA-HRR variants 

To validate the rare variants, and determine somatic/germline status, Sanger sequencing was 

performed on genomic DNA (gDNA) isolated from diagnosis bone marrow mononuclear cells 

(BMMNC) and where available, Sanger sequencing was also performed on gDNA from 

mesenchymal stromal cells (MSC) or CD3+ T-cells as non-disease material. The sequencing 

primers used are listed in Appendix A. In total, 33 variants of the FA/BRCA-HRR were tested 

using this approach with all of these variants validating in the BMMNC samples. While 

germline/somatic status could not be determined for 13 variants (due to the lack of non-disease 

materials), 18 variants were determined to be germline in nature. Furthermore, two variants 

were confirmed to be somatically acquired; FANCM-p.Q1333fs (c.3998delA) and NBN-

p.R43X (c.C127T) as shown in Appendix D. The high level of validation by Sanger sequencing 

showed the robustness of the WES sequencing platform and bioinformatics analyses that were 

used. Based on this analysis, and the median variant allele frequencies (VAF) which was 

calculated to be 46.8% (Appendix C), discussion of variants is focused on the implications of 

germline variants, although it is acknowledged that a small percentage of these variants (in the 

order of 6%) are likely somatically acquired in the tumour. 

 

3.2.4 Frequency of FA/BRCA-HRR network variants in AML and healthy controls 

Having obtained the mutation data of the extended FA/BRCA-HRR network in AML, it was 

important to determine the frequency of rare variants in these genes in AML and healthy 

individuals. It has been shown in population studies, ethnic groups such as Asians, Ashkenazi 

Jews and Finnish Europeans have distinct variants that are present at high frequencies (Lim et 

al., 2016, Kimchi-Sarfaty et al., 2007). These populations are also under-represented in the 

databases commonly used to filter for rare disease-associated variants (such as dbSNP, 1000 

genome project, ESP, ExAC) leading to a contamination of disease-associated rare variants 

with ethnic population SNPs (Bustamante et al., 2011). In order to account for ethnically-biased 

variants, only Caucasian adult AML samples (n=131) were included for this analysis.  

Therefore, the variants across genes of the extended FA/BRCA-HRR network for the Caucasian 

AML cohort were compared to that of the non-Finnish Europeans in the ExAC database.  Thus, 

the total number of alleles that were examined for the AML cohort and the non-Finnish 

European control cohort in ExAC were 262 and 66740 respectively. The results presented 

below in Table 3.6 relate only to the non-FANC genes since the results for the 19 FANC genes   
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Table 3.6. Frequency of FA/BRCA-HRR network gene variants (excluding the 19 FANC 

genes) in AML 

 
AML cohort; 

Allele count (n=262) 

ExAC cohort; 

Allele count (n=66740) 

 

Gene Allele count Frequency Allele count Frequency *P-value 

ATM 16 0.061069 1572 0.023554 0.0006 

ATR 7 0.026718 940 0.014085 0.1041 

ATRIP 5 0.019084 489 0.007327 0.0457 

BARD1 1 0.003817 275 0.00412 1.0000 

BLM 4 0.015267 568 0.008511 0.2923 

C17ORF70 7 0.026718 298 0.004465 0.0002 

CHEK2 3 0.01145 531 0.007956 0.4697 

EME1 2 0.007634 340 0.005094 0.3869 

FAN1 6 0.022901 488 0.007312 0.0137 

MLH1 6 0.022901 931 0.01395 0.1879 

MLH3 10 0.038168 702 0.010518 0.0006 

MRE11A 1 0.003817 789 0.011822 0.3826 

MUS81 2 0.007634 309 0.00463 0.3435 

NBN 3 0.01145 308 0.004615 0.1233 

RAD17 2 0.007634 268 0.004016 0.0909 

RAD50 5 0.019084 812 0.012167 0.2572 

RAD51B 5 0.019084 363 0.005439 0.0153 

RAD51D 1 0.003817 198 0.002967 0.542 

RAD9A 0 0 291 0.00436 0.634 

RBBP8 3 0.01145 460 0.006892 0.4339 

RMI1 2 0.007634 485 0.007267 0.7163 

RPA1 2 0.007634 324 0.004855 0.3646 

RPA2 1 0.003817 120 0.001798 0.3778 

RPA3 1 0.003817 40 0.000599 0.1484 

TOP3A 10 0.038168 423 0.006338 <0.0001 

UBC 1 0.003817 48 0.000719 0.1747 

USP1 2 0.007634 390 0.005844 0.6683 

XRCC3 1 0.003817 112 0.001678 0.358 

 

*Fisher’s exact test was used to calculate the P-value 

Red bolded, P<0.0017 (Bonferroni corrected), statistically significant P-value 
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are presented in Chapter 4. Fisher’s exact test was performed to determine differences in the 

number of mutated alleles for each of the remaining non-FANC genes of the FA/BRCA-HRR 

network. Genes that were significantly over represented in the AML samples (compared to the 

controls in ExAC) were ATM, C17ORF70, MLH3 and TOP3A as presented in Table 3.6. 

Burden testing provides a powerful statistical analytical method for detection of rare SNPs 

associated with disease traits, while accounting for gene sizes to minimize false positive 

enrichment associated with large genes (see Chapter 4; Section 4.2; Supplementary 

Methods). With the help of A/Prof Leo (Queensland University of Technology) the burden test 

was used to determine the mutation burden of the FA/BRCA-HRR network genes in AML. 

Following filtering of the WES for the AML (n=131) and Australian control (n=323) cohorts 

to remove SNPs that are associated with ethnic groups, FANCL and RMI1 were observed to be 

significantly enriched for rare variants in the AML cohort (Figure 3.2). It was noted that 

RAD9A approaches significance as well. Enrichment of FANCL is discussed further in Chapter 

4, and the role of RMI1 is discussed further in the Final Discussion Chapter 6. 

 

3.2.5 Analysis of common AML mutations in the WES 

3.2.5.1 Recurrent AML mutations in the WES cohort 

The co-occurrence or exclusivity of the variants in the extended FA/BRCA-HRR network genes 

with frequent somatic mutations described in AML (Chapter 1; Section 1.6.1), was next 

examined. The mutational status for the 43 genes associated with recurrent somatic mutations 

in AML (Cancer Genome Atlas Research, 2013) was determined for the AML cohort using the 

WES data. An alternative pipeline was implemented such that all the variants across these 43 

genes (Appendix E) were identified without filtering for minor allele frequency and CADD 

score. This prevented the loss of somatic mutations due to low allelic frequency.  Only missense 

variants that have been reported in haematopoietic malignancies in the Catalogue of Somatic 

Mutations in Cancer (COSMIC) and the previously published TCGA AML dataset (Cancer 

Genome Atlas Research, 2013)) were annotated as mutations. All nonsense and frameshift 

insertion/deletion (in/del) variants were also included in this analysis. Results of this analysis 

is shown in Appendix F. These results were compared to the published TCGA AML cohort to 

show similar frequency of mutations in the 43 genes (Chapter 4; Section 4.2 supplementary 

figure S1). 
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Figure 3.2. Graphical representation of mutational Burden test results for genes in the extended FA/BRCA-HRR network. The inverse p-values from 

statistical Burden test of individual genes are plotted on the y-axis. Statistically significant threshold is represented by the red line (P=0.05).   
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For a detailed genomic, molecular and cytogenetic analysis, the results from next generation 

sequencing were integrated with molecular testing and conventional cytogenetic analysis to 

identify potential cooperation and exclusivity. A visual representation of these data is shown in 

Figure 3.3 and the results of statistical tests are shown in Table 3.7. Overall, samples that 

carried variants in the extended FA/BRCA-HRR network (n=58 genes) displayed statistically 

increased abnormal cytogenetics (P=0.012) and decreased frequency of normal cytogenetics 

(P=0.0115) (Figure 3.3; Table 3.7). Similar statistical analyses were performed for all 17 

subgroups (Table 3.1); results are shown only for the subgroups that had more than 10 samples 

(n=12) in Appendices G-R (a similar visual representative figure is shown in Appendix S). 

The FANC 19 mutant subgroup, showed a statistically decreased number of FLT3-ITD 

mutations (P=0.048) (Appendix L). Patients carrying variants in the KEGG-HRR subgroup 

(n=27 patients) displayed statistically increased abnormal karyotype cytogenetics (P=0.01) and 

decreased frequency of normal karyotype cytogenetics (P=0.03, Appendix R), thus this 

subgroup is likely responsible for the association of the rare variants across the whole network 

with normal/abnormal cytogenetics. The KEGG-HRR subgroup was also associated with an 

increased number of MLL translocations (P=0.04).  

 

3.2.6 Recurring variants identified in the extended FA/BRCA-HRR network genes from 

the WES of AML samples 

Rare variants identified in more than one sample as shown in Figure 3.4 are of particular 

interest. Such variants are also summarised in Table 3.8. A number of variants identified 

recurrently in the AML cohort were associated with Asian ethnicity (i.e. C17ORF70 variant 

p.A694P identified in WES-9, WES-203, and WES-207).  This is indicative of the under-

representation of non-Caucasians in the SNP databases and the inability to effectively filter out 

ethnic variants when looking for rare variants associated with disease-cohorts. Therefore, 

variants that occur at high frequency in non-Caucasian AML samples will not be discussed 

further. Several recurrent variants observed in the 19 FANC genes were of interest and are 

discussed in the manuscript presented in Chapter 4 (Section 4.2). Recurrent variants were also 

observed for the master transducers of DNA damage signalling, ATM and ATR (ATM: 

p.V410A, p.S333F and p.F582L, and ATR: p.H90Y). ATM variants p.V410A and p.F582L 

were identified in 2 samples (WES-30 and WES-55, and WES-28 and WES-62 respectively), 

while the ATM variant p.S333F was identified in 3 samples (WES-14, WES-22 and WES-245).
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Figure 3.3. Graphical representation of the extended FA/BRCA-HRR network variants, common AML mutations and karyotypic abnormalities 

across the adult WES AML cohort (n=145). Red cells represent samples with mutations in the extended FA/BRCA-HRR network; Green cells represent the 

simple karyotype classification; Blue cells represent samples with recurring AML mutations; Yellow cells represent samples with karyotypic abnormalities; 

Grey cells represent samples with unknown karyotypes. Cohesin complex and spliceosome complex genes are defined as in (Cancer Genome Atlas Research, 

2013). 
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Table 3.7. Cohort characteristics of the extended FA/BRCA-HRR network mutant 

subgroup samples 

Characteristics *All Cases 

(n=145) 

FA/BRCA-HRR mutant FA/BRCA-HRR non-

mutant 

1P-value 

Age 54 (16-89) 54 (16-84) 54.5 (17-89) 0.999^ 

Male - n (%) 88 (60.7%) 64 (63.4%) 24 (54.5%) 0.358 

Female - n (%) 57 (39.3%) 37 (36.6%) 20 (45.5%) 0.358 

WCC x 109/L - median 

(range) 

19 (1.1-315.6) 20.3 (1.17-315.6) 14.65 (1.07-313.3) 0.780^ 

BM Blast % - median 

(range) 

80.8 (50-100) 81 (50-100) 79.75 (50-95) 0.522^ 

Primary/Secondary AML  - n/total (%) 

    De Novo 80/88 (90.9%) 55/62 (88.7%) 25/26 (96.2%) 0.434 

    Secondary 8/88 (9.1%) 7/62 (11.3%) 1/26 (3.8%) 0.434 

    Other/Unknown 57    

Transplant – n/total (%)  
   

    Yes 25/96 (26.0%) 17/68 (25.0%) 8/28 (28.6%) 0.799 

    No 71/96 (74.0%) 51/68 (75.0%) 20/28 (71.4%) 0.799 

    Unknown 49    
2FAB – n/total (%)  

   

    M0 4/89 (4.5%) 4/65 (6.2%) 0 (0%) 0.571 

    M1 34/89 (38.2%) 23/65 (35.4%) 11/24 (26.2%) 0.462 

    M2 19/89 (21.3%) 14/65 (21.5%) 5/24 (11.9%) 1 

    M3 0/89 (0.0%) 0 (0%) 0 (0%) 1 

    M4 17/89 (19.1%) 13/65 (20.0%) 4/24(9.52%) 1 

    M5 14/89 (15.7%) 10/65 (15.4%) 4/24 (9.52%) 1 

    M6 0/89 (0.0%) 0 (0%) 0 (0%) 1 

    M7 1/89 (1.1%) 1/65 (0.99%) 0 (0%) 1 

    Unknown 56    
3Grimwade Cytogenetic Risk – n/total (%) 

    Good 6/128 (4.7%) 5/89 (5.6%) 1/39 (2.6%) 0.666 

    Intermediate 97/128 (75.8%) 66/89 (74.2%) 31/39 (79.5%) 0.655 

    Poor 25/128 (19.5%) 18/89 (20.2%) 7/39 (17.9%) 1 

    Unknown 17    

Simple Karyotype  - n/total 

(%) 

 
   

    Normal 77/142 (54.2%) 44/98 (44.9%) 30/44 (68.2%) 0.0115 

    Abnormal 45/142 (31.7%) 40/98 (40.8%) 8/44 (18.2%) 0.012 

    Complex 20/142 (14.1%) 14/98 (14.3%) 6/44 (13.6%) 1 

    Unknown 3 
   

Cytogenetics – n/total (%)     

    t(15;17) 0/142 (0.0%) 0 (0%) 0 (0%) 1 

    CBF 10/142 (7.0%) 8/98 (8.16%) 2/44 (4.55%) 0.724 

    MLL 8/142 (5.6%) 7/98 (7.14%) 1/44 (2.27%) 0.435 

    tri(8) 12/142 (8.5%) 7/98 (7.14%) 5/44 (11.4%) 0.515 

    mono(5) / del(5q) 6/142 (4.2%) 4/98 (4.08%) 2/44 (4.55%) 1 

    mono(7) / del(7q) 10/142 (7.0%) 6/98 (6.12%) 4/44 (9.09%) 0.500 

    tri(21) 3/142 (2.1%) 3/98 (3.06%) 0 (0%) 0.552 

Mutations  - n/total (%)     

    FLT3-ITD 49/145 (33.8%) 30/101 (29.7%) 19/44 (43.2%) 0.129 

    FLT3-TKD 10/145 (6.9%) 6/101 (5.94%) 2/44 (4.55%) 1 

    NPM1 54/145 (37.2%) 33/101 (32.7%) 18/44 (40.9%) 0.450 

    DNMT3a 45/145 (31.0%) 34/101 (33.7%) 12/44 (27.3%) 0.561 

    IDH1 16/145 (11.0%) 12/101 (11.9%) 4/44 (9.09%) 0.777 

    IDH2 23/145 (15.9%) 18/101 (17.8%) 6/44 (13.6%) 0.632 

    TET2 26/145 (17.9%) 16/101 (15.8%) 7/44 (15.9%) 1 

    NRAS/KRAS 17/145 (11.7%) 12/101 (11.9%) 5/44 (11.4%) 1 

*Total number of samples in the cohort is 145, however, where clinical characteristics were not available, the sample is listed 

as unknown.1P-values are calculated by Fisher’s exact test except for: ^ determined by Student’s t-test.  2FAB: French-

American-British classification (Neame et al., 1986); 3Grimwade classification (Grimwade et al., 2010) 
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Figure 3.4. Graphical representation of FA/BRCA-HRR extended network variants across the adult WES AML cohort. Only the 101 samples which 

had >1 variant in the extended FA/BRCA-HRR network are shown. Each column represents an individual sample and each row shows mutational status in the 

various genes and subgroups in the extended FA/BRCA-HRR network. Samples that carried variants in the 19 FANC genes and FANC core and ID2 genes 

are emphasised using the 2 different light-green shaded regions; BLM complex, ATM/ATR checkpoint and RPA protein subgroups are emphasised using the 

3 light pink regions; and the remaining subgroups are emphasised using light grey region. Recurring variants are coloured blue for the first recurrent variant in 

a gene, green for the second recurrent variant in a gene, and yellow for the third recurrent variant in a gene. Variants that were in only one sample are coloured 

in red. 
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Table 3.8. Frequency of recurring variants in the extended FA/BRCA-HRR network 

WES-ID Gene Ref Seq Nucleotide change 
Amino acid 

change 

Frequency in our 

AML cohort 

Frequency in ExAC 

(Non-Finnish European) 

Frequency in 

control cohort 

WES-30, WES-55 ATM NM_000051 c.T1229C p.V410A 0.014 0.003 0.003 

WES-14, WES-22, WES-245 ATM NM_000051 c.C998T p.S333F 0.021 0.001 0.009 

WES-28, WES-62 ATM NM_000051 c.T1744C p.F582L 0.014 0.001 0 

WES-26, WES-38 ATR NM_001184 c.C268T p.H90Y 0.014 0.007 0.006 

WES-6, WES-35, WES-72 ATRIP NM_032166 c.G2024A p.R675Q 0.021 0.01 0.015 

WES-66, WES-248 BLM NM_000057 c.T11C p.V4A 0.014 0.003 0.003 

WES-13, WES-60, WES-207 BRCA1 NM_007298 c.G1644A p.M548I 0.021 0.002 0.009 

WES-32, WES-235, WES-237 C17orf70 NM_025161 c.C791T p.A264V 0.021 0.004 0.006 

WES-35, WES-213 C17orf70 NM_025161 c.A1433G p.Q478R 0.014 0.002 0 

WES-9, WES-203, WES-207 C17orf70 NM_025161 c.G2080C p.A694P 0.021 0.003 0 

WES-74, WES-208 ERCC4 NM_005236 c.C2288T p.P763L 0.014 0 0 

WES-18, WES-235, WES-249, WES-250 FAN1 NM_001146094 c.G718A p.E240K 0.028 0.005 0.009 

WES-20, WES-79, WES-86 FANCC NM_001243743 c.A584T p.D195V 0.021 0.004 0.006 

WES-1, WES-64, WES-83, WES-203 FANCG NM_004629 c.C890T p.T297I 0.028 0.001 0 

WES-8, WES-60 FANCL NM_018062 c.1099_1100insATTA p.T367fs 0.014 0.003 0.012 

WES-30, WES-216 FANCL NM_018062 c.1007_1009del p.336_337del 0.014 0 0.003 

WES-81, WES-86 FANCM NM_020937 c.A2859C p.K953N 0.014 0.002 0.003 

WES-26, WES-202 FANCM NM_020937 c.C527T p.T176I 0.014 0.006 0.006 

WES-78, WES-89, WES-231 FANCM NM_020937 c.C1576G p.L526V 0.021 0.001 0.006 

WES-88, WES-218 MLH1 NM_001258274 c.A1129G p.K377E 0.014 0.005 0.009 

WES-88, WES-218 MLH1 NM_001258274 c.A1129C p.K377T 0.014 0.005 0.009 

WES-30, WES-41, WES-67, WES-209, WES-

211, WES-226, WES-246 
MLH3 NM_014381 c.G2221T p.V741F 0.048 0.007 0.003 

WES-37, WES-55 MLH3 NM_014381 c.C3315A p.D1105E 0.014 0.003 0.009 

WES-21, WES-58 MUS81 NM_025128 c.G416A p.R139Q 0.014 0.005 0 

WES-25, WES-226, WES-227 RAD51B NM_133510 c.A728G p.K243R 0.021 0.01 0.012 

WES-63, WES-217, WES-223, WES-227 TOP3A NM_004618 c.G1375A p.D459N 0.028 0.005 0.009 

WES-63, WES-207, WES-223, WES-227 TOP3A NM_004618 c.G1381A p.A461T 0.028 0.002 0 

Variants discussed in Chapter 3 are shown in Red.
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All three of these variants were observed at increased frequencies in the AML cohort, have 

previous disease-associations and are discussed further below in Section 3.2.7.2. The MLH3 

variant p.V741F was identified in 7 AML samples (WES-30, WES-41, WES-67, WES-209, 

WES-211, WES-226 and WES-246) and in only on Australian healthy control. More 

importantly, this variant has shown to be a pathogenic mutation in colon cancer (Kim et al., 

2007, Liu et al., 2003). The variant was reported in a 71 year old man with colon cancer, and 

in his two sisters who developed gastric and breast cancer respectively (Kim et al., 2007).  Kim 

and colleagues reported that this variant was absent in their control cohort and a sporadic colon 

cancer cohort.  A separate study reported this same variant in an endometrial cancer family (Liu 

et al., 2003). Thus, there is strong evidence for this variant to be a familial cancer risk allele. 

Other recurring variants of interest include the TOP3A variants p.A461T and p.D459N which 

were identified together in the same 4 samples (WES-63, WES-217, WES-223 and WES-227). 

The variant p.A461T was absent in the Australian control cohort and has a frequency of 0.002 

in the non-Finnish European population in ExAC (Table 3.7). For C17ORF70, which is a direct 

interacting partner of FANCL and a member of the minimal-ubiquitination complex (Rajendra 

et al., 2014), two recurrent variants; p.A264V in three samples, and p.Q478R (absent in the 

healthy Australian controls) in two separate samples were observed (Table 3.8).  

 

3.2.7 Disease-causing and disease-associated mutations in the extended FA/BRCA-HRR 

network 

In addition to well classified cancer predisposing genes such as BRCA1 and BRCA2, mutations 

in a number of genes in the extended FA/BRCA-HRR network are known to directly cause 

recessive disorders such as the DNA repair disorders described in Chapter 1 (Section 1.7.2), 

ataxia telangiectasia (A-T), Seckel syndrome, Bloom’s syndrome (BS) and Nijmegen breakage 

syndrome (NBN) caused by mutations in ATM, ATR, BLM and NBN respectively.  

The WES data was cross-tabulated against the disease-specific databases for Fanconi Anaemia 

(FAdb curated by Rockefeller University; http://www2.rockefeller.edu/fanconi/), and breast 

cancer (kConFAB: BRCA1/2, BRIP1 and PALB2, http://www.kconfab.org/Index.shtml; and 

Breast Cancer Information Core, BIC: BRCA1/2, https://research.nhgri.nih.gov/bic/), and also 

against more general disease databases (such as COSMIC, the Human Gene Mutation Database 

(HGMD) and Online Mendelian Inheritance in Man (OMIM) compendium) to determine 

http://www2.rockefeller.edu/fanconi/
http://www.kconfab.org/Index.shtml
https://research.nhgri.nih.gov/bic/
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whether the variants that were identified from the WES data of the AML cohort had previously 

been reported in cancer or human diseases. Table 3.9 shows all the variants that were identified 

from this analysis.  Other variants which were not reported in COSMIC, but mutations at the 

same amino acid residue as reported in COSMIC are shown in Appendix T. A number of 

variants were reported in HGMD with uncertain pathogenicity and are listed in Appendix U. 

Several key variants are discussed below. 

 

3.2.7.1 Disease-causing mutations in the FA/BRCA-HRR network genes 

For the purposes of this study, disease-causing (D-C) mutations have been defined as (i) 

mutations for which there is evidence in the disease databases causally linking them to the 

disease/syndrome, or (ii) mutations for which there is an OMIM entry linking them to disease. 

For example, the FANC mutations reported in the FAdb and the BRCA mutations reported in 

kConFAB and BIC as pathogenic in FA or breast/ovarian cancer. The D-C mutations in the 19 

FANC genes are reported in detail the attached manuscript in Chapter 4 (section 4.2).  

The BLM variant p.R899X which affects a residue in the RecQ C-terminal BLM helicase 

domain (Kitano, 2014) was identified in WES-60 and is reported to cause Bloom’s syndrome 

(German et al., 2007). This variant has also been reported to be associated with breast cancer 

risk in Slavic populations (Prokofyeva et al., 2013). It has also has been reported in colon cancer 

(COSMIC, Table 3.9) and in an AML sample in a published multi-cancer study (Lu et al., 

2015). Thus there is an accumulation of evidence for this variant as a D-C mutation. 

3.2.7.2 Disease-associated mutations in the FA/BRCA-HRR network genes 

For the purposes of this study, disease-associated (D-A) mutations have been defined as 

mutations that have been reported in disease databases as being associated with predisposition 

to a disease which the gene is not classically associated with. For example, two the variants in 

ATM, p.F582L (identified in two AML samples) and p.K2431E have been reported to increase 

breast cancer susceptibility (Table 3.9). Several FANCM and FANCL variants have been 

reported in a study of the familial congenital heart syndrome, Tetralogy of Fallot (TOF), but 

are not reported in FA or breast cancer. These include the FANCM variant p.Q1701X (Grunert 

et al., 2014), identified in WES-46, and two FANCL variants p.L38F and p.T224A that were 

not confirmed as pathogenic in TOF (Appendix U). A separate FANCL D-A variant, p.P17R 

(identified in WES-41), was shown in a recent study by Nicchia and colleagues to be a loss of 

function mutation, but this variant is not found in the FA database (Nicchia et al., 2015).  
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Table 3.9. Disease-causing and disease-associated mutations in the FA/BRCA-HRR network 

WES ID Gene 

Name 

Variant #COSMIC ID Type of Cancer in 

COSMIC (No. of samples) 

Type of disease  

(FAdb ID) 

*HGMD 

Classification 

Disease-

causing 

(D-C) or 

Disease-

associate

d (D-A) 

#References  

WES-14, WES-22, 

WES-245 

ATM S333F COSM5020963 Haemangioblastoma (1) - N/A - - 

WES-28, WES-62 ATM F582L - - Breast Cancer 

Susceptibility 

Damaging D-A (Sommer et al., 2002) 

WES-55 ATM K2431E - - Breast Cancer 

Susceptibility 

Damaging D-A (Sommer et al., 2002) 

WES-9 ATM N1650S COSM5009679 Colorectal cancer (1) - N/A - - 

WES-30, WES-55 ATM V410A COSM5945737 

& COSM21825 

Glioma (2), Lymphoma (1), 

Non-Hodgkin Lymphoma 

(1), CLL (1), Melanoma (2) 

- N/A - - 

WES-203 ATM H1380Y COSM24627 B-cell Lymphoma (1) - N/A - - 

WES-96 ATM K1454N COSM22501 Lymphoma (1) - N/A - - 

WES-101 BLM P332S COSM3505421 Malignant melanoma (2) - N/A - - 

WES-60 BLM R899X COSM3690618 Colorectal cancer (1) Bloom Syndrome  Damaging D-C (German et al., 2007) 

WES-46 BRCA1 R1203X - - Breast Cancer 

(BRCA1_001405) 

N/A D-C kConFab 

WES-13, WES-60, 

WES-207 

BRCA1 M548I COSM4985686 Haemangioblastoma (1) & 

Rhabdomyosarcoma (1) 

- N/A - - 

WES-245 BRCA2 R2034C COSM4987322 

& 

COSM696739 

Rhabdomyosarcoma (1) & 

^Lung SCC (1) 

Leukaemia risk    Disease 

polymorphism 

D-A (Rudd et al., 2006) 

WES-223 C17orf70 P387L COSM3378395 Pancreatic cancer (2) - N/A  - 

WES-100 CHEK2 R474H COSM4103242 Stomach (1) & Ovarian (1) 

cancer 

Non-Hodgkin 

lymphoma  

Damaging D-A (Aloraifi et al., 2015) 
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WES-35 CHEK2 I157T COSM3693990 Colorectal cancer (1) Li-Fraumeni syndrome; 

Increased risk of CLL 

Disease 

functional 

polymorphism 

D-A (Bell et al., 1999, Rudd 

et al., 2006) 

WES-37 ERCC4 R340Q COSM4848860 

& 

COSM1375969 

Cervical (1), ^Breast (1) & 

^Colorectal cancer (2) 

- N/A - - 

WES-21 FANCA T1131A - - Fanconi anaemia 

(FANCA_000241) 

N/A D-C (Adachi et al., 2002) 

WES-224 FANCC R548X COSM1206492 Colorectal cancer (1) Fanconi anaemia 

(FANCC_000005) 

Damaging D-C (Murer-Orlando et al., 

1993) 

WES-20, WES-79, 

WES-86 

FANCC D195V - - Fanconi anaemia N/A D-C (Verlander et al., 1994) 

WES-21 FANCD2 R926X COSM4484163, 

COSM39696 & 

COSM1732713 

1SCC (1), Colorectal cancer 

(1), ^Glioma (2)  & 

^Pancreatic cancer (1) 

Fanconi anaemia 

(FANCD2_000019) 

N/A D-C (Kalb et al., 2007) 

WES-249 FANCD2 E906Lfs*4 - - Fanconi anaemia 

(FANCD2_000016) 

N/A D-C (Kalb et al., 2007) 

WES-1, WES-64, 

WES-83, WES-203 

FANCG T297I COSM150601 Gastric cancer (1) Fanconi anaemia 

(FANCG_000038) 

N/A D-C (Nakanishi et al., 2001) 

WES-225 FANCI D251D COSM4057754 Gastric cancer (1) & Ewing 

sarcoma (1) 

- N/A - - 

WES-41 FANCL P17R - - Fanconi anaemia Damaging D-A (Nicchia et al., 2015) 

WES-8, WES-60 FANCL T367fs COSM5608709 

& COSM70732 

Malignant melanoma (1) & 

^Ovarian cancer (1) 

- N/A - - 

WES-30, WES-216 FANCL 336_337del - - Fanconi anaemia 

(FANCL_000002) 

N/A D-C (Ali et al., 2009) 

WES-46 FANCM Q1701X COSM126686 

& 

COSM1369862 

2HNSCC (1) & ^Colorectal 

cancer (1) 

Tetralogy of Fallot; 

Enriched in triple 

negative breast cancer; 

Paediatric B-ALL 

N/A D-A (Grunert et al., 2014, 

Kiiski et al., 2014, Zhang 

et al., 2015) 

WES-209 FANCM T1941T COSM955830 Endometrium cancer (1) - N/A - - 

WES-88, WES-218 MLH1 K377T COSM25915, 

COSM26083, 

COSM1422600 

Colorectal (1), ^Colorectal 

(1), ^Colorectal (1) 

Colorectal cancer Damaging D-A (Han et al., 1995) 
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WES-94 MLH1 Y320X COSM5967443 Endometrium cancer (1) Colorectal cancer Damaging D-A (Mangold et al., 2005) 

WES-215 MRE11A R380H COSM4703143 

& 

COSM2061340 

Colorectal (1) & ^Colorectal 

cancer (1) 

- N/A - - 

WES-31 NBN R43X - - Cancer Damaging D-A (Lu et al., 2015, LaDuca 

et al., 2014)  

WES-54 NBN D95N - - Acute lymphoblastic 

leukaemia 

Damaging D-A (Mosor et al., 2006) 

WES-27 RAD51B V207L COSM3815166 Breast cancer (1) - N/A - - 

WES-33 RAD51C A126T - - Reduced activity Functional 

polymorphism 

D-A (Meindl et al., 2010) 

WES-94 RPA1 G434R COSM1381221 Colorectal cancer (1) - N/A - - 

WES-78 RPA3 P58P COSM4722505 Gastric (1) & colorectal 

cancer (1) 

- N/A - - 

WES-23 SLX4 E787K - - Breast and/or ovarian 

cancer risk 

Damaging D-A (de Garibay et al., 2013) 

WES-84 TOP3A P802L COSM2741009 Kidney Renal Papillary Cell 

Carcinoma (1) 

- N/A - - 

 

1Squamous cell carcinoma;  

2Head and neck squamous cell carcinoma;  

^Samples with different mutation at the same amino acid as identified in our study;  

*N/A are variants that were absent in HGMD. 

#References from FAdb, kConFab and HGMD are listed. References for COSMIC are available through the COSMIC IDs. 

Variants discussed in detail in Chapter 3 are in Red font. 
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The D-A variants identified in the AML also include a number of variants that are reported in 

COSMIC. For example, the ATM variant p.S333F, identified in 3 AML samples, was reported 

as a somatic mutation in a haemangioblastoma sample. The amino acid residues from Y332 to 

R337 in ATM have all been reported to be mutated in COSMIC, suggesting that it is potentially 

a mutational hotspot. The ATM variant p.V410A (Table 3.9) identified in 2 AML samples was 

reported in glioma (2 samples), lymphoma (1 sample), Non-Hodgkin lymphoma (1 sample), 

CLL (1 sample) and melanoma (2 samples). The ATM variants p.V410A and p.S333F have 

also been reported in ocular telangiectasia and colorectal cancer (Appendix U). A number of 

CHEK2 variants are listed in COSMIC (Table 3.9); p.I157T (WES-35), which is reported in 

colon and ovarian cancer, has also been associated with Li-Fraumeni syndrome and CLL (Bell 

et al., 1999, Rudd et al., 2006). A second CHEK2 COSMIC and WES variant R474H (WES-

100) has been reported to be associated with Non-Hodgkin lymphoma (Aloraifi et al., 2015). 

Finally, two COSMIC variants affecting the deacetylation site Lys377 of MLH1 (p.K377T and 

p.K377E) have been reported multiple times in colorectal cancer were also identified in the 

AML samples. D-A variants also include a number of variants affecting an amino acid residue 

frequently mutated in COSMIC (Appendix T).  For all of these variants, it will be important to 

determine the germline/somatic status in the AML samples, if material is available. 

 

3.2.8 Gene expression profiling of FA/BRCA-HRR mutant AML 

To reveal differences in the biology of AML subtypes based on the mutation status of the 

FA/BRCA-HRR genes, gene expression profiling (GEP) and Gene Set Enrichment Analysis 

(GSEA) were performed using groups of samples with and without mutations in each of the 

subgroups in the extended FA/BRCA-HRR network (see Table 3.1 for subgroups). GEP was 

performed for a total of 57 AML samples and 13 samples from healthy controls (BMMNC) 

using the Ilumina_HumanHT_12_v4 chip as detailed in Chapter 4 (Section 4.2; 

Supplementary methods). The initial analysis and data processing was performed with the 

help from Stephen Pederson and Mahmoud Bassal. 

Since only a subset of the samples with WES data had been included in the GEP, smaller 

subgroups of the FA/BRCA-HRR network (where n<14) were excluded from the analysis. The 

5 groups included were the extended FA/BRCA-HRR network (n=42), FANC 19 (n=22), 

FANC core & ID2 (n=14), BLM & ATM/ATR Checkpoint proteins (n=23) and KEGG-HRR 

(n=14). Lists of differentially expressed genes for each subgroup relative to the non-mutant 
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AML group were determined as outlined in Chapter 4 (Section 4.2; Supplementary 

methods).  The top 50 differentially expressed genes with a 1.5 fold change (log2 ±0.6) and 

adjusted p-value <0.05 between the mutant subgroup and the relevant non-mutant samples are 

shown in Appendix V. The differentially expressed gene list (ranked using t-statistic) for each 

comparison was used to perform GSEA using GSEA Desktop v3.0 Beta 2 from the Broad 

Institute. For this, the gene expression signature of each gene set was compared to that of the 

publically available gene sets from the MSigDB. For the subgroups included in this analysis 

the top 50 (positively and negatively enriched) gene sets with a false discovery rate of <25% 

for each of the subgroups is shown in Appendix W and Appendix X and the GSEA plots 

which are discussed further in this chapter are shown in Figures 3.5-3.7.
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NES=1.79.3; FDR q-val=0.054; NOM p-val= 0.001 NES=1.726; FDR q-val=0.077; NOM p-val=0.004 NES=1.796; FDR q-val=0.055; NOM p-val=0.000 

   

NES=1.870; FDR q-val=0.050; NOM p-val=0.000 NES=1.908; FDR q-val=0.044; NOM p-val=0.000  

Figure 3.5. GSEA Plots of positively and negatively correlated gene signatures for the FANC 19 mutant subgroup of AML patients. (A) A gene 

signature relating to increased BER. (B) A gene signature relating to increased HRR. (C) A gene signature relating to increased oxidative phosphorylation. (D) 

A gene signature relating to increased AKT signalling. (E) A gene signature that is observed in haematopoietic intermediate progenitors. (NES = normalised 

enrichment score; FDR q-val = false discovery rate q-value; NOM p-val = nominal p-value). 

(D) (E) 

(C) (B) (A) 
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NES=1.975; FDR q-val=0.067; NOM p-val=0.000 NES=-3.756; FDR q-val=0.000; NOM p-val=0.000 

 

Figure 3.6. GSEA Plots of positively and negatively correlated gene signatures for the BLM & ATM/ATR checkpoint subgroup of AML patients. (A) 

A gene signature that is observed in haematopoietic intermediate progenitors. (B) A gene signature of genes downregulated in CD133+ stem cell compartment. 

(NES = normalised enrichment score; FDR q-val = false discovery rate q-value; NOM p-val = nominal p-value). 

  

(A) (B) 
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NES=1.954; FDR q-val=0.102; NOM p-val=0.000 NES=-2.908; FDR q-val=0.000; NOM p-val=0.000 NES=-4.038; FDR q-val=0.100; NOM p-val=0.000 

 

Figure 3.7. GSEA Plots of positively and negatively correlated gene signatures for the KEGG-HRR mutant subgroup of AML patients. (A) A gene 

signature that is observed in CD133+ stem cells. (B) A gene signature observed in leukaemic stem cells. (C) A gene signature of genes downregulated in 

CD133+ stem cell compartment. (NES = normalised enrichment score; FDR q-val = false discovery rate q-value; NOM p-val = nominal p-value). 

(A) (B) (C) 
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3.3 Discussion 

The resolution of ICL and stabilisation of replication forks is critical for maintaining genomic 

integrity (Joo et al., 2011, Longerich et al., 2014, Walden and Deans, 2014) and this process 

has been demonstrated to be critically important in HSC (see Section 3.1). The FANC genes 

which are critical for this process were used to build an extended FA/BRCA-HRR network of 

genes, which allowed for rare predicted damaging variants to be characterised across a cohort 

of AML samples. Case-control comparisons have also been used to define genes in the 

FA/BRCA-HRR network that were associated with rare predicted damaging variants occurring 

at increased frequency in AML in comparison to healthy controls. In this discussion, the focus 

is on the characteristics of the groups of patient samples carrying rare damaging variants 

affecting functional subgroups in the FA/BRCA-HRR network. The subgroups of the extended 

FA/BRCA-HRR network that were large enough to permit meaningful analysis were FANC 

19, FANC core & ID2, BLM & ATM/ATR checkpoint, and KEGG-HRR. The interpretations 

below need to be considered in the context of the small size of the subgroups used; however, a 

number of interesting characteristics that warrant discussion and further investigation were 

observed. These findings are discussed further in Chapter 4. Chapter 6 provides an overall 

synthesis of the results and presents models to explain the mechanism underlying a potential 

predisposition phenotype associated with rare variants affecting selected genes in this network. 

 

3.3.1 The extended FA/BRCA-HRR network and its subgroups 

3.3.1.1 The extended FA/BRCA-HRR network 

For the group of samples carrying variants across the extended FA/BRCA-HRR network of 

genes, presence of a FA/BRCA-HRR network variant was statistically associated with 

increased karyotypic abnormalities, as shown in Table 3.7 and Figure 3.3. As explained 

previously, it is predicted that the majority of these rare variants are germline, hence, it is 

proposed that overall, the data is consistent with a model in which subtle impairment of this 

DNA repair network through germline heterozygous mutations may result an increase in 

genomic instability.  

In the gene expression analysis, succinate receptor 1 (SUCNR1) and aldehyde dehydrogenase 

1 family member A1 (ALDH1A1) were observed as the most differentially expressed genes 

(SUCNR1: log2 of 1.302) (ALDH1A1: log2 of -1.566) for this large group of samples in 

comparison to the remaining 15 samples that had no variants in the extended FA/BRCA-HRR 
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network. SUCNR1, also referred to as GPR91, is a G-protein-coupled receptor that has the citric 

acid cycle intermediate and oncometabolite, succinate, as a ligand (de Castro Fonseca et al., 

2016, Ariza et al., 2012). The activation of SUCNR1 can result in the activation of multiple 

signalling pathways including the MAP/ERK and PI3K/AKT signalling pathways (Gilissen et 

al., 2016). According to the gene expression database, BloodSpot (Bagger et al., 2016), 

SUCNR1 is expressed at high levels in normal haematopoietic intermediate progenitors (GMP 

and CMP) with lower expression in the primitive HSPC and mature leukocytes. Conversely, 

ALDH1A is highly expressed in HSPC to maintain genomic integrity (Tomita et al., 2016), 

while displaying down-regulation in mature leukocyte populations. GSEA also points to 

differential expression of genes associated with stem and progenitor cell populations in the 

different AML subgroups, and these results are discussed further below.  

 

3.3.1.2 FANC 19 subgroup.  

The samples with mutations in the 19 FANC genes (FANC 19 subgroup) was associated with 

a decreased frequency of the FLT3-ITD mutation.  For this subgroup SUCNR1 and ALDH1A1 

were also two of the most differentially expressed genes (SUCNR1: log2 of 1.248) (ALDH1A1: 

log2 of -0.879) in comparison to the remaining AML samples. The results of the GSEA for the 

FANC 19 mutant subgroup (Figure 3.5) were very similar to that of the FANC core & ID2 

complex mutant subgroup discussed in Chapter 4. For both groups, positive enrichment for 

gene-sets associated with BER and HRR signatures were observed, which may suggest a 

compensatory mechanism involving up-regulation of DNA repair pathways in response to 

partial loss/defect in the FA DNA repair pathway. Interestingly, the normalised enrichment 

scores (NES) for the HRR gene set signature was lower with the FANC 19 mutant subgroup 

than that of the FANC core & ID2 complex mutant subgroup. This may be related to a slightly 

reduced capacity of HRR for the FANC 19 mutant subgroup which contains samples with 

variants affecting BRCA1, BRCA2, BRIP1, PALB2, RAD51C and RAD51, which are central to 

HRR. For this FANC 19 subgroup, GSEA also showed positive enrichment for gene-sets 

associated with AKT activation, which was not observed for the other subgroups. 

Hyperactivation of AKT is indicative of survival and proliferation signalling, as well as changes 

in metabolism (Wang et al., 2017). Positive enrichment was also observed for gene-sets 

associated with oxidative phosphorylation suggesting that there may be an increased energy 

requirement in the FANC 19 mutant subgroup, possibly due to the increased use of DNA 

damage repair (DDR) pathways. Finally, the enrichment of gene-sets associated with 
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intermediate progenitors for this subgroup maybe suggestive of leukaemic initiation from cells 

at a particular stage of haematopoietic differentiation. This concept is discussed further in 

Chapter 4 with focus on the FANC core & ID2 mutant samples, versus non-mutant samples.   

 

3.3.1.3 BLM & ATM/ATR checkpoint subgroup.  

BLM & ATM/ATR checkpoint subgroup was another large subgroup within the extended 

FA/BRCA-HRR network, and for these samples, SUCNR1 and ALDH1A1 were also observed 

as two of the most differentially expressed genes (SUCNR1: log2 of 1.134); ALDH1A1: log2 of 

-1.317) in comparison to the remaining AML samples. ELANE, which displays a profound 

increase in mRNA expression in intermediate progenitors, was also upregulated selectively in 

this subgroup of mutant samples (log2 of 1.04). Gene expression analysis showed that there 

were several similarities between the BLM & ATM/ATR subgroup and the FANC 19 subgroup, 

some of which is explained by the presence of 9 samples that are in common to both of these 

subgroups. A gene-set that is differentially down-regulated in cord blood stem cells (i.e. shows 

decreased expression in the CD133+ stem cell compartment relative to CD133- cord blood 

progenitors) was also negatively enriched for this subgroup (Figure 3.6, and the FANC19 

subgroup of samples). This is consistent with a gene expression pattern for these groups of 

samples that is more reflective of progenitor cell gene expression versus that of stem cells. 

 

3.3.1.4 KEGG-HRR subgroup.  

For the KEGG-HRR sub-group consisting of samples with mutations affecting breast cancer 

associated genes, the MRN complex and the RAD51 paralogues genes, a significant increase 

in karyotypic abnormalities was observed. This was not observed for the FANC 19, FANC core 

& ID2 complex mutant samples, or the BLM & ATM/ATR checkpoint mutant samples. This 

group also showed a significant increase in samples with MLL translocations.  

Interestingly, for this KEGG-HRR mutant subgroup, the two most differentially expressed 

genes relative to non-mutant samples, were the erythrocyte markers, haemoglobin subunit 

gamma 1 and 2 (HBG1: log2 of -2.5; HBG2: log2 of -2.4).  CD14 and CD36, both of which are 

highly expressed on monocytes (Bloodspot; (Bagger et al., 2016)), were also differentially 

down-regulated in this subgroup (CD14: log2 of -1.48; CD36: log2 of -1.31). This relative down-

regulation of lineage genes, together with up-regulation of the HOXA3 gene (log2 of 1.123), 
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which is strongly up-regulated in HSC (Bloodspot; (Bagger et al., 2016)), suggests that the gene 

expression program for this subgroup may be reflective of cells at the uncommitted progenitor 

or stem cell stage. The enrichment of stem cell associated gene-sets with the gene expression 

for this group revealed by GSEA (Figure 3.7), is also consistent with this proposal. Thus, the 

leukaemic clones for KEGG-HRR mutant subgroup of AML are possibly derived from a more 

a primitive progenitor cell than the previously mentioned subgroups. 

 

3.3.2 Summary, strengths and limitations of this analysis 

Analysis of individual genes and GSEA suggests a model summarised in Table 3.10, with 

alternative cell types as the potential cell of origin for leukaemia associated with variants from 

different subgroups. Thus, it is speculated that the KEGG-HRR mutant AML is derived from 

the primitive uncommitted HSPC, with AML for the FANC 19, and BLM & ATM/ATR 

checkpoint subgroups arising from cells with characteristics of intermediate progenitors. Such 

a model would be consistent with the critical role of DNA repair genes in the primitive HSC 

compartment (see Section 3.1). As discussed in Chapter 4, analysis of gene expression for the 

subgroup of AML with FANC core & ID2 complex mutations also revealed unique 

characteristics, some of which may also relate to cell of origin. Further studies to confirm the 

expression differences between subgroups are now needed, and could most readily be 

performed from an RNA-sequencing analysis (RNA-Seq) of AML samples with mutation status 

for these genes determined. It is important to note that some of the differences observed in the 

gene expression profiles for these individual subgroups may relate to karyotypic abnormalities 

and common AML mutations that are differentially associated with each subgroup.  

A strength of this study was the size of the adult AML cohort sequenced by WES, and the 

ability to link mutation status for these genes to AML clinical and molecular characteristics, 

and gene expression patterns. The unique access to an ethnically-matched healthy Australian 

control cohort, sequenced and analysed using the same WES platform, provided an important 

tool for further filtering, removing variants that are associated with SNPs preferentially 

enriched due to geographical or ethnic cohort bias. While this healthy cohort also allowed 

Burden analysis to be performed, approaches were needed to account for it being an all-female 

cohort (i.e. mutation data on the X chromosome was removed, including variants for FANCB).  

However, as the AML samples that were sequenced were not paired (i.e. non-disease sample 

was not available), it was not possible to determine germline/somatic status of the variants using 
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bioinformatics analysis (discussed further in Chapter 6). The multi-centre nature of this study 

was associated with some difficulties for access to clinical information, which was more readily 

available for the Adelaide samples than for those from interstate, namely the survival data and 

the family history. Samples of Asian descent were excluded for a number of the analyses as it 

was observed that these exhibited a higher background of variants than the Caucasian samples, 

a phenomenon related to ethnic bias associated with the samples in publically available SNP 

databases used for data filtering. Given this, it is important to consider that conclusions from 

these analyses can only be applied to the Caucasian population. 

In conclusion, the results in this chapter have described the generation of a network of 

functionally related proteins built from the FANC genes, and the identification and 

characterisation of damaging variants across this network in adult AML and healthy control 

cohorts. The data in the chapter support that hypothesis that rare DNA repair gene variants 

associated with the FA/BRCA-HRR network are enriched in AML compared to controls. Even 

though no single variant is strongly associated with risk of AML, it is predicted that incomplete 

penetrance occurs in families, and only large families or collection of families may only reveal 

this association.
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Table 3.10. Proposed leukaemic cell of origin in FA/BRCA-HRR network subgroups 

Proposed leukaemic 

cell of origin 

Gene Expression Analysis 
FA/BRCA-HRR network 

subgroup 
Key differentially 

Expressed genes GSEA signatures 

HSC compartment 

CD34 BER 

FANC core & ID2   HRR 

  Replicative stress 

Uncommitted HSPC  

CD14 

Stem cell KEGG-HRR 
CD36 

HBG1 

HBG2 

Intermediate progenitor 

compartment 

SUCNR1 BER 

FANC 19 ALDH1A HRR 

 ATP synthesis 

SUCNR1 Stem cell 

  
BLM & ATM/ATR checkpoint 

ALDH1A 
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Chapter 4 Manuscript - Rare variants in Fanconi Anaemia complex genes 

increase risk for Acute Myeloid Leukaemia 

 

4.1 Summary 

In this chapter, a comprehensive analysis of the variants identified for  FANC genes is presented 

in the attached manuscript (Section 4.2). The emphasis of the results presented in this 

manuscript is rare variants identified in the FANC core and ID2 complex genes, the products 

of which are critical for ICL repair and stabilisation of the replication fork (Schlacher et al., 

2012). This focused study stemmed from the genomic analysis of the DNA repair gene network 

built from the Fanconi Anaemia (FA) DNA repair pathway (Chapter 3).  

As of 2017, the list of FANC genes now numbers 21 with the inclusion of a subgroup consisting 

of the breast cancer associated genes (BRCA1, BRCA2, BRIP1 and PALB2), as well as RAD51 

recombinase and its paralogues (RAD51B, RAD51C and XRCC2) (Ameziane et al., 2015, 

Sawyer et al., 2015, Hira et al., 2015, Park et al., 2016, Bluteau et al., 2016). The products of 

the BRCA1 and BRCA2 genes, which are central to homologous recombination repair (HRR), 

have well-characterised roles as classical dominant, tumour suppressor genes, with tumour 

formation commonly associated with loss of both wild-type allele (Roy et al., 2011). Recent 

studies have also shown a haploinsufficient phenotype associated with BRCA1 and BRCA2, 

which may also contribute to the predisposition to solid cancers (Buchholz et al., 2002, Jeng et 

al., 2007, Feilotter et al., 2014, Pathania et al., 2014, Sedic and Kuperwasser, 2016, Tan et al., 

2017). In contrast, heterozygous FANC core and ID2 complex mutations, or FA carriers, do not 

have well defined association with cancer risk. The results in this chapter raise an important 

question regarding the significance of heterozygous damaging and disease-causing variants in 

the FANC core and ID2 complex genes; these issues form the basis of the discussion in the 

manuscript.   

A key aspect of the manuscript is the identification of a number of rare disease-causing 

mutations of the FANC core and ID2 complex genes that were present in the AML cohort. 

Several of these variants are of specific interest and are discussed in detail. A number of these 

variants have also been validated by Sanger sequencing, (Appendix D) which has shown that 

the large majority were germline variants; hence, discussion is focused on the significance of 

such germline variants for AML predisposition, while acknowledging that some of these 
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variants may be somatically acquired. Approaches are also described to investigate enrichment 

of these rare FANC core and ID2 complex mutations, and known disease-causing mutations, in 

the AML cohort compared to healthy control cohorts. Finally, gene expression approaches are 

described to further investigate the characteristics of AML association with FANC core and 

ID2 complex mutations.  

The limited evidence for a haploinsufficient phenotype associated with FANC core and ID2 

complex genes is outlined in the manuscript. However to address this issue definitively a cell 

line model of FANCL haploinsufficiency was generated to allow a suite of assays to be 

performed to measure basal and induced DNA repair response to ICL-induced damage (such 

as FANCD2 monoubiquitination and cell cycle analysis).  
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ABSTRACT  50 

The bone marrow failure syndrome Fanconi Anaemia (FA) is caused by inherited bi-allelic 51 

mutations affecting 22 FANC DNA repair genes, and is associated with profoundly increased 52 

risk of developing Acute Myeloid Leukaemia (AML). We performed a whole exome 53 

sequencing study and a focused analysis of rare, deleterious FANC gene mutations in 131 54 

Australian Caucasian adult AML cases and 323 healthy controls. We identified 53 rare, 55 

predicted deleterious, FANC gene variants in 45 of the AML cases. For the FANC core complex 56 

genes FANCM, FANCL and FANCC, we observed significantly increased mutation frequency 57 

in AML relative to publicly-available non-cancer databases. We observed an elevated 58 

frequency of known disease-causing (D-C) FANC mutations in the AML cohort in comparison 59 

to that reported for healthy European-Americans (OR=3.4, 1.7-7.0; P=0.0008), and compared 60 

to a gender-matched healthy Australian cohort (OR=3.3, 1.3-8.6; P=0.018). For AML with 61 

FANC core and ID2 variants, gene expression analysis indicated activation of DNA synthesis 62 

and repair, and ATR replicative stress signatures. We show increased expression of POLD2, 63 

POLD3, POLA2, and RPA1 and RPA2 in these AML samples, consistent with increased 64 

replicative stress. CRISPR-mediated generation of independent clonal cell lines with 65 

heterozygous or bi-allelic FANCL deletion showed intermediate levels of FANCD2 foci 66 

formation in response to mitomycin C for the heterozygous clones, compared to wild type 67 

clones. Taken together, these data provide compelling evidence that rare heterozygous germline 68 

FANC gene variants confer a subtle phenotype associated with altered FA DNA repair pathway 69 

activity, which may explain the observed modest increased AML risk. Thus, these findings 70 

raise important biological, ethical and clinical considerations and highlight the need for further 71 

prospective studies to confirm the predictive significance for AML development and to guide 72 

the counselling process.   73 
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AUTHOR SUMMARY 74 

In a cohort of sporadic adult AML we report an increased prevalence of rare deleterious 75 

mutations affecting selected genes associated with Fanconi Anaemia (FA). Our data suggests 76 

that there is a modest increased risk of AML for individuals carrying a mutation reported to 77 

cause FA. Based on these findings, and functional studies in a FANCL-deficient cell line model, 78 

we propose that rare damaging variants in a subset of genes which cause FA is sufficient to 79 

reduce FA pathway DNA repair efficiency in normal blood cell precursors, hence predisposing 80 

to malignant transformation. This study has important implications for genetic counselling of 81 

FA families, and also raises the possibility that AML patients carrying such mutations may 82 

respond to current therapeutic agents that target defects in DNA repair pathways.   83 
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INTRODUCTION 84 

Acute Myeloid Leukaemia (AML) is an aggressive haematological malignancy caused by 85 

somatically-acquired structural rearrangements, single-nucleotide variants (SNV) and 86 

insertions/deletions (indels) affecting a well-defined set of genes (1). While AML is recognized 87 

as a heterogeneous disease current treatment still relies primarily on cytotoxic chemotherapy 88 

with anthracycline and cytarabine, although a number of targeted therapies are at varying stages 89 

of clinical development for specific subtypes (2). The contribution of germline variants to AML 90 

initiation and progression is incompletely established. High-risk variants affecting transcription 91 

factors, e.g. RUNX1, CEBPA, ETV6, GATA2, and DDX41, account for a proportion of 92 

myelodysplastic syndrome and AML associated with a family history, but the contribution of 93 

other germline variants conferring low-intermediate risk has not yet been determined. Such 94 

variants are more difficult to identify from pedigree analysis due to low penetrance (3-5).  95 

 96 

Fanconi Anaemia (FA) is predominantly a rare recessive bone marrow failure (BMF) syndrome 97 

caused by bi-allelic germline mutations in any of the 22 FANC genes (exceptions are FANCB 98 

and FANCR which are X-linked and autosomal dominant respectively) (6). Progression from 99 

BMF to AML occurs in approximately 10% of patients (7), with the associated risk being ≥800 100 

times higher than the population average (8).  FA pathogenesis is due to hematopoietic stem 101 

cell (HSC) dysfunction, which begins in utero with disease manifesting early in life as BMF 102 

(9). The proteins encoded by the FANC genes participate, in conjunction with the BRCA1/2-103 

mediated homologous recombination repair pathway (FA/BRCA-HRR), in the removal of 104 

interstrand crosslinks (ICL) and the protection and resolution of stalled replication forks, an 105 

essential step for faithful DNA replication (10), (11). This group of proteins can be broadly 106 

classified into subgroups based on their functions in the pathway; these include the FA core 107 

complex, the ID2 complex (FANCI/FANCD2), and downstream homologous repair (HRR) 108 

proteins (10, 12). Several of these downstream FANC genes are well-established high-risk 109 



101 

 

familial cancer genes; e.g. the tumour suppressor and cancer pre-disposition genes 110 

BRCA1/FANCS, BRCA2/FANCD1, BRIP1/FANCJ, RAD51C/FANCO and PALB2/FANCN 111 

(13). Moreover germline mutations in BRCA1 and BRCA2 are found in ~20% of patients with 112 

therapy-related leukaemias (14, 15), highlighting that carriers in these FA families should be 113 

carefully monitored after cancer treatment. 114 

 115 

Ubiquitination of the ID2 complex by the FANC core complex occurs in response to stalled 116 

replication, such as that caused by nucleotide depletion and by interstrand crosslink (ICL) 117 

inducing chemotherapies or endogenous aldehydes (16, 17). This is the critical first step for 118 

activation of the FA pathway, repair of the damage via HRR, and restart of replication. The 119 

importance of FA core and ID2 complex function in HSC is highlighted by: (i) the DNA damage 120 

and collapse of the haematopoietic system that are direct consequences of replicative stress 121 

associated with inducing HSCs to exit quiescence in Fanca-deficient mice (18); and (ii) the 122 

increased genomic instability, and leukaemic transformation, caused by reactive aldehydes 123 

when HSC are deficient in both the FA pathway and alcohol dehydrogenase activity (i.e. 124 

Fancd2-/-Adh5-/-) (16).  125 

 126 

Given the extreme susceptibility of FA patients to AML, a long-standing question in the field 127 

has been the risk of AML associated with heterozygous disease-causing (D-C) FANC gene 128 

mutations. This question is clearly of great significance for individuals known to carry D-C 129 

mutations in any of the FANC genes [estimated frequency from population studies to be 4.3%; 130 

ref (19)], and for FA carriers [frequency from FA databases estimated to be approximately 131 

0.6%; ref (20)]. Previous studies of FA families have not identified an overall increased 132 

incidence of AML or other cancers in FA carriers (21, 22), although a significantly higher than 133 

expected rate of breast cancer was observed among carrier grandmothers with FANCC 134 

mutations (21). There are several limitations to these previous FA familial studies that need to 135 
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be considered. Firstly, such familial studies are necessarily biased towards analysis of 3 out of 136 

the 22 FANC genes (i.e. FANCA, FANCC and FANCG) as these represent the vast majority of 137 

FA cases. Secondly, such studies address whether there is a high-risk of AML development for 138 

carriers of D-C FANC gene variants, while modest or intermediate risk variants in these genes 139 

would be predicted to induce AML with low penetrance in FA families, hence masking the 140 

familial pre-disposition. Thirdly, the age profile for AML also contributes to difficulty in 141 

detecting increased AML in FA families; AML is a disease that occurs with dramatically 142 

increased frequency in individuals > 70 year old, so unless pre-disposition is associated with 143 

early onset of disease, detection of familial patterns of inheritance can be masked due to death 144 

from other causes. Finally, it is also important to consider that severe loss of function for some 145 

FANC genes may not be tolerated at the germline level (i.e. those genes rarely found mutated 146 

in FA), while rare heterozygous mutations in these FA genes may still confer a cancer risk for 147 

carriers.  Evidence for this is provided by the embryonic lethality of Brca1 and Brca2 null mice 148 

(23). In contrast to the FA familial studies, cancer cohort studies have revealed that 149 

heterozygous variants affecting the FA core and ID2 complex genes are associated with 150 

modestly increased cancer risk; deleterious mutations in FANCA, FANCC, FANCG, FANCI, 151 

FANCL and FANCM have been identified in cohorts of patients with familial pancreatic cancer, 152 

breast cancer, colorectal cancer, metastatic prostate cancer and paediatric cancer (13, 24-29). 153 

The recent observation that the FA core complex activity requires dimerization (30), suggests 154 

that dominant negative activity of particular variants could also be possible and potentially 155 

contribute to pathogenesis. FANC core complex mutant mice are viable and do not develop 156 

malignancy, but there is ample evidence that deficiency for these genes combined with other 157 

mutations results in pre-leukaemia or leukaemia (16, 31). Here, we have used a case-control 158 

approach to investigate the frequency and nature of rare gene variants across the 22 FANC 159 

genes, identified through whole-exome sequencing (WES) in ethnically matched Australian 160 

adult AML and control cohorts.   161 
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RESULTS  162 

FANC mutations in AML 163 

We performed WES on 131 samples from adult Caucasian AML patients (cohort characteristics 164 

shown in Suppl. Table S1) from two major Australian centres and identified novel and rare 165 

somatic and germline coding and splicing variants (Tier 1 mutations, ref (1), MAF<0.001). 166 

Variants were also identified in WES data from an ethnically-matched all-female control cohort 167 

of 323 unaffected individuals (32). The frequencies of known recurrent somatic AML mutations 168 

in our AML cohort and that from the TCGA (1) showed excellent concordance (r=0.886, Suppl. 169 

Fig. S1), providing validation of our sequencing and mutation calling methods, and 170 

demonstrating high sensitivity for variant detection. Following CADD filtering (33) for 171 

pathogenicity (CADD>10), we identified a total of 53 rare FANC gene mutations in 45 patients 172 

(34% of patients; 40 non-synonymous SNV, 6 indels, 5 stop-gain and 2 splicing; Suppl. Table 173 

S2). For FANC variants that were tested by Sanger sequencing results were consistent with 174 

heterozygosity in the tumour material. Where matched tumour and normal samples were 175 

sequenced, >90% of FANC variants were germline in origin (10 out of 11 variants, data not 176 

shown). These results are consistent with reports that somatic FANC gene mutations are 177 

extremely rare in AML [<1%, ref (1)]. As mutation can result in selective loss of allelic 178 

expression via various mechanisms, we next used Sanger sequencing of cDNA generated from 179 

diagnosis AML samples (n=13) to determine whether mutant and wild-type (WT) alleles are 180 

both expressed. For the majority of mutations tested both WT and mutant sequences were 181 

detected. For the mutations BRCA1 p.Y856H and FANCM p.K515N, we observed minimal or 182 

negligible expression of the variant (Suppl. Fig. S2).  Thus, for rare deleterious FANC core 183 

and ID2 gene variants, some of which are known D-C variants, haploinsufficiency may result. 184 

However, we cannot exclude that the WT allele could be expressed more highly to compensate 185 

for loss of expression of the mutant allele. The distribution of the FANC gene mutations across 186 

all AML samples is indicated in Suppl. Fig. S3 and associations with clinical, cytogenetic and 187 
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molecular features of AML are shown in Suppl. Table S1. FANC variants are not themselves 188 

mutually exclusive, with some patients having a second variant affecting a different gene. 189 

Interestingly, monosomy 7/del(7q) and FLT3-ITD mutations were under-represented in the 190 

FANC-mutant AML group (P=0.028 and P=0.05, respectively).  191 

 192 

D-C FANC mutations and FANC mutation frequency in AML  193 

For a stringent analysis of pathogenic FANC gene mutations, we next defined known D-C 194 

mutations as those associated with FA or breast cancer. We identified these by cross-195 

referencing the AML FANC variants to those listed as confirmed pathogenic in the FA 196 

(FAMutdb: http://www2.rockefeller.edu/fanconi/) and breast cancer (kConFab: 197 

http://www.kconfab.org/Index.shtml and BIC: https://research.nhgri.nih.gov/bic/) databases 198 

(Table 1), and then compared the frequency against our healthy cohort (32). As this healthy 199 

control cohort was all-female, and there have been reports of over-representation of variants for 200 

some FANC genes in females (34, 35), we limited this analysis to female AML patients only. 201 

The overall frequency of female patients with rare deleterious FANC gene variants was similar 202 

to the control female cohort; we identified 19 variants in 18 female patients (35% of female 203 

patients) compared to 151 variants in 105 healthy female controls (32%). This analysis revealed 204 

an elevated frequency of female AML cases carrying D-C mutations compared to the healthy 205 

female cohort (13.7% AML compared to 4.5% controls; Odds Ratio (OR) =3.3, 1.3-8.6; 206 

P=0.018).  Similarly, we observed an increased frequency of D-C mutations across all of our 207 

AML cases when comparing the 16 FANC genes analysed in a previous population study (19) 208 

(6.9% of AML compared to 2.1% European-Americans in the ESP database, n=4298 209 

individuals, OR=3.4, 1.7-7.0; P=0.002). 210 

For independent validation of this finding, we used a pipeline and filtering analysis similar to 211 

that described above to determine rare deleterious FANC variants for the TCGA AML cohort 212 
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(1). Overall, we observed a trend towards increased frequency of patients carrying D-C variants 213 

in the TCGA AML cohort (4.9%) compared to the European-Americans in the ESP database, 214 

although this did not reach significance (P=0.068).  215 

 216 

AML is recognized as a highly heterogeneous disease and it is plausible that FANC D-C 217 

mutations pre-dispose to transformation via oncogenic mechanisms that may be frequent in 218 

particular subtypes.  The potential for analysis restricted to AML subtypes is limited by cohort 219 

size, however separate analysis of the Australian normal karyotype AML (NK-AML) group 220 

also showed increased frequency of D-C mutations for NK-AML vs European-Americans in 221 

the ESP database (P=0.0041, cohort characteristics shown in Suppl. Table S3). Further 222 

differences in frequency of these variants within AML subtypes could be revealed through a 223 

multi-centre study, and would be of interest given that a number of recurrent chromosomal 224 

rearrangements have been reported to impact on HRR activity (36).    225 

 226 

Enrichment of rare FA core complex variants in AML. 227 

Comparison of the variant frequency for each of the 22 FANC genes in the Australian AML 228 

cohort relative to that observed for similarly defined variants in the non-Finnish European 229 

population in the Exome Aggregation Consortium (ExAC) database (MAF<0.001, CADD>10; 230 

Table 2) revealed a significant increase in variants of the FA core complex genes FANCM, 231 

FANCL and FANCC in AML. The mutations found in these three genes and the domains 232 

affected are represented in Fig. 1A. Several of the FANC core and ID2 gene variants are of 233 

significant interest based on known disease association or clinical characteristics (summarized 234 

in Suppl. Table S4). Analysis of the NK-AML showed a significant increase of FANCM 235 

variants in the AML cohort (P=0.0267) (Suppl. Table S5).   236 

Taken together these data are consistent with a potential increased risk of AML associated with 237 
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rare, deleterious, heterozygous variants affecting multiple FANC genes, including those 238 

encoding proteins that comprise the FANC core and ID2 complexes.  An elevated frequency of 239 

deleterious variants affecting FANCC (and FANCO) in AML was also observed using burden 240 

analysis by Lu et al (28) who investigated truncating FANC variants in TCGA cohorts.  We 241 

performed similar analyses to compare frequency of all rare damaging (missense and truncated) 242 

variants identified in both the TCGA and Australian AML cohorts to the healthy controls. After 243 

adjusting for variants on the X and Y chromosome this confirmed the elevated frequency of 244 

FANCC and FANCO damaging variants for the TCGA cohort (P=0.037, P=0.01 respectively), 245 

and further showed an elevated frequency of FANCL variants in the Australian AML cohort 246 

(P=0.01, Fig. 1B).  To further investigate the potential significance of our findings, we have 247 

undertaken studies to identify functional consequence of heterozygous germline FANC 248 

mutations. 249 

 250 

Gene expression profiling indicates activation of DNA synthesis and repair in FANC core 251 

and ID2 mutant AML  252 

First, we used microarray gene expression profiling to identify genes that were differentially 253 

expressed between AML samples with or without rare damaging variants affecting the FANC 254 

genes. Given the above data suggesting enrichment of D-C FANC core and ID2 complex 255 

mutations in the AML cohort, we focused on comparison of the FANC core and ID2 mutant 256 

AML group (n=14) to non-FANC core and ID2 mutant AML (n=43).  The top-ranked 257 

differentially expressed genes are listed in Supp. Table S6. Gene set enrichment analysis 258 

(GSEA) of the differential expression profiles associated with the FANC core and ID2 complex 259 

mutant subgroup revealed an enrichment for gene-sets associated with DNA synthesis and 260 

repair (i.e. Base Excision Repair; BER), and ATR activation and replication stress (Fig 2A; 261 

Supp. Table S7). The ATR kinase cascade is activated in response to a number of events which 262 

includes ICL lesions and stalled replication forks, raising the possibility that FANC core and 263 
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ID2 mutant AML cells may accumulate stalled replication forks, which leads to increased 264 

activity of other DNA repair pathways involved in fork protection and repair (37). To measure 265 

changes in expression of individual GSEA leading-edge genes involved in these processes, we 266 

performed qRT-PCR for a number of genes associated with DNA synthesis and fork protection 267 

(Suppl. Table S8).  As shown in Fig. 2B the increased expression of POLD2, POLD3, POLA2, 268 

and RPA1 and RPA2 is apparent in the FANC core and ID2-mutant samples compared to non-269 

mutants, consistent with up-regulation of DNA synthesis and/or repair in the mutant samples. 270 

The GSEA analysis also indicated a reduced growth factor response signature associated with 271 

FANC core and ID2-mutant samples (Fig. 2A; Supp. Table S7). Given the heterogeneity of 272 

AML we also performed the gene expression profiling and GSEA in NK-AML samples. Suppl. 273 

Table S9 shows the top-ranked differentially expressed genes from this comparison (mutant 274 

n=6 and non-mutant n=22).  Although the number of samples in the FANC core and ID2 mutant 275 

NK-AML group is small, we still observed positive enrichment for DNA replication-associated 276 

signatures (e.g. lagging strand synthesis), consistent with the results above (Suppl. Table S10).    277 

 278 

Changes to FA DNA repair pathway activity in a FANCL heterozygous cell line model. 279 

To investigate further the changes associated with heterozygous damaging FANC variants, and 280 

to validate the findings from our AML gene expression profiling, we used CRISPR-Cas9 281 

mediated mutagenesis to generate a cell line model of FANCL heterozygosity. MCF10A was 282 

the cell line of choice over other commonly used, or leukaemia-derived cell lines, because it 283 

was derived from non-tumorigenic tissue and is diploid (38).  For these experiments, we 284 

compared the responses to DNA cross-linking agent mitomycin C (MMC) treatment in 3 285 

independent MCF10A clones with small heterozygous deletions in exon 1 of FANCL, a clone 286 

with bi-allelic FANCL mutations, and two independent WT clones (Suppl. Fig. S4). These 287 

deletions resulted in either amino acid deletions or frameshifts and premature termination. The 288 

cell cycle distribution of the heterozygous clones did not differ from the WT, while the biallelic 289 
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mutant FANCL MCF10A clone displayed increased accumulation of cells in G2/M phase 290 

following MMC treatment (Suppl. Fig. S5), consistent with delayed repair of ICLs. We next 291 

measured formation of FANCD2 foci by immunofluorescence as a readout for activation of the 292 

ID2 complex through FANCL-mediated monoubiquitination. As shown in Fig 3A and 3B, 293 

following 48 hours treatment with MMC the two WT MCF10A clones (P1D3 and P1A4) 294 

displayed robust FANCD2-foci formation in γH2AX+ cells, while this was not observed for the 295 

bi-allelic mutant clone (P1B4), consistent with loss of FANCL activity. Importantly, the 296 

frequency of γH2AX+ cells with FANCD2 foci for the three heterozygous clones (P2D3, P2B5 297 

and P4A4) following MMC treatment was intermediate between the WT and bi-allelic clones; 298 

and for clone P4A4 there was a statistically significant reduction in these FANCD2 foci-299 

positive cells relative to the WT clone (P1A4) (Fig. 3B). We did not observe a difference in the 300 

frequency of H2AX-positive cells relative to WT clones for any of the MMC-treated 301 

heterozygous samples (data not shown). While a profound reduction in FANCD2-302 

ubiquitination (FANCD2-Ub) in the bi-allelic FANCL mutant clone was readily apparent by 303 

western blot analysis, consistent with loss of FANCL activity, for the heterozygous clones the 304 

total FANCD2-Ub levels were not detectably different to the WT clones (Suppl. Fig. S6), 305 

reflecting the insensitivity of western blot analysis for detecting small differences. Overall these 306 

data are consistent with heterozygous damaging mutations in the FANC core gene FANCL 307 

leading to a subtle defect in FA DNA repair pathway function, detectable using sensitive and 308 

specific quantitation of the events downstream of FANC core and ID2 activity (i.e. FANCD2 309 

foci formation).  310 

 311 

DISCUSSION 312 

The elevated frequency in this AML cohort of deleterious heterozygous variants affecting FA 313 

core complex genes (FANCM, FANCL and FANCC), and D-C mutations in AML cases, is 314 

suggestive of a role in AML pathogenesis. Importantly, the MCF10A FANCL heterozygous 315 
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model described here has provided proof-of-principle that deleterious heterozygous mutations 316 

can impair the cellular response to DNA damaging events, such as ICL treatment. Based on 317 

these findings, we propose that germline heterozygous damaging and D-C variants in the FANC 318 

core and ID2 complex genes, FANCC, FANCD2, FANCL and FANCM may result in partial 319 

impairment of the FA DNA repair pathway in HSC. We predict that such HSC would have 320 

reduced capacity to maintain genome integrity under physiological stress conditions associated 321 

with increased replicative index or high levels of endogenous/exogenous ICL, and hence may 322 

be associated with increased stalled replication. For example, a key role of the FA DNA repair 323 

pathway has been demonstrated in HSC particularly during emergency haematopoiesis (18), or 324 

when HSC are confronted with cross-linking toxins (16).  This raises the possibility that the 325 

level of individual risk associated with these rare variants may be significantly affected by other 326 

factors such as environmental exposure, infectious agents and/or other genetic variants that 327 

affect metabolism of aldehydes. The data obtained using an isogenic WT, heterozygous and bi-328 

allelic CRISPR-FANCL model is consistent with the effects of heterozygous mutations being 329 

subtle, however over time even subtle impairment of FA pathway function in HSC may 330 

contribute to acquisition of somatic driver mutations and increased AML risk. Indeed, small 331 

differences in mutation rate between individuals can have large effects on relative probability 332 

of developing cancer (39). Interestingly, a recent study has identified heterozygous somatic and 333 

germline mutations in FANC genes in paediatric ALL cases without apparent loss of the WT 334 

allele, consistent with these variants contributing to leukemic initiation (40). 335 

 336 

These findings, and findings from other recent cancer cohort studies (26, 28), have important 337 

implications for FA families and raise important ethical and clinical issues, particularly 338 

regarding the potential identification of individuals who have modest-intermediate risk of AML 339 

and other cancers, and also for selection of sibling donors for stem cell transplantation of FA 340 

patients. While previous studies of FA families have not found an overall increased incidence 341 
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of AML in FA carriers (21, 22) a major difference between these studies and the case-control 342 

study described here is the number of FANC genes analysed; as 3 of the 22 FANC genes 343 

(FANCA, FANCC and FANCG) represent the vast majority of FA cases, familial FA studies are 344 

biased towards identification of AML in these families. Furthermore, based on our data, the 345 

risk associated with deleterious FANC gene variants is modest and predicted to cause AML 346 

with low penetrance in FA families, potentially masking familial pre-disposition. Our study did 347 

not reveal early onset of AML in the FANC-mutant AML group, so the late onset of adult AML 348 

is likely to also contribute to masking of any familial trends. It is still premature to propose 349 

genetic counselling and risk reduction strategies for confirmed carriers of FANC core and ID2 350 

damaging variants or D-C mutations, and we suggest that further analysis focused on assessing 351 

familial cancer risk for families across all FA complementation groups, or in cases of severe 352 

FA phenotypes, will help to clarify these issues. While based on our current studies, the 353 

increased risk of AML associated with D-C FANC gene mutations is modest (estimated at ~ 3-354 

4 fold), it is likely that the effects of individual FANC gene variants will be highly context-355 

dependent with significant potential for risk to be modified by environmental influences. We 356 

also cannot exclude that particular variants will confer dominant negative activity with a greater 357 

effect on FA DNA repair pathway function than that observed in the cell line model described 358 

here, leading to more severe genomic instability, and hence higher individual risk of AML.  359 

 360 

While it is well established that BRCA1/2 haploinsufficiency is associated with an impaired 361 

DNA damage response, telomere erosion, genomic instability and premature senescence (41), 362 

this is the first study to investigate in detail FA DNA repair pathway function associated with 363 

heterozygous FANC core and ID2 damaging variants. Gene expression profiling showed that 364 

AML with heterozygous FANC core and ID2 variants display up-regulation of gene signatures 365 

associated with DNA synthesis and repair, ATR activation and replication stress, and with 366 

elevated levels of POLD2, POLD3, POLA2, and RPA1 and RPA2 gene expression in these 367 
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samples.  Whether such changes are reflective of a replicative stress or DNA repair phenotype 368 

will require further investigation. DNA repair phenotypes have been reported in cells from FA 369 

carriers compared to controls; for example differences have been observed for DNA damage 370 

induced by bleomycin (42). However, we note that not all studies have revealed such effects 371 

(43, 44) reinforcing the hypothesis that the phenotype and aggressiveness may be variant 372 

specific. Lymphocytes from FA heterozygotes also display a four-fold increase in chromosome 373 

breakage when compared with control lymphocytes (45).  374 

 375 

The MCF10A CRISPR-FANCL model allowed for a functional analysis of the response to DNA 376 

cross-linking agents in the presence of a heterozygous loss of function FANCL mutation. In 377 

this model we observed intermediate levels of FANCD2 foci following MMC treatment 378 

compared to the WT and bi-allelic clones. This is consistent with an impaired capacity to 379 

respond to ICL-induced damage. Interestingly, defective FANCD2 foci formation has also been 380 

observed in solid tumours with heterozygous FANCM mutations (46). While in this study we 381 

focused on FA DNA repair pathway activation in response to ICL-induced DNA damage, 382 

recent reports indicate a DNA damage-independent role for the FANC genes, such as FANCD2 383 

and BRCA2 in replication fork protection (11, 47-49). It will now be of great interest to measure 384 

the cellular response of FA DNA repair pathway heterozygous cells under conditions of 385 

replicative stress, for example nucleotide depletion. Previous studies have shown that 386 

replicative stress results in HSC DNA damage for Fanca-/- and Fancd2-/- mouse models (16, 387 

50), so even subtle changes to FA pathway function in HSC may impact genomic stability and 388 

leukaemia risk.  389 

 390 

An interesting observation from our AML cohort analysis is that heterozygosity for rare FANC 391 

gene variants in adult AML is not associated with characteristic cytogenetic changes that have 392 

been described in FA AML [e.g. over-representation of  +1q, -7/7q and -3q in FA (51, 52)].  393 
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We speculate that this may be because individuals with heterozygous FANC gene variants have 394 

a functional (albeit slightly impaired) FA DNA repair pathway and an intact haematopoietic 395 

system. Conversely in FA patients the AML clone develops in the context of complete loss of 396 

FA DNA repair pathway function, and is secondary to a failing haematopoietic system. In fact, 397 

in contrast to the de novo AML cases studied here, AML from FA is considered as secondary 398 

AML (53).  Thus, it is likely that the specific changes observed in FA AML facilitate the 399 

development of AML clones in this context, allowing aberrant growth and survival, and 400 

malignant transformation in the absence of FA pathway function.  401 

 402 

Recent studies have revealed that the FA pathway, together with Poly-ADP ribose polymerase 403 

(PARP1), play a key role protecting replication forks and preventing genomic instability during 404 

replication (11, 54, 55). Furthermore, boosting replicative stress and DNA damage with the 405 

chemotherapeutic 5-fluorouracil (5-FU) increases load on the BER DNA repair pathway and is 406 

synthetic lethal with inhibition of PARP1 in AML and ALL cells, and in patient derived 407 

xenografts; this combination approach (5FU and PARP1 inhibitor) has thus been proposed as 408 

a potential therapeutic approach in AML (and ALL) (56). Given the heterogeneity of AML, it 409 

is now of interest to establish the factors that determine sensitivity of AML cells to this strategy. 410 

Our observation that AML with heterozygous FANC core and ID2 mutations displays increased 411 

expression of DNA synthesis and DNA repair genes, and signatures associated with replicative 412 

stress, raise the important question of whether these AML cases may display heightened 413 

sensitivity to this combination, potentially providing a therapeutic option.   414 

 415 

METHODS   416 

AML samples 417 

AML samples were obtained from the Australian Leukaemia & Lymphoma Group (ALLG) 418 

tissue bank at the Princess Alexandra Hospital (PAH, Brisbane, QLD, Australia) and from the 419 
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SA Cancer Research Biobank (SACRB) at the Royal Adelaide Hospital (RAH) and SA 420 

Pathology (Adelaide, SA, Australia). The use of the samples for this research study was 421 

approved by the PAH, the RAH, the University of Adelaide, the University of South Australia 422 

and the University of Queensland Human Research Ethics Committees (HRECs: 423 

HREC/05/QRCH/77, HREC/04/QPAH/172 and HREC/13/RAH/612). ALLG AML specimens 424 

were collected with informed consent. AML patient samples obtained from 1998 onwards from 425 

SACRB were collected with signed informed consent for research purposes. The RAH HREC 426 

waived the requirement for informed consent for SACRB specimens collected before 1998.  427 

WES and bioinformatics analysis 428 

WES was performed by hybridization capture followed by massively-parallel, paired-end, 429 

short-read sequencing using Illumina platforms. Methods and analysis are detailed in 430 

Supplementary Information.  431 

Healthy control and independent AML extension data 432 

Control WES data were obtained from a cohort of unaffected Australian Caucasian females 433 

(n=799), and additional AML WES data was obtained from the published TCGA study [n=102; 434 

ref (1)].   435 

Variant calling and statistical analyses 436 

Briefly, rare variants were identified using an established filtering and analysis pipeline and 437 

defined as those with a population frequency/minor allele frequency (MAF) of <0.001 as 438 

reported in dbSNP147, 1000 genomes (April 2012 version, any ethnicity), the 6500 NHLBI-439 

ESP project (any ethnicity) and/or the Exome Aggregation consortium (ExAC) database. We 440 

filtered for predicted deleterious FANC gene variants with a high probability of pathogenicity 441 

using the Combined Annotation Dependent Depletion algorithm (CADD score >10) (33). 442 

Burden testing was employed for comparisons with a healthy control cohort. Detailed methods 443 
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are provided in Supplementary Information. 444 

Cell culture 445 

MCF10A cells were cultured using Dulbecco's Modified Eagle's Medium nutrient mixture F-446 

12 HAM (DMEM-F12; Sigma), with 5% horse serum (Sigma) supplemented with 20ng/mL 447 

epidermal growth factor (EGF; R&D Systems), 500ng/mL hydrocortisone (Sigma), 10μg/mL 448 

insulin (Sigma), 100ng/mL Cholera toxin (Sigma), 100U/mL penicillin and 100μg/mL 449 

streptomycin (Sigma).  450 

MCF10A CRISPR model of FANCL heterozygousity 451 

Three different single-guide RNA (sgRNA) were designed using the http://crispr.mit.edu/ 452 

online tool and cloned individually into the pSpCas9(BB)-2A-Puro (PX459) V2 construct that 453 

contained Cas9. The CRISPR-Cas9 construct was transiently transfected into the MCF10A cell 454 

line, and transfected cells were selected for 2 days using antibiotic selection (puromycin). 455 

Single cells were isolated using limiting dilution and expanded to generate clonal lines. A total 456 

of 50 viable clones were obtained and gDNA extracted from each. T7 endonuclease assay and 457 

Sanger sequencing were used to determine the presence of deletions at the FANCL locus. TOPO 458 

TA (Thermo Fisher Scientific) cloning was performed following manufacturer’s protocol and 459 

DNA from colonies of transformed DH5α cells was sequenced to confirm FANCL mutation 460 

and purity of each selected MCF10A CRISPR clone.  461 

Immunofluorescence assay 462 

In each well of an 8-well chambered slide (Nunc® Lab-Tek® Chamber Slide™ system), 7500 463 

cells were seeded and left to recover for 72 hours. The cells were treated with 40ng/mL of 464 

MMC or DMSO (vehicle) for 48 hours. The wells were washed using 1x PBS. The cells were 465 

fixed using 4% paraformaldehyde for 20 minutes and washed using 1x PBS. The cells were 466 

permeabilised using 0.3% Triton™ X-100 solution for 10 minutes and washed using 1x PBS. 467 
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The wells were blocked using the blocking solution (10% FBS and 0.1% NP40 in 1x PBS) for 468 

1 hour. Primary antibodies for FANCD2 rabbit polyclonal antibody (Novus: NB100-182) and 469 

γ-H2AX mouse monoclonal antibody (MERCK-Millipore: 05-636-I) were diluted 1:1000 in 470 

blocking solution, added to the wells and incubated for 3 hours on a rocking shelf at room 471 

temperature. The secondary antibodies goat α-mouse Alexa488 (Cell Signalling: 4408) and goat 472 

α-rabbit Alexa647 (Cell Signalling: 4414) were diluted 1:1000 in blocking buffer, added to the 473 

wells and incubated at 4oC on a rocking shelf overnight. ProLong™ Gold Antifade Mountant 474 

with DAPI (ThermoFisher Scientific: P36935) was added to each well as mounting media and 475 

nuclear staining. The images were processed using ZEN Blue (version 2.3) program from 476 

ZEISS.  477 

Quantification of FANCD2 foci 478 

Images exported from ZEN Blue were quantitated using ImageJ (https://imagej.nih.gov/ij/). 479 

The images were converted to 16-bit images, and the background threshold was adjusted and 480 

set to minimize background (0.01-0.02% for the upper limit and the maximum for the lower 481 

limit). The “analyse particles” function was used to quantify the number of FAND2 foci in the 482 

images using 20 micron per pixel-square as minimum size of a focus.  In each image, cells 483 

positive for H2AX foci were first identified visually and then these cells were scored as 484 

positive or negative for FANCD2 foci using a criteria of greater than or equal to 3 FANCD2 485 

foci per cell as determined by the ImageJ software. Four images were analysed for each 486 

condition, representing an average of 15 cells per image.   487 

https://imagej.nih.gov/ij/
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Table 1. Details of D-C mutations in the Australian and TCGA AML cohorts 640 

Type of Mutation AML ID Sex Age  Gene Amino acid 

change 

1LOH 

(Y, N) 

2FA DB ID Freq. in Australian 

AML cohort  

(n=131) 

Freq. in 

Australian control 

cohort (n=323) 

Freq. in ExAC 

(non-Finnish 

European, 

n=33370) 

Missense WES-21 F 72 FANCA p.T1131A N FANCA_000241 0.76% 0.30% 0.0% 

Missense WES-20 F 79 

FANCC p.D195V 

N 

FANCC_000019 2.30% 0.98% 0.4% WES-79 M 73 N 

WES-86 M 83 N 

Nonsense WES-224 F 59 FANCC p.R548X N FANCC_000005 0.76% 0.0% 0.0% 

Nonsense WES-21 F 72 FANCD2 p.R926X N FANCD2_000019 0.76% 0.0% 0.0% 

Splicing WES-249 F N/A FANCD2 c.2715+1G>A N FANCD2_000016 0.76% 0.0% 0.0% 

Missense WES-64 F 46 FANCG p.T297I N FANCG_000038 0.76% 0.0% 0.01% 

Indel WES-30 M 56 
FANCL p.336_337del 

N 
FANCL_000002 1.53% 0.30% 0.0% 

WES-216 F 49 N 

Nonsense WES-46 F 59 BRCA1 p.R1203X3 N BRCA1_001405 0.76% 0.0% 0.0% 

1 Based on VAF > 55%; 2FA DB ID represents the ID of mutations identified in the Rockefeller University FA database; 3 Confirmed germline.    641 

 642 
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Table 2. Frequency of FANC variants in ExAC and Australian AML cohorts. 

 
1ExAC (n=66740) 1AML (n=262) 

 

Gene Count ExAC 

Frequency 

Frequency 

(%) 

Count AML 

Frequency 

Frequency 

(%) 

2P-value 

FANCA 653 0.0098 0.9784 2 0.0076 0.7634 0.9693 

FANCB 145 0.0022 0.2173 0 0.0000 0.0000 0.9289 

FANCC 211 0.0032 0.3162 4 0.0153 1.5267 0.0036* 

BRCA2 1276 0.0191 1.9119 3 0.0115 1.1450 0.4970 

FANCD2 546 0.0082 0.8181 2 0.0076 0.7634 0.8061 

FANCE 302 0.0045 0.4525 1 0.0038 0.3817 0.7712 

FANCF 178 0.0027 0.2667 0 0.0000 0.0000 0.8136 

FANCG 219 0.0033 0.3281 1 0.0038 0.3817 0.6967 

FANCI 762 0.0114 1.1417 3 0.0115 1.1450 0.7746 

BRIP1 406 0.0061 0.6083 1 0.0038 0.3817 0.9419 

FANCL 321 0.0048 0.4810 9 0.0344 3.4351 < 0.0001* 

FANCM 792 0.0119 1.1867 10 0.0382 3.8168 0.0003* 

PALB2 322 0.0048 0.4825 2 0.0076 0.7634 0.8353 

RAD51C 157 0.0024 0.2352 1 0.0038 0.3817 0.8805 

SLX4 689 0.0103 1.0324 6 0.0229 2.2901 0.0892 

ERCC4 669 0.0100 1.0024 4 0.0153 1.5267 0.5899 

RAD51 94 0.0014 0.1408 0 0.0000 0.0000 0.8266 

BRCA1 619 0.0093 0.9275 3 0.0115 1.1450 0.9651 

UBE2T 108 0.0016 0.1618 0 0.0000 0.0000 0.9046 

XRCC2 97 0.0015 0.1453 0 0.0000 0.0000 1.0000 

MAD2L2 59 0.0009 0.0884 0 0.0000 0.0000 1.0000 

RFWD3 281 0.0042 0.4210 1 0.0038 0.3817 1.0000 

1 n represents the total number of alleles in each cohort. The non-Finnish European cohort in 

ExAC consists of 33370 individuals. 2 Fisher’s exact test was used to determine the statistical 

difference between the Australian AML cohort and the non-Finnish European cohort in ExAC. 

(* P<0.05). 
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Maung el al, Figure 1 

 

  



123 

 

Maung et al, Figure 2 
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Maung et al, Figure 3 
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FIGURE LEGENDS 

Figure 1. (A). Mutations identified in FANC genes in the Australian AML cohort. 

Schematics of protein structures showing mutations in FANCM, FANCL and FANCC 

identified in diagnostic AML samples. Conserved domains are indicated. Blue circles indicate 

amino acid substitutions, red circles indicate truncating mutations. (B). Burden analysis. 

Inverse P value is plotted for all FANC genes (line represents P=0.05). 

 

Figure 2. (A). Gene Set Enrichment Analysis (GSEA) of FANC core and ID2 mutant AML 

samples. GSEA plots show enrichment, in the FANC core and ID2 mutant AML samples, of 

signatures corresponding to Base Excision Repair, DNA repair and synthesis, ATR response to 

replication stress and reduced growth factor response. NES, normalized enrichment score; 

NOM p-value, nominal p-value; FDR q-val, false discovery rate q value. Detailed descriptions 

of the top gene-sets identified by GSEA are shown in Suppl. Table S7. (B). Expression of 

selected genes in FANC core and ID2 mutant AML samples. mRNA expression of POLD2, 

POLD3, POLA2, RPA1 and RPA2 relative to GAPDH was determined by qRT-PCR for FANC 

core and ID2 mutant AML (n=9) and non-FANC core and ID2 mutant AML samples (n=37). 

*P<0.05 (Mann-Whitney t test). 

 

Figure 3. (A). A FANCL heterozygous cell line model. Immunofluorescent images captured 

at 63x magnification for three representative MCF10A CRISPR-FANCL clones (P1D3-wild 

type, P4A4-heterozygous, and P1B4-biallelic) treated with mitomycin C and vehicle (DMSO) 

are shown. Cells were probed with DAPI (blue) or antibodies for γH2AX (green), and FANCD2 

(red). (B). Percentage of γH2AX positive cells with FANCD2 foci ≥ 3 in the 6 MCF10A 

CRISPR-FANCL cell lines. P1B4 shows a statistically lower percentage of γH2AX+ cells with 

FANCD2 foci compared to the remaining five clones. P4A4 shows a statistically lower 

percentage of γH2AX+ cells with FANCD2 foci compared to clone P1A4. For statistical 

comparison, One way ANOVA with Tukey multiple comparison was performed. * P<0.05, ** 

P<0.01, *** P<0.001. 

 

SUPPORTING INFORMATION LEGENDS 

S1_Suppl info.docx: This file contains aadditional detailed materials and methods, 

Supplementary Figures S1, S2, S3, S4, S5 and S6 with their respective figure legends, and 



127 

 

Supplementary Tables S1, S3, S4, S5, S6, S7, S8, S9 and S10. 

S2_Table.xlsx: This file contains a table listing all the FANC variants identified in the 

Australian AML cohort.  
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Maung et al, Response to Reviewers.  

 

We thank the Reviewer’s for their acknowledgement of the amount of work, and the interest, 

of the findings in our initial manuscript (ms # PGENETICS-D-17-01431). We now submit an 

extensively revised version of this that addresses the Editor’s and Reviewer’s comments, 

including reduction of sections associated with speculative discussion. In this revised version, 

we include new data demonstrating a phenotype in a CRISPR-generated MCF10A cell line 

model of FANCL heterozygosity. Most importantly, for three independent het FANCL deletion 

clones we show a consistent reduction, relative to wild type (WT) controls for ICL-induced 

FANCD2 foci. This experimental validation of altered FA pathway function upon heterozygous 

mutation of the core FA pathway gene FANCL is novel (as highlighted by Reviewer 4), and 

further increases the impact of this study. We appreciate that that our findings challenge dogma 

in the FA field that is based on previous studies of AML in FA families, hence we now put our 

studies better into context by inclusion in our introduction of a more extensive discussion of the 

differences and limitations associated with these previously published studies.     

 

Response to Editor’s comments.  

 

“1. Major criticism involves a lack of a relationship between the observed FA variants and 

specific AML molecular subtypes which have different routes of pathogenesis and have 

different gene expression profiles.”  

We acknowledge that AML is a highly heterogeneous disease with multiple oncogenic 

mechanisms.  This creates a major challenge for AML genomics studies as very large multi-

centre cohorts are required to derive meaningful analysis from smaller subgroups. We point out 

that statistical analysis of our cohort has revealed association of FANC core and ID2 gene 

mutations with AML molecular and cytogenetic markers, ie. monosomy 7/del 7 and FLT3-ITD 

(see Suppl Table S1 and Fig S2). In response to the reviewer’s comment we have now also 

included the analyses for the normal karyotype AML subgroup (NK-AML) with and without 

FANC core/ID gene mutations (Suppl Table S3); this analysis removes samples with 

chromosomal rearrangements, a number of which have been reported to impact HRR activity 

(Ref 36 in the ms). Importantly we still observe a significant increased frequency of D-C 

mutations in this NK-AML group relative to European Americans in the ESP database. We 

have also modified our conclusions (page 11) to reflect the limitations associated with an 

analysis of a cohort of this size.  

“2. Absence of validation of gene expression profiling and the speculative nature of the role of 

FA variants in the pathogenesis of AML as a consequence.”  

We agree that the discussion of the GSEA was highly speculative. We have now substantially 

shortened this section and focused our discussion on the significance of the detection of 

signatures associated with DNA synthesis and repair, ATR activation and replication stress. 

Importantly, we have validated the changes in expression of individual POL and RPA genes 
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involved in DNA synthesis and repair (see Fig 2B). Finally, our quantitative image analysis of 

the MCF10A FANCL clones has revealed reduced FANCD2 foci formation for the 

heterozygous clones in response to ICL treatment. Thus, we now present a compelling case for 

a heterozygous phenotype as a result of FANCL mutation, consistent with the hypothesis that 

rare deleterious variants in the FANC core and ID2 genes may lead to increased genomic 

instability over time, and modest increased risk of AML.   

Response to Reviewer #1.  

“The strongest point against the assumed genetic risk is the clinical observation that in FA there 

are is not an increased frequency of familial leukaemia”   

This issue is now more directly addressed in the ms, including on page 6-7 where we provide 

an explanation of the key differences between our study and previous studies. Importantly, we 

now also outline a number of key limitations associated with previous FA familial studies. We 

believe that our studies are not inconsistent with previous findings, but rather our AML cohort 

analysis has detected a modest AML risk that is difficult to detect in familial FA studies. The 

key points that we now emphasise in the text are: 

 

1. Previous studies of FA families are necessarily biased towards detection of AML risk 

associated with D-C variants affecting the three FANC genes (of 22) that are most commonly 

affected in FA [ie 84% of FA is caused by FANCA (64%), FANCG (8%) and FANCC (12%) 

mutations]. In addition, it must be considered that deleterious variants in the genes that rarely 

cause FA may not be tolerated in bi-allelic combination at the germline level (ie due to 

embryonic lethality), but may still confer an increased risk of AML development when present 

in the het state; with this in mind cancer cohort studies that explore the frequency of deleterious 

variants across all 22 FANC genes are clearly warranted.   

2.  Previous studies of FA families have determined that there is not a high risk of AML 

development, for FA carriers ie there is not an AML susceptibility phenotype that is sufficiently 

penetrant to be revealed from investigations of AML in FA families. Our case-control study 

provides evidence of modest increased risk associated with heterozygous disease causing (D-

C) gene variants in the FANC genes (ie core and ID2 genes), consistent with the subtle 

phenotype in the MCF10A cell line model. AML associated with such modest-risk variants is 

predicted to occur with low penetrance in FA families, and thus is likely to be uncommon.  

 

3. AML occurs most predominantly in individuals > 70yo, so this age profile is an important 

factor that contributes to masking of an increased incidence of AML in FA families. In our 

study age was not significantly different for FANC-mutant versus non-mutant AML, thus our 

data suggests that there is not an early onset of AML associated with deleterious FANC 

germline mutations that would allow AML in FA families to be detected more readily.  

 

“..the hypothesis behind this study (i.e. that because individuals with FA get AML, therefore 
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genetic variants in FA genes could play a role in sporadic AML is a little bit out of time.  

We now acknowledge that the Question of AML in FA families has been raised previously by 

researchers in the FA field (page 6), and has been investigated via familial studies. As discussed 

above we have now emphasised the issues/limitations of these earlier studies, and the 

importance of investigating FANC genes in cancer cohort analysis. It is important to emphasise 

that while other AML cohort studies of selected FANC genes have been reported (eg Condie et 

al and Tischkowitz et al referred to by the reviewer and now cited in the ms; both FANCA) 

there has not been a comprehensive analysis of all FANC genes in adult-onset AML, hence our 

analysis. Our study complements other studies in cancer cohorts that have revealed significantly 

increased odds of finding rare deleterious FANC gene variants cf healthy controls (eg Lu et al 

analysis of the TCGA cancer data, Ref 28 in the ms).  

The reviewer also makes the point here that much new has been learned about FA and 

the underlying genetic and cellular defect. We agree and emphasise that this includes recent 

studies from FA mouse models that show that severe FANC gene defects, in combination with 

environmental or infectious exposure, can lead to bone marrow failure (refs 16 and 18 in ms). 

These studies provide further justification for our detailed and focused study of the germline 

variants across all FANC genes in AML.  

 

“The AML group and the control group are both too small to make far reaching associations 

about genetic risk. One could argue that “AML” is a heterogeneous disease, and “lumping” all 

AMLs together is not timely anymore”. See above response #1 to Ed. 

“It can be assumed that the analysis in the landmark paper in the NEJM will have included a 

detailed look at FA genes (for exactly the same reason), but no increased mutation rate in FA 

genes was reported (germline was not tested, but presumably not all germline mutations will 

have reverted to WT in the number of cases of leukaemia tested, like in the study here)”   

We assume the reviewer is referring to the Ley NEJM paper (ref 1 the ms) which describes the 

TCGA AML data. This landmark paper focused on somatic variants, and as such did not 

examine disease-causing (D-C) germline FANC gene variants. We include analysis of the 

TCGA AML data showing increased D-C FANC variants compared to the ESP dataset 

(European Americans)(page 11), and an increase in FANCC rare damaging variants cf non-

Finnish Europeans in the ExAC database.  Finally, we also show an increase in rare deleterious 

FANC mutations (FANCC and FANCO) in the TCGA cohort by Burden analysis, consistent 

with a previous analysis, restricted to truncation variants (Lu et al).  

 

“the letter in Blood from Awan et al is cited from 1998 (5), which reports SSCP variations in 

DNA analysis of AML samples. The follow up paper from the same group in 2003 Barber et al 

(1), where FANCC is actually sequenced, is not cited. In this study no dramatic increase of 

FANCC mutations are found in childhood AML, but only the variant of unknown significance 

S26F in four AML cases (Check this paper – ie cohort size etc).……as reported from the same 

group for the FANCG gene (3), there is no evidence of an increased frequency of mutation 
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carrier status in childhood AML, in line with the data presented in the NEJM paper, where also 

no increase in mutation frequency of other FA genes than BRCA2 have been reported (6).”   

The reviewer is raising the issue that studies of selected FANC genes in childhood AML cohorts 

have not revealed an increase in the incidence of mutation. Given that recent studies suggest 

important differences in the aetiology for childhood and adult AML (Tarlock K and Meshinchi 

S. Pediatr Clin North Am. 2015;62(1):75-93), and as there are inconsistencies between the 

childhood AML studies relating to FANCC, we have now removed discussion of these papers 

from the manuscript. With regard to the most recent comprehensive NEJM childhood pan-

cancer study, while this included 16 of the 22 FANC genes, the vast majority of leukaemia 

cases in this study will be ALL (numbers of ALL v AML were not disclosed).  This study is 

cited in our manuscript given that we identified a FANCM variant (p.Q1701X) that these 

authors report in a childhood B-ALL case (also identified as enriched in patients with triple-

negative breast cancer (Kiiski et al., 2014). 

 

“The analysis of microarray data is difficult to follow..….To divide by FA-gene mutated and 

non-mutated status, and assume a link from carrier status of any FA gene variant to gene 

expression patterns is ignoring a lot of published important work in this context, and simply 

does not make sense. ”  

See response #2 to Ed. The inclusion of the separate analysis of the NK-AML group (FANC 

core/ ID2 mutant vs non-mutant; see Suppl Tables S8 and S9), removes a number of 

confounding factors associated with the heterogeneous nature of AML and the effects of 

transcription factor fusions on HRR. We have extensively modified the discussion of the 

microarray analysis, and now include QRT-PCR for selected genes in AML (Fig 2B).   

 

“What do the authors actually mean when they talk of a “higher level of replicative stress in the 

FANC core and ID-mutant AML group”?   

“Replicative stress” occurs when cells are replicating under non-optimal conditions, for 

example in the presence of limited nucleotides. This is associated with stalled replication forks, 

recruitment of FANC proteins and BRCA2 to sites of stalling, and activation of the ATR 

checkpoint pathway (Zeman and Cimprich, Nat Cell Biol, 16:2-9, 2014).   

 

“The pre-leukaemic cytogenetic changes associated with FA have been described in detail (8,9), 

and it is difficult to conceive that heterozygosity for FA variants might result in other 

cytogenetic changes that have never been described in FA, given the proposed mechanistic 

speculations by the authors (”heterozygous deleterious mutations may confer partially reduced 

activity of the FA pathway resulting in genomic instability that is relatively subtle compared to 

that seen with bi-allelic loss-of-function), is not different”   

We do not agree that changes identical to those seen in FA AML (eg Rochowski et al, 2012 and 

Quentin et al, 2011) will necessarily be observed in sporadic AML associated with FANC 
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heterozygous mutations. A critical distinction is that individuals with heterozygous deleterious 

FANC gene mutations have a functional FA pathway (albeit our data suggests with subtle 

impairment) and an intact haematopoietic system, while in FA patients an AML clone that 

develops is formed in the context of severely reduced or nil FA pathway function and failure of 

the haematopoietic system (ie considered as AML secondary to BMF, ref 53 in ms). Thus, it is 

likely that the genetic changes that are seen selectively in FA AML may facilitate the 

development of an AML clone in this BMF context, and allow growth and survival of the AML 

clone in the absence of FA pathway function.  This is now discussed on page 18-19 of the ms.   

 

“The strongest point against the assumed genetic risk is the clinical observation that in FA there 

is not an increased frequency of familial leukaemia  …..even the cases of multiple cancers in 

FA family members, these have been T-cell ALL, not AML, and solid tumours” “Described 

association with other cancers, like breast cancer, cannot be supporting a role for AML 

causation. There is very little evidence supporting a common clinical or cellular phenotype of 

FA-mutation carrier status (except for BRCA2, BRCA1 and PALB2 mutations, which are 

associated with familial cancer)”.   

We have now extensively addressed this issue; see responses above. Most importantly we now 

show a subtle phenotype associated with heterozygous FANCL mutation in the MCF10A cell 

line model  

 

“There is an enormous amount of speculation relating to mechanisms …”discussion of R-loops 

has now been removed and other speculative sections reduced extensively.  

Reviewer #2  

“The correlation with FANC expression was described in the manuscript but is perhaps 

underplayed as it could give further indication of the mechanism of leukaemogenesis in AML 

arising from FANC mutations” See response above.   

 

“the authors showed the clinical, molecular and cytogenetic parameters associated with the 

patient cohorts, but failed to mention in the main article text that whilst FANC mutations are 

not themselves mutually exclusive, indeed those patients with one mutation usually have a 

second, but they are almost mutually exclusive from FLT3 and several other frequently seen 

mutations in AML” This is now briefly discussed in the RESULTS, page 8-9 of the ms  

 

“it would be interesting to determine the impact of FANC mutations on survival or to perform 

a multi-variant analysis of all known prognostic factors”. Agree that this is of sig interest.  We 

are acquiring the complete set of patient survival data that will allow us to perform this analysis 

and this may form the basis of a separate report.   
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Reviewer #3.  

Minor points have been now corrected in the ms. 

Reviewer #4.  

“it is not clear whether these mutations are driver or passenger mutations and whether these 

heterozygous mutations have any functional significance”.  

This terminology is applied to somatic cancer variants and it is only rarely that FANC gene 

somatic mutations occur in AML; as such the major question that arises from our study is 

whether these mutations confer a phenotype consistent with cancer pre-disposition, hence the 

inclusion of the MCF10A CRISPR FANCL cell line model. This has provided proof-of-

principle that het FANC core/ID2 gene mutations lead to impaired function of the FA pathway. 

“… the gene expression analysis data and interpretation is largely speculative” Addressed 

above. 

“Is the frequency of FA gene mutation greater in the AML cohort than the unaffected cohort?” 

The overall frequency of patients with rare deleterious FANC gene mutations was similar 

compared to the healthy female controls although our analysis also revealed an elevated 

frequency of female AML cases carrying D-C mutations (page 9).  

 

“For this analysis, why was the control cohort all-female as opposed to a matched gender 

cohort?”  

We have utilised an available all-female cohort that has been sequenced and analysed using the 

same bioinformatics pipeline. As discussed on page 9 for some FANC genes there have been 

reports of gender over-representation (ref 34 and 35 in the ms) hence we restricted our 

comparison to the female AML cases.   

 

“The authors describe an increased frequency of FA gene disease-causing mutations among 

females compared to the control all-female cohort (page 10, line 153). Was a similar analysis 

performed for males?” See above 

“The authors state that the frequency of patients carrying disease-causing FA gene variants in 

the TCGA AML cohort was not significantly different to that of European-Americans in the 

ESP database. Can the authors speculate as to why there is a difference between the findings 

from the Australian and TCGA AML cohorts?” We expect that this reflects the heterogeneity 

of AML and differences in characteristics between the Australian and US cohorts, ie differences 

in ethnicity backgrounds. 

“FA is not strictly recessive (Wang et al., 2015, RAD51/FANCR, Molecular Cell).”  Now 

corrected in the text. 

“There are now 22 FA genes, and not 19 as reported in this manuscript. The authors should 
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ideally need to update their analysis for all 22 genes” Our analysis has now been updated to 

include all 22 FANC genes  

“Abstract, page 3, line 61: The latter part of the sentence “Taken together with recent studies 

this data strongly suggests that rare heterozygous germline FANC mutations confer modest 

increased AML risk that maybe modified by environmental or infectious exposure, and/or 

variants affecting aldehyde metabolism” is too speculative to be included in the abstract”   We 

have removed this point from the abstract, but we strongly believe that while speculative, this 

point needs to be included in the DISCUSSION. 

“There are two FANCD genes: D1 and D2. ID should be replaced with ID2 throughout the 

manuscript.” Corrected 

Page 3, line 68: Fanconi anaemia and Fanconi syndrome are distinct clinical entities. Remove 

‘the’ and ‘syndrome’ from line 68. Corrected 

Page 5, lines 97-99 and 99-101: Insert the relevant citations. Corrected 

Page 6, line 122: The most widely mutated FA genes are FANCA, FANCC, and 

FANCG. Corrected  

Spell out and/or explain CADD filtering for pathogenicity. Ref 33 now included in the 

RESULTS section.  

Page 10, line 155: 16 or 19 FA genes?   Correct as stated. Requirement to match to the previous 

study.  

Page 10, line 174: How can the authors make this conclusion based on the distribution of 

mutations?    This statement has now been removed. 

Page 10, lines 175-178. This statement is largely speculative and not supported by the data 

presented in Table 3. What literature evidence is the author referring to?  This statement has 

been re-worded to better align with the data in the Table.  Table has been moved to Suppl 

Information (now Suppl Table S4) 

Page 13, line 207. How does the absence of mutant allele expression confirm 

haploinsufficiency?  The discussion of haploinsufficiency has been modified and now better 

covers the limitations of mutant-allele detection in tumour material.  

“Page 14. For the gene expression profiling analysis, while I realize that these results are 

potentially interesting, there is no experimental validation for any of this data and these findings 

remain largely speculative. For example, experimental validation of increased activity of the 

base excision repair pathway upon disruption of the FA pathway would be quite novel” See 

above. Expression differences for individual genes are shown in the AML samples (Fig 2B).   
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1. SUPPLEMENTARY MATERIALS AND METHODS 

 

Control Cohort. For case-control studies comparing mutation frequencies to that in healthy 

individuals we used WES data generated from a normal healthy cohort (n=799) ref (1). This 

control cohort is all female of Caucasian ethnic origin with mean age of 67yrs (46-86yrs). These 

samples have been sequenced on the Illumina TrueSeq Enrichment kit v2.0 (Illumina, San 

Diego, CA, USA) and analysed using the same methods as described below. For the Australian 

AML patients, 323 of these controls with a mean coverage of (27.5x) were used for the burden 

analysis against the AML cohort. In addition, a cohort of 49 germline samples, sequenced using 

Illumina Nextera Rapid exome capture, were used to control for potential bias between the two 

capture kits, but were not used in the burden analysis (see methods below). For the replication 

study with TCGA AML sequence data, we used the other 476 samples from the healthy cohort, 

these had a mean coverage of 23.9x.  

Whole Exome Sequencing of AML samples. Genomic DNA was extracted from patient AML 

samples or mesenchymal stromal cells using the QIAamp DNA Blood Mini Kit (Qiagen, 

Hilden, Germany) according to the manufacturer’s instructions. Genomic DNA was sonicated 

and DNA sequencing libraries were constructed using a preparation kit for paired-end 

sequencing (Illumina) as per the manufacturer’s protocol. Liquid-phase hybridization for 

exome capture was performed using the Illumina TruSeq Exome Enrichment Kit v2.0 

(Illumina) (n=89) or Illumina Nextera Rapid (FC-140-1003, Illumina) (n=35). Efficiency of 

sequence capture was assessed using quantitative real-time PCR with standard control primers 

as recommended by the manufacturer and quality of each DNA sequencing library was assessed 

using a 2100 Bioanalyzer and DNA 1000 chip kits (Agilent Technologies, Santa Clara, CA, 

USA).  DNA concentration was standardized to 10 nM for sequencing. Massive parallel 

sequencing was performed using the Illumina HiSeq 2000 configured for paired-end reads. The 

89 Illumina TrueSeq AML exomes had a mean coverage of 57x (26-102x), while the 35 

Illumina Nextera AML exomes had a mean coverage of 47.6x (22-144x). Exome sequencing 

and variant calling was performed at the UQ Centre for Clinical Genomics.   

Base calling and variant filtering. Initial base calling was performed using the CASAVA 1.7 

data analysis pipeline software (Illumina). Sequence data were aligned to the current build hg19 

of the human genome using the Novoalign alignment tool [V2.07.09 1] ref (2). Sequence 

alignment files were converted using SAMtools [v0.1.14] (ref(3)) and Picard tools (v1.42). 

SNPs and indels for all 131 AML samples were simultaneously called using the best practice 

protocols described for Genome Analysis Toolkit (GATK v3.5-2 for Australian AML samples 
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and GATK v3.2-2 for TCGA replication samples). This genotyping included sample level Indel 

realignment and variant quality score recalibration (VSQ). Genotypes were annotated using 

ANNOVAR (4) using Refseq, Ensembl and UCSC transcript definitions and the Ensembl 

Variant Effect Predictor (VEP). Sequencing data were analysed and filtered using custom 

scripts employing R and Bioconductor. Good quality SNPs and indels (VSQ: FILTER=PASS) 

were retained. We describe additional sample and genotype level filtering applied for the burden 

analyses below.  

For several of the subsequent analyses we defined rare variants as those with a population 

frequency/minor allele frequency (MAF) <0.001 reported in dbSNP147, 1000 genomes (April 

2012 version, any ethnicity) and the 6500 NHLBI-ESP project (any ethnicity). We include 

monomorphic variants and those reported in dbSNP without a population frequency in this 

category. Deleterious variants were defined if ANNOVAR (using any of the 3 transcript 

definitions), or the VEP, predicted a mutation to be non-synonymous, splicing (including splice 

donor and splice acceptor variants defined by VEP), stop-gain, stop-loss, a frameshift or non-

frameshift substitution or deletion, an initiator codon variant, a stop retained variant or an 

incomplete terminal codon variant. We additionally excluded loci where coverage was low 

and/or the missing rate was high across the cohort. These loci were identified by first filtering 

genotypes with less than 7 reads supporting heterozygous calls, and 2 for homozygous calls, 

before calculating the missing rate. If the missing rate exceeded 80%, all genotypes at that loci 

were excluded. This approach removes low coverage regions where genotypes can be unreliable 

and discrimination between homozygous and heterozygous calls is poor. We are aware that 

sequencing artefacts can occur even with this filtering, often appearing as novel or rare 

mutations (in a population sense) occurring at high frequency in a genotyped cohort. To help 

identify these, we applied a Hardy-Weinberg p-value filter of 10-6 to the controls and 

additionally excluded loci where the allele frequency in the control genotypes greatly exceeded 

that of the population frequency filter. We defined this as 6 standard deviations away from the 

population threshold of 0.001. Under the binominal approximation, this is defined by (“control 

allele count”- n*p)/sqrt(n*p*(1-p))<=6. For example, if n=400 and P=0.001, this restricts our 

analysis to loci with 3 or less alleles reported in the control cohort. We additionally excluded 

loci where the mean genotype quality (GQ) score was <50 in samples where an alternative allele 

was predicted. To control for potential biases generated by different exome capture methods 

and different cohorts, we compared both genotype counts between control groups and modelled 

the background allele frequency between the different cohorts. If the genotype counts differed 

between Illumina and Nextera control cohorts under the binomial approximation with P<0.001, 

we excluded that loci. We modelled the background allele frequency for all loci using samples 
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with homozygous reference genotypes, essentially using the alternative allele frequency to 

estimate a position dependent background sequencing error rate within each cohort. Differences 

in that background error rate were used to identify loci where potential batch effects might 

occur. We chose to exclude loci where the background error rates differed by 6 standard 

deviation in loci where there was a least 100 reads from the cohorts. Control cohorts on Illumina 

and Nextera Captures were compared in the analysis for the Australian AML cases and 

background error rates between control and TCGA was made in the replication experiment. 

One loci in the FANC gene group failed this filtering in the analysis for the Australian AML 

cohort, but none in the TCGA cohort analysis. For further pathogenicity filtering we used the 

Combined Annotation Dependent Depletion algorithm (CADD score >10) ref (5). Selected 

FANC gene variants were validated in matched diagnostic and germline material by 

conventional Sanger sequencing to establish somatic status.  

Analysis of FANC variant enrichment in AML cases vs controls. To compare the frequency 

of uncommon, deleterious protein coding variants affecting the FANC gene group (22 genes) 

and individual FANC genes, we performed burden analysis between the Australian AML 

patient cohort (n=131) and the ethnically matched (Caucasian) healthy female control 

population (n=323). Burden analysis (6) was performed using the SkatMeta program in R with 

no allele weighting. Because the control cohort was all female, we excluded genes on the X or 

Y chromosomes to remove any gender bias. Ethnicity was confirmed by converting the control 

and AML samples to PLINK genotype format and merging with 1000 genome control samples 

of known ethnicities. After removing regions with known long-range LD, principle component 

analysis using shellfish (http://www.stats.ox.ac.uk/~davison/software/shellfish/shellfish.php) 

was then preformed to remove ethnic outliers (greater than 6 standard deviation from the 

weighted mean of Caucasian 1000 genome samples). Residual population stratification was 

controlled for by using the first 4 principle component eigenvectors as covariates in the burden 

tests. However, we found that results did change significantly if Caucasian samples where used 

in burden test without additional population correction using the eigenvectors, suggesting that 

the remaining 131 AML cases and 323 controls were ethnically matched.  

For comparison of the TCGA AML cohort with healthy individuals, we compared variants 

identified in the published sequences from an ethnically-matched (reported as Caucasian) 

cohort of 102 AML cases from the TCGA consortium (7). Genotyping was performed using 

the haplotype callers (version 3.0), again with GATK best practices and otherwise annotated 

and analysed using the same pipeline and quality control procedures as above.  

Identification of Disease-causing (D-C) mutations.  D-C mutations were identified by cross-
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referencing to the FA database (Rockefeller University, FAMutdb; 

http://www.rockefeller.edu/fanconi/), the Kathleen Cuningham Foundation Consortium for 

research into Familial Breast (kConFab; http://www.kconfab.org/Index.shtml), and the 

National Institute of Health (NIH)’s Breast Cancer Information Core (BIC) database 

(https://research.nhgri.nih.gov/bic/). Mutations annotated as FA haplotype or highlighted in red 

in the FA database (breast cancer associated), annotated as pathogenic in the kConFab database, 

or annotated as Class 5 mutation in the BIC database were classified as D-C.  

Odds ratio calculation. Odds ratios were calculated using Stata/IC 12.1 software (StataCorp, 

College Station, TX, USA).  

Gene expression profiles of FA/BRCA-HR mutant AML. For gene expression analysis we 

initially analysed a dataset consisting 139 Illumina HumanHT12_V4_0_R2_15002873_B Bead 

Arrays.  Probe-level data was loaded using the R package lumi and Illumina Probe identifiers 

were also converted to nuID labels for compatibility with the analysis packages.  Array quality 

on this set of 139 (130 AML and 9 CD34+) arrays was assessed using the R package 

arrayQualityMetrics.  Distances between arrays were calculated by taking the mean of the 

absolute values of the differences in log2 intensities between a pair of arrays.  Utilizing this 

method, 3 samples were consistently called as outliers and were removed leaving a total of 136 

arrays for downstream analysis. The data was background-corrected using the Negative Control 

Probes to estimate the parameters of a Robust Multi-Array Average (RMA) like model in the 

R package mbcb. Background corrected data was log2-transformed to help minimise the impact 

of increasing variance with increasing signal, and the dataset was normalised using Robust 

Spline Normalisation (RSN). Probes with sequences considered to be poor matches for the 

corresponding target, or with no matches were removed. Detection Above Background 

(DABG) was also performed and probes with detection p-values >0.05 in more than half of the 

samples were removed leaving a total of 15,484 probes for down-stream analysis. For baseline 

expression levels, 9 healthy CD34+ cell populations were used. Of the 136 arrays analysed, 

WES mutation data for the FA/BRCA-HRR network was available for 57 samples and these 

were utilized for further differential gene expression analysis. For this, annotations were 

transformed from categorical to binary variables and a model matrix created. Probe-level 

weights were assigned as the number of beads from which the intensity estimate was obtained, 

and array-level weights were subsequently estimated using these probe-level weights along 

with the model matrix.  On performing this analysis, we found 115 genes to be significantly 

differentially expressed at P<0.05. These genes were further filtered using a fold-change cut-

off of 1.5 (Supplementary Table S5). To determine whether differentially expressed genes show 
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enrichment for other gene signatures we used gene set enrichment analysis GSEA (8, 9).  

Results of GSEA are shown in Supplementary Table S6 and Figure. 2.  

qRT-PCR. RNA was extracted from AML patient’s bone marrow mononuclear cells 

(BMMNC) and cDNA synthesised with the QuantiTect Reverse Transcription Kit (Qiagen) 

following manufacturer’s instructions. qRT-PCR was performed with Power SYBR Green 

Master Mix (ThermoFisher Scientific), respective primer pair at 125nM and cDNA diluted 1/10 

using the Applied Biosystems ViiA™ 7 Real-Time PCR System (Life Technologies). Results 

were analyzed with QuantStudio Real-Time PCR Software v1.1 (Life Technologies). 

Cell cycle analysis. 2x105 cells were seeded in each well of a 6-well plate and left to recover 

overnight. 40ng/mL of MMC or vehicle (DMSO) were added to the wells and incubated for 48 

hours. The cells were harvested and resuspended in 300µL of cold 1x PBS. Cells were fixed 

with 700µL of 100% ethanol added to each tube dropwise (with vortexing). The tubes were 

incubated at 4oC for 30 minutes, spun down and resuspended in 100µL of propidium iodide 

solution (4µg/mL). The tubes were incubated at 37oC for 30 minutes (in the dark). Fluorescence 

was measured in a Beckman Coulter Gallios, using Gallios Cytometry List Mode Data 

Acquisition and Analysis Software version 1.2 (Beckman Coulter). Results were analysed with 

FCS Express 4 Flow Research Edition software (De Novo Software) using the Multicycle 

setting. 

Western blot. 2x105 cells were seeded in each well of a 6-well plate and left to recover 

overnight. 40ng/mL of MMC or vehicle (DMSO) were added to the wells and incubated for 48 

hours. The cells were harvested and lysed with NP40 Lysis buffer (ThermoFisher Scientific) 

supplemented with cOmplete™ protease inhibitor (Roche), PhosSTOP™ (Roche) and 

Pefabloc® (Roche) at the recommended concentrations. Protein was quantified using the DC 

Protein Assay kit (BioRad) as per manufacturer’s protocol. 50µg of lysate were loaded for SDS-

PAGE. Protein was transferred from the gels into PVDF membranes using a semi dry transfer 

apparatus (BioRad). The membranes were blocked for 1h at room temperature with 5% skim 

milk in 0.1% Tris-buffered saline + 0.1% TritonX-100 (TBS-t) and then incubated with primary 

antibodies overnight at 4oC. Antibodies were diluted as follows: anti-FANCD2 (Novus: 

NB100-182) 1:5000 in 5% skim milk in 0.1% TBS-t, and anti-HSP90 (Cell Signalling: 4875, 

clone E289) 1:2000 in 5% BSA in 0.1% TBS-t. After incubation with secondary antibodies for 

1h at room temperature membranes were scanned in a Typhoon FLA 9000 (GE Healthcare) 

scanner. 
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2. SUPPLEMENTARY FIGURES 

Figure S1. Correlation between percentage of patients in the Australian and TCGA AML 

cohorts with somatic mutations in genes recurrently mutated in AML (r=0.886). 
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Figure S2. Expression of mutant FANC variants by Sanger sequencing.  Sanger sequencing 

traces of cDNA of selected FANC gene variants in AML samples (n=13). 

Forward 

sequences 

Reverse 

sequences 

Forward 

sequences 

Reverse 

sequences 

    

FANCA - c.A3391G:p.T1131A FANCD2 - c.C2776T:p.R926X 

  

  

SLX4 - c.G2437A:p.E813K FANCM - c.A1545C:p.K515N 

    

FANCL - c.A343G:p.I115V FANCL - c.C112T:p.L38F 
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BRCA1 - c.T2566C:p.Y856H FANCL - 

c.1099_1100insATT

A:p.T367fs 

BRCA1 - 

c.C3607T:p.R1203X 

    

RAD51C - c.G376A:p.A126T BRCA1 - c.G4956A:p.M1652I 

    

FANCM - c.C5101T:p.Q1701X ERCC4 - c.T2117C:p.I706T 
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Figure S3. Association of FANC mutations with recurrent somatic AML mutations and 

cytogenetics in the Australian AML Cohort. The columns in the figure represent each patient 

in the Australian AML cohort (n=131). The first line in the figure represents the 22 FANC 

genes as a group. The subsequent lines represent individual FANC genes, AML recurrently 

mutated genes, karyotype and cytogenetics characteristics. Patients carrying 1 or more FANC 

mutations (n= 44) are represented with red boxes. Patients with specific common AML 

mutations are represented with blue boxes. Patients with normal, abnormal (1 or 2 

abnormalities) and complex (3 or more abnormalities) karyotypes are represented with green 

boxes. Patients with specific karyotypic abnormalities are represented by orange boxes. 

Del7/7q and FLT3-ITD are under-represented (blue highlight) in the FANC-mutant AML 

patient group (P=0.028 and P=0.05, respectively). 
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Figure S4. MCF10A CRISPR clones. MCF10A clones generated using CRISPR-Cas9. Blue 

font represent wild type sequence (identical to the reference sequence) and red font represent 

the alternate sequence obtained due to frameshift deletions from CRISPR-Cas9. Clone P1B4 

had a premature stop mutation on 1 allele and an arginine was deleted on the other allele. Clone 

P2B5 had a four nucleotide deletion resulting in a premature stop codon on one allele. Clone 

P2D3 had a deletion of two nucleotides resulting in a premature stop codon on one allele. Clone 

P4A4 had two consecutive amino acids deleted (glutamine and asparagine) on one allele and 

was wild type on the second allele. Clones P1A4 and P1D3 are shown to be wild type. 

   

FANCL  DNA  Protein

REF SEQ CAGAACCGGTCGAAAA  +15 LPQNRSKTVYEGFISAQGRDFHLRIV

Allele 1 CAGAA--GGTCGAAAA  +15 LPQKVENRVStop

Allele 2 CAGAA----TTCGAAAA  +15 LPQN-SKTVYEGFISAQGRDFHLRIV

Allele 1 CAGAACCGGTCGAAAA  +15 LPQNRSKTVYEGFISAQGRDFHLRIV

Allele 2 CAGAA----TCGAAAA  +15 LPQNRKPCMRDSSRLREETSTLGStop

Allele 1 CAGAACCGGTCGAAAA  +15 LPQNRSKTVYEGFISAQGRDFHLRIV

Allele 2 CAGAA--GGTCGAAAA  +15 LPQKVENRVStop

Allele 1 CAGAACCGGTCGAAAA  +15 LPQNRSKTVYEGFISAQGRDFHLRIV

Allele 2 C------GGTCGAAAA  +15 LP--RSKTVYEGFISAQGRDFHLRIV

Allele 1 CAGAACCGGTCGAAAA  +15 LPQNRSKTVYEGFISAQGRDFHLRIV

Allele 2 CAGAACCGGTCGAAAA  +15 LPQNRSKTVYEGFISAQGRDFHLRIV

Allele 1 CAGAACCGGTCGAAAA  +15 LPQNRSKTVYEGFISAQGRDFHLRIV

Allele 2 CAGAACCGGTCGAAAA  +15 LPQNRSKTVYEGFISAQGRDFHLRIV

P1A4

P1D3

P4A4

Clone 

ID

P1B4

P2B5

P2D3



146 

 

Figure S5. Cell cycle analysis (n=4). (A) Cell cycle analysis for each of the six MCF10A 

FANCL CRISPR clones treated with 40ng/mL of MMC (t-clones) and vehicle (un-clones). Cell 

cycle analysis showing the G0/G1 phase (B), S phase (C) and G2/M phase (D) for each of the 

six MCF10A FANCL CRISPR clones treated with 40ng/mL of MMC (t-clones) and vehicle 

(un-clones). 
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Figure S6. Western blot analysis MCF10A clones. Western blots for FANCD2 and HSP90 

(loading control) of the six MCF10A CRISPR clones treated with vehicle or MMC (40ng/mL) 

for 48 hours.  
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3. SUPPLEMENTARY TABLES 

Table S1. Characteristics of the Australian AML Cohort 

 
All Cases 

(n=131) 

Mutant Group 

(n=45) 

Non-Mutant 

Group (n=86) 

1P value  

Age - median (range) 55 (17-89) 58 (18-84) 54 (17-89) 0.8055^ 

Male – n / total (%) 80 / 131 (61.1%) 29 / 45 (64.4%) 51 / 86 (59.3%) 0.7062 

Female – n / total (%) 51 / 131 (38.9%) 16 / 45 (35.6%) 35 / 86 (40.7%) 0.7062 

WCC x109/L - median (range) 19 (1.07-313.3) 26 (1.22-227) 15.45 (1.07-

313.3) 

0.8793^ 

BM Blast % - median (range) 80.75 (50-100) 77 (50-100) 83.5 (50-99) 0.2869^ 

Primary/Secondary AML – n / total (%) 
    

De Novo 75 / 83 (90.4%) 26/30 (86.7%) 49/53 (92.5%) 0.4514 

Secondary 8 / 83 (9.6%) 4 /30(13.3%) 4/53 (7.5%) 0.4514 

Unknown 48    

Transplant – n / total (%) 
    

Yes 23 / 89 (25.8%) 10 / 32 (31.2%) 13 / 57 (22.8%) 0.4521 

No 66 / 89 (74.2%) 22 / 32 (68.8%) 44 / 57 (77.2%) 0.4521 

Unknown 42    

2FAB – n / total (%) 
    

M0 4 / 87 (4.6%) 0 / 32 (0%) 4 / 55 (7.3%) 0.2932 

M1 31 / 87 (35.6%) 9 / 32 (28.1%) 22 / 55 (40%) 1 

M2 17 / 87 (19.5%) 7 / 32 (21.9%) 10 / 55 (18.2%) 0.7808 

M3 0 / 87 (0%) 0 / 32 (0%) 0 / 55 (0%) 1 

M4 17 / 87 (19.5%) 8 / 32 (25%) 9 / 55 (16.4%) 0.4032 

M5 13 / 87 (14.9%) 5 / 32 (15.6%) 8 / 55 (14.5%) 1 

M6 0 / 87 (0%) 0 / 32 (0%) 0 / 55 (0%) 1 

M7 1 / 87 (1.1%) 1 / 32 (3.1%) 0 / 55 (0%) 0.3678 

Not classified 4 / 87 (4.6%) 2 / 32 (6.3%) 2 / 55 (3.6%) 0.6196 

Unknown 44    

3ELN Cytogenetic Risk – n/total (%) 
    

Good 11 / 54 (20.4%) 5 / 21 (23.8%) 6 / 33 (18.2%) 0.7329 

Intermediate-1 11 / 54 (20.4%) 3 / 21 (14.3 %) 8 / 33 (24.2%) 0.4974 

Intermediate-2 13 / 54 (24.1%) 9 / 21 (42.9%) 4 / 33 (12.1%) 0.02* 

Adverse 19 / 54 (35.2%) 4 / 21 (19%) 15 / 33 (45.5%) 0.0786 

Unknown 77    

4Grimwade Cytogenetic Risk – n/total (%) 
    

Good 7 / 122 (5.7%) 2 / 40 (5%) 5 / 82 (6.1%) 1 

Intermediate 88 / 122 (72.1%) 31 / 40 (77.5%) 57 / 82 (69.5%) 0.3970 

Poor 27 / 122 (22.1%) 7 /40 (17.5%) 20 / 82 (24.4%) 0.4886 

Unknown 9    

Simple Karyotype – n/total (%) 
    

Normal 70 / 129 (54.3%) 20 / 44 (44.5%) 50 / 85 (58.8%) 0.1921 

Abnormal 40 / 129 (31.0%) 18 / 44 (40.9%) 22 / 85 (25.9%) 0.1079 

Complex 19 / 129 (14.7%) 6 / 44 (13.6%) 13 / 85 (15.3%) 1 

Unknown 2    
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Cytogenetics – n/total (%) 
    

t(15;17) 0 / 129 (0%) 0 (0%) 0 (0%) 1 

CBF 10 / 129 (7.75%) 3 / 44 (6.82%) 7 / 85 (8.24%) 1 

MLL 7 / 129 (5.43%) 3 / 44 (6.82%) 4 / 85 (4.71%) 0.6895 

tri(8) 11 / 129 (8.53%) 3 / 44 (6.82%) 8 / 85 (9.41%) 0.7481 

mono(5) / del(5q) 5 / 129 (3.88%) 1 / 44 (2.27%) 4 / 85 (4.71%) 0.6605 

mono(7) / del(7q) 9 / 129 (6.98%) 0 / 44 (0%) 9 / 85 (10.59%) 0.0275* 

tri(21) 3 / 129 (2.33%) 1 / 44 (2.27%) 2 / 85 (2.35%) 1 

Mutations – n/total (%) 
    

FLT3-ITD 44 / 131 (33.6%) 10 / 45 (22.2%) 34 / 86 (39.5%) 0.0531 

FLT3-TKD 7 / 131 (5.34%) 4 / 45 (8.9%) 3 / 86 (3.5%) 0.2315 

NPM1 46 / 131 (35.1%) 12 / 45 (26.7%) 34 / 86 (39.5%) 0.1784 

DNMT3A 41 / 131 (31.3%) 15 / 45 (33.3%) 26 / 86 (30.2%) 0.8429 

IDH1 14 / 131 (10.7%) 6 / 45 (13.3%) 8 / 86 (9.3%) 0.5549 

IDH2 24 / 131 (18.3%) 9 / 45 (20%) 15 / 86 (17.4%) 0.8128 

TET2 21 / 131 (16%) 7 / 45 (15.6%) 14 / 86 (16.3%) 1 

1P values are calculated by Fisher’s exact test except for: ^ determined by Student’s t-test. 

2FAB: French-America-British classification (10) 

3ELN: European LeukaemiaNet (11) 

4Grimwade classification (12) 

*P<0.05 
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Table S2. List of FANC variants in AML (Australian cohort) 

ID chr start end REF ALT TYPE Gene Ref Seq Exon Nucleotide Change Amino acid 

change 

Consequence CADD 

Score 

No. of Reads 

(Ref) 

No. of Reads 

(Alt) 

% of Alt 

Reads 

Disease Causing variant 

(FAmutDB) 

WES-8 chr2 58386928 58386928 - TAA

T 

indel FANCL NM_018062 exon14 c.1099_1100insATTA p.T367fs frameshift_variant 38 11 9 45.0 Yes 

WES-13 chr17 41222975 41222975 C T snp BRCA1 NM_007298 exon14 c.G1644A p.M548I missense_variant 22.3 17 16 48.5 No 

WES-14 chr2 58459232 58459232 G A snp FANCL NM_018062 exon2 c.C112T p.L38F missense_variant 25.3 20 7 25.9 No 

WES-18 chr2 58449108 58449108 T C snp FANCL NM_018062 exon5 c.A343G p.I115V missense_variant 14.1 14 6 30.0 No 

WES-20 chr9 97912307 97912307 T A snp FANCC NM_001243743 exon7 c.A584T p.D195V missense_variant 25.2 37 35 48.6 Yes 

WES-21 chr16 89813256 89813256 T C snp FANCA NM_000135 exon34 c.A3391G p.T1131A missense_variant 23.5 47 31 39.7 Yes 

WES-21 chr3 10116274 10116274 C T snp FANCD2 NM_033084 exon29 c.C2776T p.R926X stop_gained 46 14 10 41.7 Yes 

WES-23 chr16 3641280 3641280 C T snp SLX4 NM_032444 exon12 c.G2359A p.E787K missense_variant 21.6 26 27 50.9 No 

WES-26 chr14 45606290 45606290 C T snp FANCM NM_020937 exon2 c.C527T p.T176I missense_variant 20.2 24 18 42.9 No 

WES-28 chr17 59938933 59938933 A G snp BRIP1 - - - - splice_region_variant 15.04 13 20 60.6 No 

WES-30 chr2 58388668 58388670 ATA - indel FANCL NM_018062 exon12 c.1007_1009del p.336_337del missense_variant 22.8 14 15 51.7 Yes 

WES-33 chr17 56772522 56772522 G A snp RAD51C NM_002876 exon2 c.G376A p.A126T missense_variant 21.7 38 40 51.3 No 

WES-34 chr16 14041570 14041570 T C snp ERCC4 NM_005236 exon11 c.T2117C p.I706T missense_variant 27.2 69 59 46.1 No 

WES-37 chr16 14026059 14026059 G A snp ERCC4 NM_005236 exon6 c.G1019A p.R340Q missense_variant 34 6 3 33.3 No 

WES-38 chr16 14028081 14028081 C T snp ERCC4 NM_005236 exon7 c.C1135T p.P379S missense_variant 32 39 21 35.0 No 

WES-40 chr14 45665603 45665603 G A snp FANCM NM_020937 exon21 c.G5569A p.V1857M missense_variant 27.7 29 26 47.3 No 

WES-41 chr2 58468399 58468399 G C snp FANCL NM_018062 exon1 c.C50G p.P17R missense_variant 22.2 51 35 40.7 No 

WES-45 chr16 74657852 74657852 T C snp RFWD3 NM_018124 exon13 c.A2299G p.M767V missense_variant 10.21 53 39 42.4 No 

WES-46 chr17 41243941 41243941 G A snp BRCA1 NM_007294 exon10 c.C3607T p.R1203X stop_gained 35 52 45 46.4 Yes (kConFab) 

WES-46 chr14 45658326 45658326 C T snp FANCM NM_020937 exon20 c.C5101T p.Q1701X stop_gained 35 46 47 50.5 No 

WES-47 chr16 89877182 89877182 G C snp FANCA NM_001018112 exon5 c.C455G p.A152G missense_variant 13.73 83 47 36.2 No 

WES-55 chr16 3642715 3642715 C G snp SLX4 NM_032444 exon11 c.G2312C p.S771T missense_variant 15.99 22 20 47.6 No 

WES-57 chr16 3641202 3641202 C T snp SLX4 NM_032444 exon12 c.G2437A p.E813K missense_variant 28.2 28 33 54.1 No 

WES-59 chr15 89804921 89804921 A G snp FANCI NM_018193 exon5 c.A394G p.I132V missense_variant 10.54 43 29 40.3 No 

WES-60 chr17 41222975 41222975 C T snp BRCA1 NM_007298 exon14 c.G1644A p.M548I missense_variant 22.3 16 13 44.8 No 

WES-60 chr2 58386928 58386928 - TAA

T 

indel FANCL NM_018062 exon14 c.1099_1100insATTA p.T367fs frameshift_variant 38 11 9 45.0 Yes 

WES-64 chr9 35076755 35076755 G A snp FANCG NM_004629 exon7 c.C890T p.T297I missense_variant 21.6 72 80 52.6 Yes 

WES-73 chr16 3647893 3647893 G A snp SLX4 NM_032444 exon6 c.C1271T p.A424V missense_variant 27.5 18 20 52.6 No 

WES-78 chr14 45628478 45628478 C G snp FANCM NM_020937 exon9 c.C1576G p.L526V missense_variant 21.1 20 28 58.3 No 

WES-79 chr9 97912307 97912307 T A snp FANCC NM_001243743 exon7 c.A584T p.D195V missense_variant 25.2 49 47 49.0 Yes 

WES-81 chr14 45644816 45644816 A C snp FANCM NM_020937 exon14 c.A2859C p.K953N missense_variant 22.2 24 16 40.0 No 

WES-81 chr16 3633255 3633255 G A snp SLX4 NM_032444 exon14 c.C4996T p.R1666X stop_gained 36 40 37 48.1 No 

WES-86 chr9 97912307 97912307 T A snp FANCC NM_001243743 exon7 c.A584T p.D195V missense_variant 25.2 39 40 50.6 Yes 

WES-86 chr2 58456962 58456962 C G snp FANCL NM_018062 exon3 c.G203C p.R68P missense_variant 22.5 8 13 61.9 No 

WES-86 chr14 45644816 45644816 A C snp FANCM NM_020937 exon14 c.A2859C p.K953N missense_variant 22.2 21 11 34.4 No 

WES-89 chr14 45628478 45628478 C G snp FANCM NM_020937 exon9 c.C1576G p.L526V missense_variant 21.1 14 7 33.3 No 

WES-94 chr14 45645955 45645955 A - indel FANCM NM_020937 exon14 c.3998delA p.Q1333fs frameshift_variant 22.3 21 20 48.8 No 

WES-201 chr16 14015897 14015897 A G snp ERCC4 NM_005236 exon2 c.A217G p.I73V missense_variant 22.2 34 40 54.1 No 

WES-201 chr15 89807213 89807213 G C snp FANCI NM_018193 exon8 c.G625C p.E209Q missense_variant 25.8 100 84 45.7 No 

WES-202 chr14 45606290 45606290 C T snp FANCM NM_020937 exon2 c.C527T p.T176I missense_variant 20.2 34 25 42.4 No 

WES-216 chr2 58388668 58388670 ATA - indel FANCL NM_018062 exon12 c.1007_1009del p.336_337del missense_variant 22.8 56 54 49.1 Yes 

WES-222 chr16 23614892 23614892 A C snp PALB2 NM_024675 exon13 c.T3449G p.L1150R missense_variant 15.08 65 54 45.4 No 

WES-224 chr9 97864024 97864024 G A snp FANCC NM_001243743 exon15 c.C1642T p.R548X stop_gained 37 68 40 37.0 Yes 

WES-225 chr15 89807836 89807836 C T snp FANCI NM_018193 exon9 c.C753T p.D251D splice_region_variant 14.29 41 36 46.8 No 

WES-226 chr16 23652433 23652433 T C snp PALB2 NM_024675 exon1 c.A46G p.K16E missense_variant 22.3 15 17 53.1 No 

WES-227 chr16 3640664 3640664 C T snp SLX4 NM_032444 exon12 c.G2975A p.G992E missense_variant 16.23 26 23 46.9 No 

WES-231 chr2 58388659 58388659 C T snp FANCL NM_018062 exon12 c.G1018A p.E340K missense_variant 22.5 89 60 40.3 No 

WES-231 chr14 45628478 45628478 C G snp FANCM NM_020937 exon9 c.C1576G p.L526V missense_variant 21.1 41 42 50.6 No 
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WES-236 chr13 32907277 32907277 T G snp BRCA2 NM_000059 exon10 c.T1662G p.C554W missense_variant 22.9 55 39 41.5 No 

WES-245 chr13 32914592 32914592 C T snp BRCA2 NM_000059 exon11 c.C6100T p.R2034C missense_variant 22.2 58 64 52.5 No 

WES-247 chr6 35427531 35427531 T C snp FANCE NM_021922 exon7 c.T1310C p.M437T missense_variant 23.4 25 29 53.7 No 

WES-249 chr3 10115047 10115047 G A snp FANCD2 NM_033084 exon28 c.2715+1G>A - splice_donor_variant 27 118 108 47.8 Yes 
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Table S3. Characteristics of the Australian cohort Normal Karyotype AML 

 
All Cases 

(n=70) 

Mutant Group 

(n=20) 

Non-Mutant 

Group (n=50) 

1P value  

Age - median (range) 52.5 (17-84) 55.5 (18-84) 52 (17-81) 0.9856^ 

Male – n / total (%) 51 / 70 (72.9%) 13 / 20 (65%) 38 / 50 (76%) 0.3825 

Female – n / total (%) 19 / 70 (27.1%) 7 / 20 (35%) 12 / 50 (24%) 0.3825 

WCC x109/L - median (range) 23.3 (1.22-284) 27.3 (1.22-132) 22.1 (1.3-284) 0.4521^ 

BM Blast % - median (range) 82 (50-98) 74.5 (50-92) 87.5 (50-98) 0.0527^ 

Primary/Secondary AML – n / total (%) 
    

De Novo 75 / 41 (90.4%) 12 / 13 (92.3%) 26 / 28 (92.9%) 1 

Secondary 8 / 41 (9.6%) 1 / 13(7.7%) 2 / 28 (7.1%) 1 

Unknown 36    

Transplant – n / total (%) 
    

Yes 14 / 42 (33.3%) 5 / 14 (35.7%) 9 / 28 (32.1%) 0.7228 

No 28 / 42 (66.7%) 9 / 14 (64.3%) 19 / 28 (67.9%) 0.7228 

Unknown 28    

2FAB – n / total (%) 
    

M0 0 / 41 (0%) 0 / 14 (0%) 0 / 27 (7.3%) 1 

M1 17 / 41 (41.5%) 3 / 14 (21.4%) 14 / 27 (40%) 0.0958 

M2 11 / 41 (26.9%) 6 / 14 (42.9%) 5 / 27 (18.2%) 0.1403 

M3 0 / 41 (0%) 0 / 14 (0%) 0 / 27 (0%) 1 

M4 9 / 41 (22%) 3 / 14 (21.4%) 6 / 27 (16.4%) 1 

M5 2 / 41 (4.9%) 1 / 14 (7.1%) 1 / 27 (14.5%) 1 

M6 0 / 41 (0%) 0 / 14 (0%) 0 / 27 (0%) 1 

M7 0 / 41 (0%) 0 / 14 (3.1%) 0 / 27 (0%) 0.3678 

Not classified 2 / 41 (4.9%) 1 / 14 (6.3%) 1 / 27 (3.6%) 1 

Unknown 29    

Mutations – n/total (%) 
    

FLT3-ITD 35 / 70 (50.0%) 8 / 20 (40%) 27 / 50 (54%) 0.4279 

FLT3-TKD 3 / 70 (4.3%) 1 / 20 (5%) 2 / 50 (4%) 1 

NPM1 41 / 70 (58.8%) 10 / 20 (50%) 31 / 50 (62%) 0.4252 

DNMT3A 27 / 70 (38.6%) 7 / 20 (35%) 20 / 50 (40%) 0.7896 

IDH1 10 / 70 (14.3%) 4 / 20 (20%) 6 / 50 (12%) 0.4558 

IDH2 11 / 70 (15.7%) 3 / 20 (15%) 8 / 50 (16%) 1 

TET2 16 / 70 (22.9%) 5 / 20 (25%) 11 / 50 (22%) 0.7628 

ASXL1 6/ 70 (8.6%) 3 / 20 (15%) 3 / 50 (6%) 0.3431 

1P values are calculated by Fisher’s exact test except for: ^ determined by Student’s t-test. 

2FAB: French-America-British classification (10) 

3ELN: European LeukaemiaNet (11) 

4Grimwade classification (12) 
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Table S4. Selected FA Core and ID2 gene variants of interest in the Australian AML 

cohort 

Gene AML Mutation Comments 

FANCA p.R1144W Known FA compound heterozygous mutation (13). 

FANCC p.R548X Occurs in multiple FA patients; severe phenotype (14); detected 

in both Australian and TCGA cohorts. 

 p.D195V Reported mutation in FA (15).  

FANCD2 p.R926X Known FA compound heterozygous variant (16). Recurrent 

somatic truncations at this residue in solid tumours (COSMIC). 

 c.2715+1G>A Known FA compound heterozygous variant (16). 

FANCL p.336_337del Known RING domain null mutation (17). 

p.T367fs Frame shift occurs at the same position as reported in the FA 

database (ID: FANCL_000003). Present in two patients in the 

AML cohort with early onset of disease (27 and 46 years-old).  

p.E340K Ring domain charge-reversal, affects the binding of FANCL to 

FANCT (18). 

 p.L38F Patient presents with anaemia and neutropenia prior to AML 

diagnosis. 

 p.I115V Patient presents with neutropenia and MDS prior to AML 

diagnosis.  

 p.P17R Patient presents with mild neutropenia prior to AML diagnosis. 

FANCM p.Q1701X Enriched in patients with triple-negative breast cancer (19). Also 

identified in a paediatric B-ALL case (20). 

FANCM p.V1857M Reported in a breast cancer family (21). 
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Table S5. Frequency of FANC variants in ExAC and normal karyotype Australian AML 

cohorts. 

 
1ExAC (n=66740) 1AML (n=140) 

 

Gene Count ExAC 

Frequency 

Frequency 

(%) 

Count AML 

Frequency 

Frequency 

(%) 

2P-value  

FANCA 653 0.009784 0.978424 1 0.007143 0.714286 1 

FANCB 145 0.002173 0.217261 0 0 0 1 

FANCC 211 0.003162 0.316152 2 0.014286 1.428571 0.0738 

BRCA2 1276 0.019119 1.911897 2 0.014286 1.428571 1 

FANCD2 546 0.008181 0.8181 0 0 0 0.6339 

FANCE 302 0.004525 0.452502 0 0 0 1 

FANCF 178 0.002667 0.266707 0 0 0 1 

FANCG 219 0.003281 0.328139 1 0.007143 0.714286 0.3698 

FANCI 762 0.011417 1.141744 2 0.014286 1.428571 1 

BRIP1 406 0.006083 0.608331 0 0 0 1 

FANCL 321 0.00481 0.480971 2 0.014286 1.428571 0.1472 

FANCM 792 0.011867 1.186695 5 0.035714 3.571429 0.0267* 

PALB2 322 0.004825 0.482469 0 0 0 1 

RAD51C 157 0.002352 0.235241 0 0 0 1 

SLX4 689 0.010324 1.032364 3 0.021429 2.142857 0.1775 

ERCC4 669 0.010024 1.002397 2 0.014286 1.428571 0.654 

RAD51 94 0.001408 0.140845 0 0 0 1 

BRCA1 619 0.009275 0.92748 1 0.007143 0.714286 1 

UBE2T 108 0.001618 0.161822 0 0 0 1 

XRCC2 97 0.001453 0.14534 0 0 0 1 

MADL2 59 0.000884 0.088403 0 0 0 1 

RFWD3 281 0.00421 0.421037 0 0 0 1 
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1 n represents the total number of alleles in each cohort. The non-Finnish European cohort in 

ExAC consists of 33370 individuals. 

2 Fisher’s exact test was used to determine the statistical difference between the Australian 

AML cohort and the non-Finnish European cohort in ExAC. (* P<0.05) 
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Table S6. Differentially expressed genes in FANC core and ID2 mutant vs non-mutant AML cases*  

Probe_Id Symbol logFC P.Value Gene description 

ILMN_1732799 CD34 2.1116 0.0061 Homo sapiens CD34 molecule 

ILMN_2341229 CD34 1.8166 0.0101 Homo sapiens CD34 molecule 

ILMN_1808122 LOC652377 1.2892 0.0091 N/A 

ILMN_2195462 C1QTNF4 1.2777 0.0112 Homo sapiens C1q and TNF related 4 

ILMN_2233539 SLC39A8 1.1438 0.0032 Homo sapiens solute carrier family 39 member 8 

ILMN_1681601 SUCNR1 1.0616 0.0113 Homo sapiens succinate receptor 1  

ILMN_1680902 LOC284998 1.0578 0.0073 Homo sapiens long intergenic non-protein coding RNA 1114 

ILMN_1808590 GUCY1A3 1.0285 0.0258 Homo sapiens guanylate cyclase 1 soluble subunit alpha 

ILMN_1673605 PRSSL1 0.9916 0.0097 Homo sapiens PRSS57 protease, serine 57 

ILMN_1677723 ANGPT1 0.9705 0.0344 Homo sapiens angiopoietin 1 

ILMN_1762957 LOC648868 0.9439 0.0157 Homo sapiens TCR gamma alternate reading frame protein  

ILMN_1670305 SERPING1 0.9307 0.0066 Homo sapiens serpin family G member 1 

ILMN_1751868 TCTEX1D1 0.9274 0.0406 Homo sapiens Tctex1 domain containing 1 

ILMN_2086890 ANGPT1 0.9140 0.0268 Homo sapiens angiopoietin 1 

ILMN_3247023 FLJ22536 0.9129 0.0192 Homo sapiens cancer susceptibility 15 (non-protein coding) 

ILMN_1670692 LPAR4 0.8686 0.0033 Homo sapiens  lysophosphatidic acid receptor 4 

ILMN_1809496 COPG2 0.8252 0.0001 Homo sapiens coatomer protein complex subunit gamma 2 

ILMN_1696380 GHRL 0.8023 0.0043 Homo sapiens ghrelin and obestatin prepropeptide 

ILMN_1667315 STAG3L1 0.7963 0.0039 Homo sapiens stromal antigen 3-like 1 (pseudogene) 

ILMN_1812070 ABCB1 0.7958 0.0424 Homo sapiens ATP binding cassette subfamily B member 1 

ILMN_1760778 ENG 0.7927 0.0008 Homo sapiens homodimeric transmembrane protein  endoglin 
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ILMN_3280998 LOC100131831 -0.9243 0.0038 N/A 

ILMN_1769575 JAM3 -0.9358 0.0365 Homo sapiens junctional adhesion molecule 3 

ILMN_1771800 PRKCA -0.9485 0.0060 Homo sapiens protein kinase C alpha 

ILMN_1656011 RGS1 -0.9554 0.0208 Homo sapiens regulator of G protein signalling 1 

ILMN_1807662 IGF2R -0.9835 0.0120 Homo sapiens insulin like growth factor 2 receptor 

ILMN_1665761 BCL11B -0.9934 0.0403 Homo sapiens zinc finger protein  B-cell CLL/lymphoma 11B 

ILMN_2109489 GZMB -0.9945 0.0487 Homo sapiens granzyme B 

ILMN_1810274 HOXB2 -0.9993 0.0419 Homo sapiens nuclear protein homeobox B2 

ILMN_2083469 IRS2 -1.0009 0.0008 Homo sapiens signalling molecule  insulin receptor substrate 2 

ILMN_2339955 NR4A2 -1.0132 0.0138 Homo sapiens nuclear receptor subfamily 4 group A member 2  

ILMN_1652379 SUCLG2 -1.0296 0.0076 Homo sapiens beta subunit of succinyl-CoA synthetase 

ILMN_1660462 MCOLN2 -1.0466 0.0108 Homo sapiens mucolipin 2 

ILMN_1789733 CLIP3 -1.0722 0.0294 Homo sapiens cytoplasmic linker protein CAP-Gly domain containing linker protein 3 

ILMN_1728106 TNF -1.1766 0.0116 Homo sapiens proinflammatory cytokine tumour necrosis factor 

ILMN_1702691 TNFAIP3 -1.2112 0.0001 Homo sapiens TNF alpha induced protein 3 

ILMN_1782419 GNG11 -1.2435 0.0159 Homo sapiens G protein subunit gamma 11 

ILMN_1651826 BASP1 -1.2651 0.0163 Homo sapiens membrane-bound protein  brain abundant membrane attached signal protein 1 

ILMN_2169801 TPSAB1 -1.6353 0.0144 Homo sapiens tryptase alpha/beta 1 

*Differentially-expressed genes were identified from comparison of gene expression in patient samples with (n=14) or without (n=43) mutations in FANC 

core and ID2 complex genes. Table shows genes with an expression change of ≥ 1.5-fold at an adjusted P value of <0.05.   
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Table S7. Gene set enrichment analysis of differential gene expression between FANC 

core and ID2 mutant vs non-mutant AML cases* 

Gene Set NES NOM p-

val 

FDR q-

val 

REACTOME_DNA_STRAND_ELONGATION 2.3923 0 0.0000 

KEGG_DNA_REPLICATION 2.3201 0 0.0000 

REACTOME_EXTENSION_OF_TELOMERES 2.2070 0 0.0017 

REACTOME_ACTIVATION_OF_THE_PRE_REPLICATIVE_COMPLEX 2.2041 0 0.0013 

REACTOME_LAGGING_STRAND_SYNTHESIS 2.1541 0 0.0027 

KEGG_BASE_EXCISION_REPAIR 2.1228 0 0.0034 

HONMA_DOCETAXEL_RESISTANCE 2.0967 0 0.0050 

JAATINEN_HEMATOPOIETIC_STEM_CELL_UP 2.0893 0 0.0046 

REACTOME_ACTIVATION_OF_ATR_IN_RESPONSE_TO_REPLICATION_STRESS 2.0649 0 0.0061 

REACTOME_G2_M_CHECKPOINTS 2.0641 0 0.0057 

REACTOME_BASE_EXCISION_REPAIR 2.0497 0 0.0063 

REACTOME_DNA_REPAIR 2.0483 0 0.0057 

SONG_TARGETS_OF_IE86_CMV_PROTEIN 2.0438 0 0.0058 

KEGG_PURINE_METABOLISM 2.0136 0 0.0081 

DUTERTRE_ESTRADIOL_RESPONSE_24HR_UP 2.0047 0 0.0082 

NIKOLSKY_BREAST_CANCER_11Q12_Q14_AMPLICON 1.9904 0 0.0099 

ALCALAY_AML_BY_NPM1_LOCALIZATION_DN 1.9714 0 0.0124 

BUYTAERT_PHOTODYNAMIC_THERAPY_STRESS_DN 1.9552 0 0.0147 

LUI_THYROID_CANCER_CLUSTER_3 1.9346 0 0.0186 

HOLLEMAN_ASPARAGINASE_RESISTANCE_B_ALL_UP 1.9255 0 0.0202 

NAGASHIMA_NRG1_SIGNALING_UP -3.2940 0 0.0000 

PICCALUGA_ANGIOIMMUNOBLASTIC_LYMPHOMA_DN -3.2504 0 0.0000 

ZWANG_CLASS_3_TRANSIENTLY_INDUCED_BY_EGF -2.8813 0 0.0000 

NAGASHIMA_EGF_SIGNALING_UP -2.8467 0 0.0000 

UZONYI_RESPONSE_TO_LEUKOTRIENE_AND_THROMBIN -2.7533 0 0.0000 

DIRMEIER_LMP1_RESPONSE_EARLY -2.7491 0 0.0000 

PRAMOONJAGO_SOX4_TARGETS_UP -2.7240 0 0.0000 

PHONG_TNF_TARGETS_UP -2.7155 0 0.0000 

VILIMAS_NOTCH1_TARGETS_UP -2.6482 0 0.0000 

AMIT_EGF_RESPONSE_40_HELA -2.6290 0 0.0000 

JAATINEN_HEMATOPOIETIC_STEM_CELL_DN -2.6257 0 0.0000 

GALINDO_IMMUNE_RESPONSE_TO_ENTEROTOXIN -2.6226 0 0.0000 

LINDSTEDT_DENDRITIC_CELL_MATURATION_B -2.5918 0 0.0000 

SEKI_INFLAMMATORY_RESPONSE_LPS_UP -2.5577 0 0.0001 

DAUER_STAT3_TARGETS_UP -2.5362 0 0.0001 

MITSIADES_RESPONSE_TO_APLIDIN_UP -2.5175 0 0.0001 

GRAHAM_CML_QUIESCENT_VS_NORMAL_DIVIDING_UP -2.4925 0 0.0001 

BURTON_ADIPOGENESIS_1 -2.4872 0 0.0001 

NOJIMA_SFRP2_TARGETS_UP -2.4775 0 0.0001 

ZHOU_INFLAMMATORY_RESPONSE_LIVE_UP -2.4651 0 0.0001 

Abbreviations: NES, normalized enrichment score; NOM, nominal; FDR, false discovery rate. 

*Table shows the top 20 positive and negative gene-sets based on the NES. 
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Table S8. Genes and primers for qRT-PCR validation of GSEA 

Gene Forward primer Reverse primer 

POLD3 TGTCTGTCACGGAACCAAAG CTACTCGCTTCCCCCTTTTT 

POLD2 CTTGGAGATCCTGGAGTGGA AAGTAGACATGCGGGCACTC 

POLA2 GCAGCGAACTCAAGGAACAT TTCAGCTTCCCGTTGCTATC 

RPA2 TCTGCCACTTTGGTTGATGA GTTGGTTGGAGCCTTCTCTG 

RPA1 AGTGGACCATTTGTGCTCGT GCTGTAGCTCGGATTTCACC 

GAPDH CGCTCTCTGCTCCTCCTGTT GTTGACTCCGACCTTCACCTTCC 
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Table S9. Differentially expressed genes in FANC core and ID2 mutant vs non-mutant normal karyotype AML cases*  

Probe ID Symbol logFC P.Value Gene description 

ILMN_1732799 CD34 2.185403 0.0184 Homo sapiens CD34 molecule 

ILMN_1789166 SHD 2.051213 0.0049 Homo sapiens src homology 2 domain containing transforming protein D 

ILMN_2094875 ABCB1 1.940798 0.0004 Homo sapiens ATP binding cassette subfamily B member 1 

ILMN_2341229 CD34 1.883016 0.0235 Homo sapiens CD34 molecule 

ILMN_1786720 PROM1 1.656472 0.0303 Homo sapiens prominin 1 

ILMN_3247023 FLJ22536 1.656119 0.0009 Homo sapiens cancer susceptibility 15 (non-protein coding) 

ILMN_1812070 ABCB1 1.655002 0.0009 Homo sapiens ATP binding cassette subfamily B member 1 

ILMN_1694817 TRH 1.632 0.0278 Homo sapiens thyrotropin releasing hormone 

ILMN_1677723 ANGPT1 1.596347 0.0091 Homo sapiens angiopoietin 1 

ILMN_2195462 C1QTNF4 1.517277 0.0247 Homo sapiens C1q and TNF related 4 

ILMN_1808122 LOC652377 1.461842 0.0189 N/A 

ILMN_2086890 ANGPT1 1.440354 0.0093 Homo sapiens angiopoietin 1 

ILMN_2111229 BZRAP1 1.39009 0.0043 Homo sapiens TSPO associated protein 1 

ILMN_1756439 SCRN1 1.355693 0.0463 Homo sapiens secernin 1 

ILMN_1751868 TCTEX1D1 1.328454 0.0159 Homo sapiens Tctex1 domain containing 1 

ILMN_1659024 TMCC2 1.190715 0.0499 Homo sapiens transmembrane and coiled-coil domain family 2 

ILMN_2215824 ANKRD20A1 1.189385 0.0055 Homo sapiens ankyrin repeat domain 20 family member A1 

ILMN_1681601 SUCNR1 1.152819 0.0328 Homo sapiens succinate receptor 1  

ILMN_2359287 ITGA6 1.13852 0.0018 Homo sapiens integrin subunit alpha 6 

ILMN_1670452 ANKRD20A1 1.135451 0.0025 Homo sapiens ankyrin repeat domain 20 family member A1 

ILMN_1688231 TREM1 -1.21439 0.0202 Homo sapiens triggering receptor expressed on myeloid cells 1 
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ILMN_2064725 METTL7B -1.22858 0.0368 Homo sapiens methyltransferase like 7B 

ILMN_1784300 TUBA4A -1.23926 0.0054 Homo sapiens tubulin alpha 4a 

ILMN_1654331 HOXB4 -1.25778 0.0012 Homo sapiens momeobox B4 

ILMN_1806165 HSPA6 -1.28035 0.0443 Homo sapiens heat shock protein family A (Hsp70) member 6 

ILMN_2169490 TDRD9 -1.30075 0.0040 Homo sapiens tudor domain containing 9 

ILMN_1778321 SLC2A6 -1.3104 0.0076 Homo sapiens solute carrier family 2 member 6 

ILMN_1683798 LOC404266 -1.31351 0.0490 N/A 

ILMN_1674908 HOXB5 -1.35775 0.0481 Homo sapiens homeobox B5 

ILMN_1652379 SUCLG2 -1.3896 0.0053 Homo sapiens beta subunit of succinyl-CoA synthetase 

ILMN_2089329 SPRY2 -1.41628 0.0095 Homo sapiens sprouty RTK signalling antagonist 2 

ILMN_2150851 SERPINB2 -1.42145 0.0424 Homo sapiens serpin family B member 2 

ILMN_1728106 TNF -1.51608 0.0097 Homo sapiens proinflammatory cytokine tumour necrosis factor 

ILMN_1651826 BASP1 -1.54557 0.0191 Homo sapiens brain abundant membrane attached signal protein 1 

ILMN_2150856 SERPINB2 -1.56445 0.0337 Homo sapiens serpin family B member 2 

ILMN_1782352 VENTX -1.61146 0.0165 Homo sapiens VENT homeobox 

ILMN_1763455 VSTM1 -1.76002 0.0032 Homo sapiens V-set and transmembrane domain containing 1 

ILMN_2066060 HLA-DRB6 -1.84161 0.0170 Homo sapiens major histocompatibility complex, class II, DR beta 6 (pseudogene) 

ILMN_1810274 HOXB2 -1.95995 0.0007 Homo sapiens nuclear protein homeobox B2 

ILMN_2169801 TPSAB1 -2.30224 0.0065 Homo sapiens tryptase alpha/beta 1 

*Differentially-expressed genes were identified from comparison of gene expression in patient samples with (n=6) or without (n=22) mutations in FANC core 

and ID2 complex genes. Table shows genes with an expression change of ≥ 1.5-fold at an adjusted P value of <0.05.   
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Table S10. Gene set enrichment analysis of differential gene expression between FANC 

core and ID2 mutant vs non-mutant normal karyotype AML cases* 

Gene Set NES NOM p-val FDR q-val 

JAATINEN_HEMATOPOIETIC_STEM_CELL_UP 2.6361 0.0000 0.0000 

VALK_AML_CLUSTER_8 2.3297 0.0000 0.0008 

LUI_THYROID_CANCER_CLUSTER_3 2.2804 0.0000 0.0009 

HOLLEMAN_ASPARAGINASE_RESISTANCE_B_ALL_UP 2.1214 0.0000 0.0097 

VERHAAK_AML_WITH_NPM1_MUTATED_DN 2.0238 0.0000 0.0305 

REACTOME_FORMATION_OF_THE_TERNARY_COMPLEX_AND_SUBSEQUENT

LY_THE_43S_COMPLEX 

1.8492 0.0000 0.1734 

ZHAN_MULTIPLE_MYELOMA_HP_UP 1.8152 0.0022 0.2081 

VANHARANTA_UTERINE_FIBROID_UP 1.8129 0.0045 0.1860 

NIKOLSKY_BREAST_CANCER_11Q12_Q14_AMPLICON 1.8046 0.0000 0.1810 

REACTOME_PEPTIDE_CHAIN_ELONGATION 1.7869 0.0000 0.1922 

REACTOME_EXTENSION_OF_TELOMERES 1.7526 0.0045 0.2384 

PLASARI_TGFB1_SIGNALING_VIA_NFIC_10HR_UP 1.7442 0.0107 0.2361 

REACTOME_PURINE_METABOLISM 1.7403 0.0023 0.2254 

RHEIN_ALL_GLUCOCORTICOID_THERAPY_DN 1.7345 0.0000 0.2207 

LUI_TARGETS_OF_PAX8_PPARG_FUSION 1.7246 0.0113 0.2256 

BILANGES_SERUM_AND_RAPAMYCIN_SENSITIVE_GENES 1.7090 0.0024 0.2413 

REACTOME_LAGGING_STRAND_SYNTHESIS 1.6983 0.0130 0.2493 

CHNG_MULTIPLE_MYELOMA_HYPERPLOID_UP 1.6970 0.0025 0.2378 

NAGASHIMA_NRG1_SIGNALING_UP -2.8448 0.0000 0.0000 

VERHAAK_AML_WITH_NPM1_MUTATED_UP -2.6047 0.0000 0.0000 

DIRMEIER_LMP1_RESPONSE_EARLY -2.5243 0.0000 0.0000 

PHONG_TNF_TARGETS_UP -2.5211 0.0000 0.0000 

GALINDO_IMMUNE_RESPONSE_TO_ENTEROTOXIN -2.4581 0.0000 0.0000 

PICCALUGA_ANGIOIMMUNOBLASTIC_LYMPHOMA_DN -2.4303 0.0000 0.0000 

NIKOLSKY_BREAST_CANCER_8Q23_Q24_AMPLICON -2.3826 0.0000 0.0000 

ZHANG_RESPONSE_TO_IKK_INHIBITOR_AND_TNF_UP -2.3702 0.0000 0.0000 

NAGASHIMA_EGF_SIGNALING_UP -2.3502 0.0000 0.0000 

KEGG_VIRAL_MYOCARDITIS -2.3210 0.0000 0.0000 

KIM_WT1_TARGETS_UP -2.3049 0.0000 0.0000 

UZONYI_RESPONSE_TO_LEUKOTRIENE_AND_THROMBIN -2.2939 0.0000 0.0000 

BASSO_CD40_SIGNALING_UP -2.2820 0.0000 0.0000 

SEKI_INFLAMMATORY_RESPONSE_LPS_UP -2.2701 0.0000 0.0000 

BILD_HRAS_ONCOGENIC_SIGNATURE -2.2500 0.0000 0.0003 

AMIT_SERUM_RESPONSE_120_MCF10A -2.2487 0.0000 0.0003 

GESERICK_TERT_TARGETS_DN -2.2451 0.0000 0.0004 

BURTON_ADIPOGENESIS_PEAK_AT_2HR -2.2303 0.0000 0.0005 

KEGG_LEISHMANIA_INFECTION -2.2241 0.0000 0.0005 

GAZDA_DIAMOND_BLACKFAN_ANEMIA_PROGENITOR_UP -2.2193 0.0000 0.0007 

Abbreviations: NES, normalized enrichment score; NOM, nominal; FDR, false discovery rate. 

*Table shows the top 19 positive and 20 negative gene-sets based on the NES.  
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Chapter 5 Manuscript - BRCA1/2 mutations in childhood AML 

 

5.1 Summary 

The results presented in Chapter 3 and 4 have been centred on adult AML (21>years of age at 

diagnosis). This chapter focuses on paediatric AML which occurs at much lower frequency, 

and often associated with genetic syndromes. For example, as discussed in Chapter 1, children 

with the recessive DNA repair disorder Fanconi anaemia are at greatly elevated risk of 

developing AML (estimated 800 fold increased risk over the normal population) (Rosenberg et 

al., 2008).  Risk of AML is also elevated for children with a number of other recessive DNA 

repair disorders, such as ataxia telangiectasia (A-T), Nijmegen breakage syndrome (NBS), 

Seckel syndrome (SS) and Bloom’s syndrome (BS). These patients have increased cancer 

predisposition, as well as developing cancer at an early age (Kutler, 2003, Stankovic et al., 

1998, German, 1969, Tanaka et al., 2012, Kruger et al., 2007) as described in Chapter 1, thus 

emphasising the importance of DNA repair pathways in maintaining genomic integrity, 

particularly in haematopoietic stem cells (HSC) with regards to AML. Another genetic disorder 

that shows increased AML risk is Down syndrome (DS), caused by trisomy 21. AML in DS 

displays specific characteristics and is associated with acquired mutations in the transcription 

factor GATA1 (Ahmed et al., 2004). A percentage of DS patients can develop transient 

abnormal myelopoiesis (TAM) that is associated with increased risk of AML (Bhatnagar et al., 

2016); however, other factors that lead to AML development in DS are not clearly defined.       

While overall survival for childhood AML is higher than that for adult AML, there are 

treatment-related toxicity from long-term treatment with genotoxic compounds that need to be 

considered for childhood AML patients (Creutzig et al., 2012). Over recent years, childhood 

AML has been shown to be distinctly different to adult AML with regard to acquired 

chromosome rearrangements and mutations, and the role of epigenetic de-regulation. In 

childhood AML certain translocations occur at higher frequency than in adults. For example 

MLL gene rearrangements are common in the childhood AML setting and are associated with 

poor prognosis (Tarlock and Meshinchi, 2015).  

Despite several recent reports describing the spectrum of somatic changes in childhood AML 

(Valerio et al., 2014, Tarlock and Meshinchi, 2015), there has not been an extensive analysis to 

identify germline variants that contribute to development of AML in children. Recently, a 

landmark study of a large paediatric multi-cancer cohort identified rare pathogenic, or probably 

pathogenic germline mutations across 565 cancer-related genes, suggesting that a percentage 
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of childhood cancers (8.5% as reported) may be associated with predisposition alleles (Zhang 

et al., 2015). While this report has highlighted the role of germline variants in determining 

childhood cancer risk, AML cases were extremely rare in this cohort. In this chapter, analysis 

of variants affecting the extended FA/BRCA-HRR network (as defined in Chapter 3), which 

includes many genes associated with recessive DNA repair syndromes, was undertaken in a 

childhood AML cohort. The data and conclusions are presented in the attached manuscript in 

Section 5.2. 
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Introduction 42 

Leukaemia is the most common childhood cancer accounting for approximately 30% of all 43 

paediatric cancers,1 with Acute myeloid leukaemia (AML) accounting for approximately 25% 44 

of these cases.2 The overall survival of paediatric AML (~70%) is significantly better than adult 45 

AML (~30-60%). It has become increasingly recognised that there are distinct genetic and 46 

epigenetic differences between paediatric and adult AML.3 The spectrum of recurrent somatic 47 

AML mutations varies between paediatric and adult AMLs,3,4 and approximately 50% of adult 48 

AML cases are karyotypically normal compared to only 20% for paediatric cases.5 Consistent 49 

with this, recessive DNA repair disorders that are prevalent in children, such as Ataxia 50 

Telangiectasia, Nijmegen breakage syndrome, Blooms Syndrome and Fanconi Anaemia, are 51 

associated with increased risk of AML.6-8  In addition, the incidence of AML is markedly 52 

increased in children with Down Syndrome (DS),5 where it can be preceded by transient 53 

abnormal myelopoiesis (TAM) that occurs in the foetus or a few days after birth, and resolves 54 

spontaneously within 3 months.9 The early onset and increased number of abnormal/complex 55 

karyotype cases suggest that underlying increased genomic instability may lie at the root of 56 

paediatric AML, more so than adult AML. Therefore we undertook a survey of 58 genes 57 

associated with DNA repair. 58 

 59 

Methodology 60 

We undertook whole exome sequencing (WES) of 23 de novo paediatric AML collected with 61 

consent at diagnosis, and with Institutional human research ethics committee approval 62 

(Supplementary Methods).  We performed a focused analysis of rare somatic and germline 63 

mutations in genes involved in the Fanconi Anaemia and BRCA driven homologous 64 

recombination repair pathway (FA/BRCA-HRR) (Supplementary Table S1 & Figure S1). 65 

WES and variant calling was performed as described in the Supplementary Methods. Variants 66 

were filtered against common SNP databases (dbSNP, 1000 genome project and ESP) for minor 67 

allele frequency of < 0.001, and a pathogenicity prediction filter (Combined Annotation 68 

Dependent Depletion; CADD v1.2) was next applied to the dataset (CADD> 10). WES data 69 

was also available for a healthy female Caucasian control cohort, which was sequenced and 70 

analysed using the same pipeline (Supplementary methods).  71 

 72 

Results & Discussion 73 
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Mutations were identified in 21 out of 58 genes in the FA/BRCA-HRR network 74 

(Supplementary Figure. S1) with 13 out of 23 patients (56.5%) having mutations (Table 1). 75 

Ten patients (43.5%) carried one or more potentially pathogenic mutations in breast cancer 76 

associated genes (BRCA1, BRCA2 and BRIP1) and RAD51 paralogue genes (RAD51B and 77 

RAD51D) (Figure 1). The most striking observation from this study was the frequency of 78 

samples carrying damaging mutations in the breast cancer associated genes BRCA1 and BRCA2 79 

(26.1%, n=6). These BRCA-mutant patients were diagnosed earlier than the rest of the cohort, 80 

however this did not reach statistical significance (p=0.07). While the size of this cohort is 81 

small, we observed significantly increased frequency of mutations affecting BRCA1/2 in 82 

paediatric AML compared to the healthy control cohort (P=0.0047), and compared to non-83 

Finnish Europeans in ExAC (P<0.0001). The BRCA2 mutation R2034C was identified in 2 84 

unrelated AML patients, and was absent in our control cohort (Table 1). This mutation is 85 

classified as benign in Clinvar, and has a frequency in ExAC of 0.5%, however it has been 86 

reported to segregate with disease in a Dutch breast cancer family (Leiden University, Family 87 

IDRUL023). Mutations affecting this residue have also been reported in Rhabdomyosarcoma 88 

(R2034C) and lung cancer (R2034H). The BRCA1 mutation Y856H, also previously reported 89 

in a breast cancer cohort,10 was identified in a single sample and was absent in the control 90 

cohort, and ExAC. Similarly, the BRCA2 mutations S1733F and R2108C were absent from our 91 

control cohort. The BRCA2 mutation R2108C has previously been shown to decrease HRR 92 

activity.11 For the majority of BRCA1/2 variants VAF was above 45% (BRCA2-S1733F is 93 

36.6%; BRCA1-Y856H is 28.9%) consistent with likely germline origin.  94 

We identified BRCA1/2 mutations at a significantly increased frequency in the samples with 95 

tri-21 (P=0.045; Figure 1).  Of the 6 DS AMLs, 3 carried BRCA1 or BRCA2 mutations.  While 96 

there are clear limitations to studies with small paediatric rare-cancer cohorts, these findings 97 

raise the possibility that deleterious BRCA1/2 mutation increases risk of AML in DS.  98 

Longitudinal studies are needed in cohorts of DS patients to further test association of BRCA1/2 99 

mutation with development of TAM, and AML.  100 

BRCA1/2, BRIP1, PALB2 and BARD1 are central to the repair of double-stranded breaks and 101 

are required for the recruitment of the RAD51 recombinase and its paralogues (RAD51B, 102 

RAD51C, RAD51D, XRCC2 and XRCC3)13,14. Four damaging mutations were identified in 103 

the RAD51 family genes (3 in RAD51B and 1 in RAD51D), with the RAD51B mutation V207L 104 

identified in 2 of the AML samples, and absent in the control cohort. One of these cases is a 105 

likely acquired mutation (VAF 10%, Table 1). Although the size of this cohort precludes 106 

exclusivity analysis, we observed that the samples that carried these RAD51-paralogue 107 
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mutations did not carry mutations in any of the BRCA and BRCA-associated genes (Figure 1), 108 

consistent with the cooperative role of the BRCA and RAD51 proteins in HRR.  109 

The results from this study raise an intriguing question regarding BRCA mutations in paediatric 110 

AML. Two independent studies15,16 have reported contradictory results relating to the 111 

association of familial paediatric cancer with germline BRCA1/2 mutations. However, most 112 

recently Zhang et al reported increased pathogenic mutations in BRCA2 in a cohort of 1120 113 

paediatric cancers, compared to non-cancer controls.12 It is important to note that in all 3 studies, 114 

the number of AML cases was limited.  115 

Based on our findings, together with functional studies demonstrating haploinsufficient 116 

phenotypes in BRCA1/2-mutant cells,17,18,20 and the dominant negative effects associated with 117 

missense BRCA1/2 mutations,19  we hypothesise that heterozygous germline deleterious 118 

BRCA1/2 mutation may result in ineffective HRR in hematopoietic stem/progenitor cells, 119 

increased replicative stress and genomic instability that favours malignant transformation. Such 120 

an effect is likely to be relatively subtle, but we suggest it is sufficient to increase risk of early 121 

AML development, particularly in the context of trisomy 21. Moreover, it is possible that 122 

detrimental effects of heterozygous BRCA2 mutations may be exacerbated by exposure to 123 

aldehydes in utero, or during childhood. 21 At this point in time, it is premature to propose 124 

peripheral blood BRCA1/2 screening in DS, or genetic counselling in families of childhood 125 

AML patients with BRCA1/2 mutations. However, these results highlight the need for further 126 

studies with multi-centre paediatric AML cohorts to confirm our findings. 127 

The frequency of BRCA1/2 and RAD51 paralogue mutations in this cohort may provide a 128 

potential treatment option for this subset of AMLs. Given that selected heterozygous BRCA2 129 

mutations can confer a severe haploinsufficient phenotype through dominant negative 130 

activity,19 and that HRR activity can be reduced therapeutically (i.e. HSP90 inhibitors),22 131 

combination treatments with  PARP1 and/or HSP90 inhibitors with anthracyclines such as 132 

daunorubicin may be appropriate.23 Such therapeutic approach is also supported by the report 133 

that a breast cancer signature detecting deficiency in the BRCA pathway predicts sensitivity to 134 

anthracycline/cyclophosphamide–based chemotherapy.24 Finally, there is a strong case for 135 

analysing paediatric AML genomic data to detect of genomic signatures associated with 136 

compromised HRR activity. Such studies will be important to determine whether paediatric 137 

AML is more widely associated with ineffective HRR, and may provide an approach to 138 

identifying childhood AML patients suitable for alternative tailored therapy with the agents 139 

discussed above. 140 

 141 



173 

 

Conflict of Interest 142 

All authors have revised and approved the manuscript and declare no competing financial 143 

interests.144 



174 

 

Table 1. Mutations in the FA/BRCA-HRR network genes (n=58) identified from the WES of diagnostic paediatric AML (n=23) 145 

AML ID Age Gender Gene  Amino acid 

change 

%of Alt 

Reads 

CAD

D 

Score 

1Frequency 

in ExAC 

2Frequency in 

healthy 

controls 

COSMIC ID Type of cancer (No. of samples) 

WES-252 15 M ATM p.V410A 11.3 23.4 0.003 0.003 COSM5945737 & 

COSM21825 

Glioma (2), Lymphoma (1), Non-

Hodgkin Lymphoma (1), CLL (1), 

Melanoma (2) 

WES-257 4 F BRCA2 p.R2034C 52.6 22.2 0.005 0 COSM4987322 & 

COSM696739 

Rhabdomyosarcoma (1),  ^Lung 3SCC 

(1) 

WES-259 8 M RAD51B p.V207L 57.5 20.7 0.002 0 COSM3815166 Breast cancer (1) 

WES-260** 2 M ATM p.H1380Y 52.2 13.4 <0.001 0 COSM24627 B-cell Lymphoma (1) 

BRCA2 p.V2739I 51.1 11.4 0 0 - - 

BRIP1 p.86_90del 40.0 22.7 0 0 - - 

FANCE p.R343Q 53.0 15.1 0 0 - - 

MLH3 p.G1163D 41.4 22.7 <0.001 0 - - 

WES-261 2 M RAD51D - 48.3 24.5 0 0 - - 

WES-262 1 F ATM p.A1931A 51.7 19.0 
 

0.009 - - 

BRCA2 p.R2108C 51.5 18.8 <0.001 0 - - 

BRIP1 p.L340F 53.6 22.9 0 0 - - 

RAD50 p.S128N 49.5 25.8 <0.001 0 - - 

RAD9A p.H163R 100.0 22.2 <0.001 0 - - 

WES-265 3 F RAD51B p.V207L 10.0 20.7 0.002 0 COSM3815166 Breast cancer (1) 

WES-266 10 F ATR p.R336W 49.1 22.6 0.00E+00 0 COSM205540 Renal cancer 

RAD51B p.K243R 52.6 27.1 0.011 0.012 - - 
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WES-267** 2 M C17orf70 p.A694P 12.5 12.9 0.003 0 - - 

EME1 p.A479P 48.1 21.4 <0.001 0 - - 

WES-268 2 M BLM p.E270K 54.1 14.1 0 0 - - 

C17orf70 p.A694P 12.5 12.9 0.003 0 - - 

FANCD2 p.E742D 49.4 10.55 0 0 - - 

TOP3A p.A461T 42.9 26.0 0.002 0 - - 

TOP3A p.D459N 45.2 23.4 0.005 0.009 - - 

WES-269** 1 F BRCA2 p.R2034C 45.8 22.2 0.005 0 COSM4987322 & 

COSM696739 

Rhabdomyosarcoma (1),  ^Lung 3SCC 

(1) 

FANCA p.V384F 42.0 24.3 <0.001 0 - - 

WES-272* 1 F ATM p.A1931A 33.3 19.0 
 

0.009 - - 

ATRIP p.R675Q 54.5 22.2 0.011 0.015 - - 

BRCA2 p.S1733F 36.6 13.4 <0.001 0 - - 

ERCC4 p.Q849E 55.0 24.1 0 0 - - 

NBN p.Q298R 55.1 21.8 0 0 - - 

WES-274** 2 M BRCA1 p.Y856H 28.9 16.0 0 0 - - 

Footnote: 1Frequncy of mutation in the non-Finnish Europeans (n=33370) of the Exome Aggregate Consortium (ExAC) database. 2Frequency of mutations 146 

in the all-female healthy control cohort (n=329).3Squamous cell carcinoma; ^Samples with different mutation at the same amino acid as identified in our 147 

study; *Indicates patients with Trisomy 21; **Indicates patients with Down syndrome; BRCA and RAD51 paralogue variants discussed in detail are in Bold 148 

font.  149 
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 150 

Figure 1. Mutational status of BRCA, BRCA-associated genes and RAD 51 paralogues.  151 

Mutations are shown in RED in this figure, along with the cytogenetic abnormalities 152 

(YELLOW), recurrent AML mutations (BLUE) and karyotype. Recurrent AML mutations 153 

were determined from WES analysis. GREY indicates unavailable data. 154 

  155 
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1. SUPPLEMENTARY MATERIALS AND METHODS 

 

Whole Exome Sequencing of AML samples. The use of the samples for this research study 

was approved by the PAH, the RAH, the University of Adelaide, the University of South 

Australia and the University of Queensland Human Research Ethics Committees 

(HREC/05/QRCH/77, HREC/04/QPAH/172 & HREC/13/RAH/612). Genomic DNA was 

extracted from patient AML samples (Qiagen, Hilden, Germany) according to the 

manufacturer’s instructions. Genomic DNA was sonicated and DNA sequencing libraries were 

constructed using a preparation kit for paired-end sequencing (Illumina) as per the 

manufacturer’s protocol. Liquid-phase hybridization for exome capture was performed using 

Illumina Nextera Rapid (FC-140-1003, Illumina) (n=23). Efficiency of sequence capture was 

assessed using quantitative real-time PCR with standard control primers as recommended by 

the manufacturer and quality of each DNA sequencing library was assessed using a 2100 

Bioanalyzer and DNA 1000 chip kits (Agilent Technologies, Santa Clara, CA, USA).  DNA 

concentration was standardized to 10 nM for sequencing. Massive parallel sequencing was 

performed using the Illumina HiSeq 2000 configured for paired-end reads. The 23 AML 

exomes had a mean coverage of 47.6x (22-144x). Exome sequencing and variant calling was 

performed at the UQ Centre for Clinical Genomics.   

Control Cohort. For this study, we used WES data generated from a normal healthy cohort 

(n=329) from the Anglo-Australian Osteoporosis Genetics Consortium for access to control 

WES data.1 This control cohort is all female of Caucasian ethnic origin with mean age of 67yrs 

(46-86yrs). These samples have been sequenced on the Illumina TrueSeq Enrichment kit v2.0 

(Illumina, San Diego, CA, USA) and analysed using the same methods as described above. 

These controls had a mean coverage of (27.5x). In addition, a cohort of 49 germline samples, 

sequenced using Illumina Nextera Rapid exome capture, were used to control for potential bias 

between the Illumina Nextera Rapid (FC-140-1003, Illumina) and the Illumina TrueSeq 

Enrichment kit v2.0 (Illumina, San Diego, CA, USA). 

Base calling and variant filtering. Initial base calling was performed using the CASAVA 1.7 

data analysis pipeline software (Illumina). Sequence data were aligned to the current build hg19 

of the human genome using the Novoalign alignment tool [V2.07.09 1] (Ref.2) Sequence 

alignment files were converted using SAMtools [v0.1.14] (Ref.3) and Picard tools (v1.42). 

SNPs and indels for all AML samples were simultaneously called using the best practice 

protocols described for Genome Analysis Toolkit (GATK v3.5-2 for Australian AML samples 

and GATK v3.2-2 for TCGA replication samples). This genotyping included sample level Indel 
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realignment and variant quality score recalibration (VSQ). Genotypes were annotated using 

ANNOVAR4 using Refseq, Ensembl and UCSC transcript definitions and the Ensembl Variant 

Effect Predictor (VEP). Sequencing data were analysed and filtered using custom scripts 

employing R and Bioconductor. Good quality SNPs and indels (VSQ: FILTER=PASS) were 

retained.  

We defined rare variants as those with a population frequency/minor allele frequency (MAF) 

<0.001 reported in dbSNP147, 1000 genomes (April 2012 version, any ethnicity), and the 6500 

NHLBI-ESP project (any ethnicity). We include monomorphic variants and those reported in 

dbSNP without a population frequency in this category. Variants were defined as real calls if 

ANNOVAR (using any of the 3 transcript definitions), or the VEP, predicted a mutation to be 

non-synonymous, splicing (including splice donor and splice acceptor variants defined by 

VEP), stop-gain, stop-loss, a frameshift or non-frameshift substitution or deletion, an initiator 

codon variant, a stop retained variant or an incomplete terminal codon variant. We additionally 

excluded loci where coverage was low and/or the missing rate was high across the cohort. These 

loci were identified by first filtering genotypes with less than 7 reads supporting heterozygous 

calls, and 2 for homozygous calls, before calculating the missing rate. If the missing rate 

exceeded 80%, all genotypes at that loci were excluded. This approach removes low coverage 

regions where genotypes can be unreliable and discrimination between homozygous and 

heterozygous calls is poor. We are aware that sequencing artefacts can occur even with this 

filtering, often appearing as novel or rare mutations (in a population sense) occurring at high 

frequency in a genotyped cohort. To help identify these, we applied a Hardy-Weinberg p-value 

filter of 10-6 to the healthy controls and additionally excluded loci where the allele frequency 

in the control genotypes greatly exceeded that of the population frequency filter. We defined 

this as 6 standard deviations away from the population threshold of 0.001. Under the binominal 

approximation, this is defined by (“control allele count”- n*p)/sqrt(n*p*(1-p))<=6. For 

example, if n=400 and P=0.001, this restricts our analysis to loci with 3 or less alleles reported 

in the control cohort. We additionally excluded loci where the mean genotype quality (GQ) 

score was <50 in samples where an alternative allele was predicted. For further pathogenicity 

filtering we used the Combined Annotation Dependent Depletion algorithm (CADD score 

>10).5 To control for potential biases generated from the use of different exome capture 

methods, we compared both genotype counts between control groups and modelled the 

background allele frequency between the different cohorts. If the genotype counts differed 

between Illumina and Nextera control cohorts under the binomial approximation with P<0.001, 

we excluded that loci. We modelled the background allele frequency for all loci using samples 

with homozygous reference genotypes, essentially using the alternative allele frequency to 
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estimate a position-dependent background sequencing error rate within each cohort. 

Differences in that background error rate were used to identify loci where potential batch effects 

might occur. We chose to exclude loci where the background error rates differed by 6 standard 

deviation in loci where there was a least 100 reads from the cohorts. One loci in the FANC gene 

group failed this filtering in the analysis for the AML cohort.  

 

Generating the Extended FA/BRCA-HRR network 

Given the extremely elevated risk of AML associated with Fanconi Anemia we investigated the 

involvement of an extended network of genes using the canonical FA DNA repair pathway as 

the seed. For this, the protein/gene interaction predictor STRINGdb v9.05 was used to construct 

a network from 16 FANC genes.6 This extended network is referred to as FA/BRCA-HRR.  

While 16 FANC genes were used as the basis of this analysis, the total number of FANC genes 

has further increased to twenty-one with the addition of FANCR (RAD51), FANCS (BRCA1), 

FANCT (UBE2T), FANCU (XRCC2) and FANCV (REV7).  All of these genes are included in 

our genomic analysis, except FANCV. 

A two-step approach using STRINGdb was used. The first step used the ability of STRINGdb 

to predict interacting partners of the individual proteins. The second step utilised its ability to 

predict interactions within a list of query proteins. Thus, each of the 16 FANC proteins (query) 

were individually searched in STRINGdb. The top 50 proteins that interacted with each of the 

FANC proteins with confidence level of 0.9 (90%) based on experimental evidence, knowledge 

based and text mining evidence were compiled into a single list.  This list was then used as the 

query file that was input into STRINGdb providing the interactions of high confidence within 

the query list (Supplementary Figure S1). This output from STRINGdb was then further 

manually clustered to show the functional subgroups with high confidence interactions detailed 

in Supplementary Table S1 and Figure S1. Thus, in this FA/BRCA-HRR network, all the 

proteins have direct relationships, based on experimental and literature evidence, with the 16 

FANC proteins. Each of the various functional subgroups is summarised in Supplementary 

Table S1. 
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2. SUPPLEMENTARY TABLE 

 

Table S1. Functional subgroups and combined subgroups of the extended FA/BRCA-

HRR network  

Functional Subgroup Genes 

FANC Core Complex FANCA, FANCB, FANCC, FANCE, FANCF, FANCG, 

FANCL, FANCM, MHF1 (APITD1), MHF2 (STRA13), 

FAAP20 (C1orf86), FAAP24 (C19orf40), FAAP100 

(C17ORF70) 

FANCM Anchor Complex FANCM ,MHF1 (APITD1),  MHF2 (STRA13), FAAP24 

(C19orf40) 

Minimal FANCD2 

monoubiquitination 

Complex 

FANCB, FANCL, FAAP100 (C17ORF70) 

ID2-Complex FANCD2, FANCI 

FANC core & ID Complex FANCA, FANCB, FANCC, FANCE, FANCF, FANCG, 

FANCL, FANCM, MHF1 (APITD1), MHF2 (STRA13), 

FAAP20 (C1orf86), FAAP24 (C19orf40), FAAP100 

(C17ORF70), FANCI, FANCD2 

Structure-specific 

Endonucleases 

FANCP (SLX4), FANCQ (ERCC4), SLX1A, MUS81, ERCC1, 

FAN1, EME1, EME2 

BLM Complex RMI1, RMI2, BLM, TOP3A,  

ATM/ATR Checkpoint 

Proteins 

RPA1, RPA2, RPA3, ATM, ATR, ATRIP, CHEK1 ,RAD9A, 

RAD17, CHEK2 

RPA proteins RPA1, RPA2, RPA3 

MRN Complex MRE11A, NBN, RAD50 

BRCA Proteins FANCD1 (BRCA2), FANCJ (BRIP1), FANCN (PALB2), 

BRCA1, BARD1 

RAD51 Paralogues FANCO (RAD51C), RAD51, RAD51B, RAD51D, XRCC2, 

XRCC3 

Mismatch Repair (MMR) 

Genes 

MLH1, MLH3 

Ubiquitination Modifiers UAF1, USP1, UBA52, UBE2T, UBC 
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3. SUPPLEMENTARY FIGURE 

Figure S1. The extended FA/BRCA-HRR network generated using STRINGdb (v9.05). Proteins were manually clustered based on functional groups and 

involvement in the various pathways. Colour of the lines connecting each circle is based on the types of interaction evidences. 
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Chapter 6 Final discussion 

 

6.1 FA/BRCA-HRR mutations in adult AML 

In this project a comprehensive genomics approach was used to determine genetic variation 

across a DNA repair gene network in AML and correlate this to disease. Specifically, the 

mutation landscape of the genes that comprise the FA DNA repair pathway, involved in repair 

of DNA damage induced by interstrand crosslinks (ICL), was determined. The central role of 

this pathway in maintaining genomic integrity and survival of HSC, and the profoundly 

increased AML risk of FA patients (800 fold compared to normal individuals) provided the 

rationale for this focused genomics analysis.  

A key starting point outlined in Chapter 3 was the construction of the extended FA/BRCA-

HRR network built from the FANC genes and extended to include genes with a close functional 

connection to the FANC genes. The approach of using STRINGdb to generate this extended 

FA/BRCA-HRR network provided a visual understanding of interactions between the FANC 

genes and other gene products known to be involved in DNA damage checkpoints and DNA 

repair, and highlighted a number of functional subgroups. This approach also allowed an 

analysis of the FA DNA repair pathway within the context of its broader role in a DNA repair 

network that includes the ATM/ATR checkpoint kinases, site-specific endonucleases, and the 

classical BRCA/RAD51 driven homologous recombination repair (HRR) used to repair lethal 

double-stranded break (DSB). It also provided a basis for the analysis in Chapter 3 of variants 

affecting the individual functional subgroups, thus revealing potentially unique roles for these 

subgroups in AML initiation or progression.  

The analysis of the mutation data generated from the WES showed that across this extended 

FA/BRCA-HRR network, rare variants that are predicted to be deleterious/pathogenic were 

detected in 70% of the AML patients in the cohort. The median variant allele frequency of the 

variants was 46.8% (Appendix C), consistent with the majority of the variants being 

heterozygous in the tumour sample. A limitation of this study was that matched non-tumour 

material was not available for these samples, hence germline/somatic status of variants could 

not be determined directly from the WES data. However, Sanger sequencing for a selected 

number of variants in matched samples showed that majority of variants are germline (90%, 

Appendix D); hence, it is predicted that the majority of identified variants in this study will be 

germline in origin. This prediction is in line with other AML genomics studies that have rarely 

found somatic mutations affecting DNA repair genes in AML (Kandoth et al., 2013). Based on 
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this, the focus of discussion throughout this thesis is on the role of these rare variants as potential 

germline AML predisposition alleles, while acknowledging that some of these variants will be 

somatically acquired mutations. Consistent with a potential role in AML predisposition, 

selected genes across this network showed an increased frequency of rare variants in the AML 

cohort compared to the healthy Australian control cohort and the large population studied in 

ExAC (Table 3.9; Chapter 4; Section 4.2; Chapter 5; Section 5.2). With regards to the FANC 

genes, only three, FANCC, FANCL and FANCM, showed a significantly increased frequency 

of variants in the AML cohort. The significance of variants in these genes, all of which encode 

subunits of the FANC core complex is discussed in Chapter 4 (Section 4.2). In this manuscript 

the focused analysis on the FANC genes was reported, highlighting a number of specific FANC 

core and ID2 complex gene variants for which it is important to now determine 

germline/somatic status. As discussed in the manuscript, germline variants in a number FANC 

core and ID2 complex genes have previously been reported to be enriched in cancer cohorts; 

FANCC variants in childhood AML, FANCC and FANCE in familial colorectal cancer, and 

specific FANCL (p.T367fs) and FANCM (p.Q1701X) variants in breast cancer (Awan et al., 

1998, Esteban-Jurado et al., 2016, Lhota et al., 2016, Kiiski et al., 2014). To further support the 

mutation data, a cell line model using CRISPR-Cas9 to generate heterozygous and bi-allelic 

FANCL clones was performed. A key finding in the manuscript was shown with the 

immunofluorescence assay for FANCD2 monoubiquitination in the FANCL heterozygous 

clones having a consistent reduction of FANCD2 monoubiquitination compared to the wildtype 

clones. This result indicate that a phenotype for deleterious heterozygous mutations can be 

observed using highly sensitive assays.  

Three approaches have been used throughout this thesis to investigate the significance of rare 

variants affecting individual genes in AML: 

Firstly, the burden analysis was used to compare the AML cohort to an ethnically matched 

healthy Australian control cohort. This statistical test collapses rare variants at a gene level and 

tests for enrichment of variants in specific genomic regions in a case-control setting (Lee et al., 

2012). Applying this test to the data showed that, among the 58 genes of the extended 

FA/BRCA-HRR network, rare variants in RMI1 and FANCL were statistically enriched in the 

AML cohort (compared to the Australian control cohort). The roles and importance of increased 

mutation burden of FANCL for pathogenesis of AML is discussed in Chapter 4. RMI1 is a 

direct interacting partner of the BLM complex, that consists of BLM, TOP3A and RMI2, and 

performs a critical role in resolution of recombination intermediates arising from ICL and DSB. 

Depletion of RMI1 destabilises the BLM complex and increases sister chromatid exchange 

(SCE) (Yin et al., 2005, Xu et al., 2008), suggesting that rare RMI1 variants in AML could be 
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associated with higher levels of SCE. The effect of the RMI1 variants in the leukaemic samples 

could be investigated by visualising metaphase spreads which is a clinically available 

diagnostic protocol for FA or copy number analysis which is commonly used for AML 

diagnosis. In a cancer genomic study by Lu and colleagues, the Burden analysis was performed 

using the TCGA AML data and enrichment of germline truncation mutations in FANCO was 

observed (Lu et al., 2015). Taken together with the data presented in this thesis, these studies 

highlight that rare damaging germline variants affecting genes across the extended FA/BRCA-

HRR network may be more frequently observed in AML, and, hence, potentially associated 

with increased AML pre-disposition. 

The second approach was to focus on recurrent variants that were identified in the AML cohort. 

Selective or increased recurrence of a specific germline variant in cancer cohorts is an important 

indicator of potential risk alleles. In Chapters 3 and 4, a number of rare variants in FANCL, 

FANCM, MLH3 and TOP3A are described to have been detected in multiple AML samples, and 

absent, or extremely rare, in healthy cohorts. These variants are worthy of further investigation 

to confirm germline/somatic status and to undertake using functional assays to define their 

pathogenicity and correlate their presence with AML predisposition. The functional effect of 

individual variants can be determined using rescue experiments with cell lines in which the 

endogenous gene has been knocked down or genetically targeted, or using cell lines known to 

have loss of function of the respective genes.  In such experiments the ability to complement 

the cell line defect can be determined for the wild type and mutant version of the gene of 

interest. For the FANC core complex genes with variants of particular interest (FANCL and 

FANCM), activity of the FA DNA repair pathway can be determined using western blotting or 

immunofluorescence assay for FANCD2 monoubiquitination, and measurements of cell cycle 

length as detailed in Chapter 4 (section 4.2). For the TOP3A, which is involved in the 

resolution of the Holliday junction during HRR, assays to measure DNA repair kinetics by 

measuring γH2AX by flow cytometry at several time-points after MMC treatment could be 

performed (Durdik et al., 2015). For the mismatch repair protein, MLH3, efficiency of MMR 

after the introduction of the mutant MLH3 can be measured using the method outlined by Lei 

and colleagues (Lei et al., 2004). 

Thirdly, it was particularly informative to investigate variants with previous links to disease, 

and such an analysis could be readily performed by cross-checking variants with a number of 

disease databases. For this, variants were defined as disease-causing (D-C) if they were (i) 

mutations for which there is evidence in the disease databases causally linking them to the 

disease/syndrome, or (ii) mutations for which there is an OMIM entry linking them to disease. 

Several variants identified in the extended FA/BRCA-HRR screen of AML samples were D-C 
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mutations. Several of these variants affecting the FANC genes are discussed in Chapter 4, 

which also included a case-control comparison of D-C FANC gene mutations for the AML 

cohort and a gender/ethnically-matched control cohort. This indicated a 3-fold increased odds 

of such variants being present in AML, consistent with these D-C alleles representing modest 

AML risk variants.  

A second group of variants were classified as disease-associated (D-A). For this, variants were 

defined as D-A mutations if they had been reported in disease databases (COSMIC and HGMD) 

as being associated with predisposition to a disease which the gene is not classically associated 

with. An important example includes the FANCM variant, p.Q1701X, which has been 

associated with the familial syndrome, Tetralogy of Fallot (TOF), and also reported to be 

enriched in a familial breast cancer cohort (Kiiski et al., 2014). This, and a number of other 

FANC gene variants, were annotated in HGMD, but were not reported in the FA or breast 

cancer databases. It is possible that such heterozygous FANC variants may be important in 

conferring susceptibility to AML, just as they associate with breast cancer and TOF, while not 

being tolerated in the context of biallelic germline mutation in FA. D-A variants were also 

identified in ATM and CHEK2 and are discussed in Chapter 3.  

 

6.2 FA/BRCA-HRR mutations in childhood AML 

Even though only a small cohort of childhood samples were included in the WES analysis, the 

data obtained emphasises differences between childhood and adult AML, and raises important 

questions regarding the potential of BRCA1/2 variants to confer an increased likelihood of 

childhood AML. The potential for germline variants to contribute to risk of childhood cancer 

was recently highlighted by a study that identified germline risk alleles in a significant 

percentage (approximately 20%) of childhood cancer cases (Zhang et al., 2015). As the number 

of AML cases in this cancer cohort was severely limited, the study outlined in Chapter 5, using 

a small paediatric AML cohort adds significantly to this field. The most striking observation 

when comparing the adult and childhood AML cohorts was that the spread of FANC gene 

variants differed significantly. Predicted damaging BRCA1/2 variants occurred at dramatically 

increased frequency in childhood AML, compared to the Australian (P=0.003) and TCGA 

(P=0.009) adult AML cohort, and also the Australian (P=0.005) and non-Finnish European 

(P<0.0001) healthy control cohorts.  In contrast, variants in the FANC core and ID2 genes, 

specifically FANCC, FANCL and FANCM occurred at elevated frequency in adult AML 

(P=0.028) and were absent in the childhood AML. As a result of the observation that BRCA1/2 

variants occurred in a high frequency (50%) of Down syndrome AML patients, a collaborative 
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study has been initiated to determine BRCA1/2 mutation status of an Australian Down 

syndrome cohort that is the subject of extended follow-up.   

 

6.3 Haploinsufficiency model for damaging FANC and BRCA gene variants  

The results presented indicate that rare pathogenic and deleterious variants for selected genes 

in the extended FA/BRCA-HRR network are frequently present in AML, predicted to be most 

commonly of germline origin, and with a potentially differing spectrum in adult versus 

childhood AML. In the adult AML cohort, a significantly increased frequency of karyotypic 

abnormalities was observed for AML samples carrying a variant in the full FA/BRCA-HRR 

network. Given the predicted germline status of the majority of these variants, it is possible that 

for this group of AML the increased genomic instability is an important contributor to disease. 

As the majority of the variants are possibly heterozygous, a key question now is to determine 

whether these variants are associated with a phenotype that is consistent with increased cancer 

predisposition. As described in Chapter 5, phenotype is likely to be highly dependent on the 

type of mutation, particularly for BRCA1/2 where missense mutations in specific domains of 

the proteins are more deleterious than truncation mutations and can be associated with 

dominant-negative activity (Vaclova et al., 2016). It is predicted that the D-C and D-A variants 

are most likely to result in impairment of DNA repair, from the recognition of the DNA lesion, 

through to the initiation and unhinging of crosslinks, to the eventual resolution of the lesion. 

Functional studies focused on these variants are now needed to further determine the impact of 

such mutations. Most recently, van Twist and colleagues have developed cell-free assays to 

determine the effects of mutations in the FANC core and ID2 genes on ubiquitination of 

FANCD2 (van Twest et al., 2017) and it will be of interest to test the FANC core and ID2 gene 

variants that were identified from this study using this system. It will be important that such 

studies focus on variants that are confirmed to be expressed in the tumour sample as for several 

of the variants presented in Chapter 4, Sanger sequencing of cDNA has shown a lack or very 

low signal expression for the variant (Chapter 4; Section 4.2; Supplementary Figure S3), 

consistent with silencing of the mutant allele.    

In tumours where mutant allele is not expressed there may be concomitant reduction in protein 

levels and function due to expression from only the wild type allele. Such haploinsufficiency 

may result in an extremely subtle phenotype that is associated with a modest increase in risk of 

AML development. There is evidence supporting a haploinsufficient phenotype associated with 

heterozygous BRCA1/2 variants (see Chapter 5), and although these studies have not been 

performed in haematopoietic cells, the results are consistent with a model in which such variants 
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lead to accumulation of AML initiating mutations in HSC (see Chapter 5). For the remaining 

FANC genes, there is more limited evidence of haploinsufficiency associated with 

heterozygous mutation, although further studies are needed (discussed in more detail in 

Chapter 4).  

Given the identification of rare FANCL variants at increased frequency in the AML cohort, and 

increased mutation burden of FANCL in AML compared to healthy controls (see Chapter 4), 

the MCF10A model of FANCL haploinsufficiency, generated as part of this project, will 

provide an important model system allowing a range of sensitive assays to be used to investigate 

the cellular phenotype associated with haploinsufficiency. With regard to non-FANC genes 

there is strong evidence for a haploinsufficient tumour susceptibility phenotype in murine Atm+/- 

models, in which a two-fold increase in the formation of carcinogen-induced mammary tumours 

was observed for Atm+/- mice (Lu et al., 2006). Furthermore, when Atm haploinsufficiency was 

combined with haploinsufficiency in other genes (such as Rad9A, Mrad9 and p53) distinct 

tumour phenotypes from the wild type strains were achieved (Kleiman et al., 2007, Smilenov 

et al., 2005, Umesako et al., 2005). Thus, the co-occurrence of rare heterozygous variants across 

this FA/BRCA-HRR network is potentially an important factor in determining risk of cancer 

development, and several patients were identified with more than one rare predicted damaging 

variant across this network. Haploinsufficient phenotypes have also been proposed for a number 

of other non-FANC genes in the extended FA/BRCA-HRR network based on murine and 

human in vitro models (O'Driscoll, 2008).  

In summary, based on these studies it is proposed that haploinsufficiency for selected FANC 

and BRCA genes in particular may affect DNA repair capacity in haematopoietic stem and 

progenitor populations, leading to subtle increases in genomic instability and accumulation of 

AML initiating mutations. The difference in spectrum of variants between the adult and 

childhood AML cohorts suggests that BRCA1/2 haploinsufficiency induces a more rapid 

accumulation of initiating mutations, hence the earlier age of onset. Consistent with this 

concept, it is well-established that both BRCA1/2 and FA pathway, along with the other major 

DNA repair pathways, are critical for maintenance of genomic stability in HSC (Kenyon and 

Gerson, 2007, Pontel et al., 2015). A key role of the FA pathway has been demonstrated 

particularly under replicative stress, or when HSC are confronted with cross-linking toxins, and 

this raises the possibility that the level of risk associated with these rare variants may be affected 

significantly by other factors, such as environmental exposure, infectious agents and/or other 

genetic variants that affect metabolism of aldehydes (Pontel et al., 2015, Parmar and D'Andrea, 

2017).  Finally, based on the gene expression profiling and GSEA (presented in Chapter 3), it 
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is speculated that the specific gene affected (BRCA1/2 or other FANC genes) may contribute 

to the primitive haemopoietic population at risk of malignant transformation. 

 

6.4 Relevance to the field: germline predisposition and cancer risk 

In recent years, with the advent of the genomics era and developments in next generation 

sequencing, AML classification has progressed considerably. The number of recurrent 

somatically mutated genes in AML has reached saturation and mutation status for several 

somatically mutated genes is now used in classification and prognosis as described in Chapter 

1 (Arber et al., 2016). However, only a handful of genes have been associated with germline 

predisposition. Rare mutations in genes such as RUNX1, CEPBA, GATA2 and DDX41 are 

associated with dominantly inherited predisposition to myeloid malignancies. D-C mutations 

in these genes are extremely rare and development of myeloid malignancy is highly penetrant 

and readily detectable in familial studies (see Chapter 1; Section 1.7.1).  Mutations in this 

group of genes have now been incorporated into the most current revision of the ELN risk 

stratification (Dohner et al., 2017). In contrast, the studies in this thesis are consistent with 

modest risk of AML development associated with rare variants affecting the genes of the 

extended FA/BRCA-HRR network (estimated at approximately 3-fold increased risk for known 

D-C alleles), with potential for this to be higher with the influence of environmental or genetic 

factors. These findings need to be reconciled with the large study in 2012 by Goldin and 

colleagues showing that adult AML is not associated with a high level of familial risk (Goldin 

et al., 2012). It is likely that for AML a relatively small number of genes confer germline risk, 

including modest risk associated with the FANC core and ID2 genes, and the effect of this will 

be small even in a large cohort of first-degree relatives of AML patients. The identification of 

alleles that confer only a modest increased cancer risk is associated with a number of ethical 

issues. These have been reviewed in the literature and are discussed in the manuscripts included 

in Chapters 4 and 5.  

 

6.5 Future directions 

Genomic instability is recognised as a hallmark of cancer (Hanahan and Weinberg, 2011) and 

it is not surprising that genetic variation in DNA repair capacity, particularly in pathways 

known to be critical in HSC, is an important determinant of AML risk. This emphasised the 

need for a better understanding of variants in DNA repair genes. This better understanding 

means determining their interaction with endogenous and exogenous factors, and the potential 
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long-term consequences of subtle changes to pathway effectiveness, compared to the severe 

deficiencies that lead to high-risk syndromes such as FA. Finally, some patients in the subgroup 

of AML with heterozygous FANC gene variants may be candidates for targeted therapy. For 

example, PARP inhibitors (PARPi) were first shown to be effective in tumour cells with severe 

deficiency in BRCA1/2, and have since been shown to kill tumour cells with severe deficiency 

for other FANC genes (Kennedy et al., 2007).  Recent studies have also shown that the loss of 

function in BRCA1/2 does not always result in PARPi sensitivity, but rather the main 

determinant of sensitivity is a “BRCAness” phenotype (a term used to describe a specific type 

of genomic instability including mutation landscape and expression of genes relating to DNA 

repair deficiencies) (Murata et al., 2016, Lord and Ashworth, 2017, Lord and Ashworth, 2016). 

As discussed in Chapter 4, further study is now needed to determine whether there is a 

therapeutic window for use of PARPi inhibitors in tumours with heterozygous FANC variants. 

A number of clinical trials testing PARPi in conjunction with chemotherapeutic compounds are 

currently underway in cervical, breast and ovarian cancer, and it will be of interest to determine 

whether responses are correlated with mutation status of FANC genes. The GSEA analysis 

outlined in Chapter 4 is also suggestive that bulk leukaemic cells from patients with 

heterozygous FANC core & ID2 complex variants may exhibit elevated levels of replicative 

stress, and this raises the possibility that inhibitors targeting DNA repair pathways that are 

required during DNA replication (i.e. PARPi, Ku inhibitors, RAD52 inhibitors) may provide 

an option as therapy (Matulonis and Monk, 2017, Weterings et al., 2016, Kumar et al., 2017, 

Lok et al., 2013, Hengel et al., 2016). There is precedent for use of such agents in combination 

with chemotherapy in solid cancers (Matulonis and Monk, 2017). 

In conclusion, the aims set forth at the conception of the study have been achieved. A detailed 

case control study in AML to identify are deleterious, and disease related, gene variants 

affecting FANC genes, and genes encoding other factors that closely interact with the FA DNA 

repair pathway. This also resulted in the identification of D-C and D-A mutations across these 

genes. Gene expression profiling of AMLs carrying these variants in different functional 

subgroups of the FA/BRCA-HRR network have also revealed novel insight on the activity of 

other biological pathways namely, DNA replication and synthesis are affected. Most 

importantly, a heterozygous phenotype have been shown in a cell line model for FANCL 

heterozygous mutation.   
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Responses to examiners’ comments 

Comments from Examiner 1 

Note: The comments from the examiner are shown in quotation and blue font. The responses 

are shown in black font. 

Chapter 1 

“There is absolutely no background at all to the central question of the thesis: i.e. why do you 

think that there are germline predisposing mutations in AML, outside of the rare multiple case 

families with known mutations? What are the familial relative risks?” Given that the 

contribution of somatic mutations to the pathogenesis of AML has been established by the 

advancement in NGS, the next logical step utilising NGS data was to determine whether 

germline mutations would also contribute to AML pathogenesis. As reviewed and described in 

Chapter 1; Section 1.7, the contribution germline mutations to the pathogenesis of AML though 

not as well established as somatic mutations, is still a question of significant interest. The 

incorporation of germline mutations in the classification of AML as outlined by WHO most 

recently (Arber et al., 2016), shows the recognition by the scientific community of germline 

mutations as contributing factors to AML pathogenesis. 

“Are there twin studies that have estimated heritability?” Only limited studies in Chapter 1; 

section 1.7.1 (page 16). 

“What sort of GWAS have been done, how big and what have they found?” Only limited studies 

in Chapter 1; section 1.7.1 (page 16). 

 “Are there multiple case AML families with no known predisposing mutations?” Yes. The 

Australian Familial Haematological Cancer Study (Hamish Scott and Richard D’Andrea) has 

identified several of such families. 

“What sort of power did your study have to find predisposing mutations of what effect size?” 

Unlike GWAS which examine known population SNPs with MAF>0.05 and small effect size 

(Wellcome Trust Case Control et al., 2007; Choi et al., 2013), our study focused on rare variants 

and attempted to identify rare variants/mutations that confers relatively higher risk and can be 

detected in smaller cohorts. 

 

“Have people examined them with WES and WGS? What sort of similar WES and WGS studies 

have been done for other cancers e.g. melanoma, breast cancer, prostate cancer, colorectal 
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cancer etc, with what success?” Similar studies, as well as targeted sequencing studies have 

been performed in solid malignancies such as breast, prostate and colorectal cancer as described 

in Chapter 1; Section 1.7.3.2.2 (page 21). These studies have shown increased number of 

mutations FANC genes in solid malignancies (Zhang et al., 2015), as well as specific 

mutations/genes that are associated with specific types of malignancies (i.e FANCM-p.Q170X 

is associated with increased risk of developing triple negative breast cancer (Kiiski et al., 2014); 

mutations in FANCC, FANCE, BRIP1 and BRCA2 which have been shown to segregate within 

families with colorectal cancer (Esteban-Jurado et al., 2016). 

“There needs to be extensive discussion of these issues, if necessary (for reasons of space) by 

cutting out some details on DNA repair mechanisms, or methods of classifying AML. Goldin 

et al JCO 2012 is an important reference.” This has been addressed in Chapter 1; section 1.7.1 

(page 13). 

Chapter 3 

“I am concerned that there were no controls sequenced in the second batch of cases. Could this 

have introduced biases, and contributed to the identification of ‘mutations’ in cases that were 

absent in controls. In addition, the cases in batch II were done on a different platform, and to 

higher depth than the controls which were all done in the first batch. This could lead to biases 

that might result in a high frequency of 'mutations' in cases than controls.” This is incorrect. A 

second batch of controls (n=49) were sequenced along with the second batch of AML samples 

and analysed using the same bioinformatics pipeline. This was detailed in the supplementary 

information of the attached manuscript in Chapter 4 (page 134). The bioinformatics pipeline 

also took into consideration the differences in platform, also detailed in the supplementary 

information of the attached manuscript in Chapter 4. Hence, approached were included to 

ensure there were no bias in variants identified across the two batches of WES in both the AML 

and in healthy controls. 

 

“It is not clear to me that the candidate looked for variants that were unique to their control 

series but absent in cases. This is an important control – are rare variants enriched in cases, or 

is there a similar but different spectrum of rare variants found also in controls?” The variants 

that were unique/present at a higher frequency in the controls (than in the AML) were analysed 

and are now presented as Appendix Y (i.e variants that were only present in the controls with 

a MAF<0.001 and CADD>10). These variants were analysed when comparing the 

number/frequency of D-C mutations in the AML vs controls, as well as the Burden test. 
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“Re Table 3.8., it is not surprising that there are multiple variants that occur more than once in 

the cases but less frequently in ExAC. But what about looking at the reverse? There are 

probably variants that occur more often in ExAC than in cases - does this mean that they are 

protective? No it is probably just chance but it would be a useful exercise to do this, and discuss 

the difference in the characteristics (if there are any) between the possible 'risk' and 'protective' 

variants.” Yes, I acknowledge that there are variants that occur more frequently in ExAC than 

in the AML cohort in this study. However, this does not mean that such variants are protective 

in nature, they are most likely to be rare population SNPs that by chance are not represented in 

the small AML cohort.   

“There is no discussion as to whether the cases had a family history of AML, or of any cancer, 

or were all sporadic cases of unknown family history. To find predisposing mutations it would 

have been ideal to enrich for familial cases, if they exist (and if they don’t, the likelihood of 

finding predisposing mutations must be low).” There were limited family history available for 

the AML samples used in this study. For patients with D-C mutations, our clinical collaborator 

has checked for family history in the available clinical information. 

 

“My most important criticism of this chapter is that there was no correction for multiple testing. 

For example, 28 tests were done (for 28 genes) in Table 3.6 so you need to use a Bonferroni 

corrected p value of 0.0017; not one of 0.05. The same applies to the other analyses, and only 

genes that reach significance with this correction for multiple testing should be further 

described and used as the basis for additional analysis, such as the expression and GSEA.” This 

has now been addressed in this chapter, the four genes ATM, C17ORF70, MLH3 and TOP3A 

are statistically enriched in the AML cohort in comparison to the ExAC database after multiple 

correction (page 66). 

 

“At the end of Chapter 3, I think you also need to discuss my major caveat - that there is no 

strong evidence that any of these 'germline mutations' are associated with risk. If you correct 

for multiple testing, few comparisons are significant; comparison of variants identified through 

different platforms and analysed in different ways, can lead to false positive associations; there 

is no independent validation; and no sign that these 'mutations' occur and segregate with disease 

in multiple case families. So given all of these caveats i think the GSEA analyses need to be 

considered with caution.” No single variant is strongly associated with risk of AML, however 

analysis of the independent TCGA AML cohort as described in Chapter 4 (section 4.2; page 
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104) also showed enrichment of rare predicted damaging FANC variants in their AML cohort. 

The results from this study also showed that there is an increased frequency of D-C mutations 

in the AML compared to normal healthy controls (Table 3.9). As previously mentioned, the 

potential for false positive associated with identifying variants across two different platforms 

has been considered during the bioinformatics analysis. Due to the poor availability of family 

history of the AML samples in this cohort, analyses from a familial inheritance and segregation 

of variants could not be performed. However, we point out that given the modest risk associated 

with the variants, we predict incomplete penetrance in families, or large families or collection 

of families may only reveal this association. The GSEA analyses were considered with caution 

and were only used to supplement the results from the WES analysis, providing potential clues 

to the biological consequences associated with rare FANC gene variants. 

 

Chapter 4 

Please note that after obtaining the reviewers’ comments from the initial submission, the 

attached manuscript has been edited extensively, including additional experiments which have 

been performed. The manuscript has since been resubmitted to the same journal (PLOS 

Genetics) for review, and is now included in Chapter 4; section 4.2 including the reviewers’ 

comments and our responses. 

“i think only FANCLL survives correction for multiple testing, so personally I'd focus entirely 

on that gene. What is the OR for FANCL? and the 95% CI? If it is about 3-4, then wouldn't you 

expect to see multiple AML cases among FANCL families? and that the cases you found with 

FANCL 'mutations' would have a family hx?” It is important to note that FANCL is one of the 

least common subtype of FA which in itself is already a very rare disorder. This meant that 

there is limited to no familial studies on FANCL mutations in the literature. 

“The MCF10A cell line was a strange choice for CRISPR of FANCL. Are there no more 

appropriate lines for a study focused on AML? If not, this at least should be discussed. And was 

no characterization of the edited lines done at all? It seems odd to generate the clones and not 

do a basic characterization of the activity of the pathway.” As described in Chapter 4; Section 

4.2, MCF10A cell line is a non-tumour derived diploid cell line with intact FA DNA repair 

pathway. Characterisation of selected clones have been performed and the results are included 

in the revised version of the manuscript which has been resubmitted. Upon receiving the 

reviewers’ comments from PLOS Genetics, a revised manuscript has been resubmitted as of 

31st November 2017 and is attached in Chapter 4; Section 4.2.  
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Chapter 5 

“what is the evidence that childhood AML has a genetic component?” As reviewed by Stieglitz 

and Loh (Stieglitz and Loh 2013), germline mutations contribute to childhood AML similarly 

to adult AML through mutations in familial AML genes such as CEBPA, RUNX1 and GATA2 

(reviewed and described in Chapter 1; Section 1.7.1 and 1.7.2). 

“did you correct for multiple testing in the analysis?” Multiple correction testing was not 

performed. 

“the term 'mutation' is not appropriate unless known to be disease causing” This has been 

addressed in the attached manuscript. The term “rare variant” is now used to unless the variant 

is a known disease-causing (D-C) mutation. 

 

“are the BRCA1/2 variants described really pathogenic for BC or unclassified variants?” The 

BRCA1/2 variants described are rare predicted pathogenic variants. If a variant has been 

reported as pathogenic in breast cancer or other diseases, this is stated in the text. 

Final Discussion 

“I think this should focus on the most reliable results eg genes that survive correction for 

multiple testing, and what should be done to validate this finding. The sorts of experiments 

proposed might tell you if the variant is non-functional but won't strengthen the case that it is 

associated with risk of AML. What is the best way to do that? Is there any sign of second hits 

in the carriers of the BRCA/1 variants? How could that be evaluated? Why is it important?” I 

agree that the experiments proposed may test whether the variants identified directly affected 

the function of the protein and different experiments would have to be designed to determine 

that association with the risk of AML. Such experiments would require analysis of germline 

variants for a much larger multi-centre AML cohort, as well as a large cohort of normal healthy 

controls. This is discussed further in detail in Chapter 6 (section 6.4; page 193). With regards 

to the BRCA1/2 variants, I agree it would be important to determine the presence/absence of a 

second hit to the genes. The WES data show an absence of a second hit but the potential loss of 

heterozygosity (LOH) of the second allele of the genes cannot be confirmed from the WES data 

based on variant allele frequency. As shown in Supplementary Figure S3 in Section 4.2; Chapter 

4, sequencing the cDNA of the AML sample would reveal if the variant identified from the 

WES is actually expressed (transcribed).  
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Comments from Examiner 2 

“The methods for exome sequencing have very limited detail compared to the other methods 

described in chapter 2. The sequencing methods are included in the Chapter 4 and 5 manuscripts 

therefore this section of chapter 2 should acknowledge the Diamentina Institute for performing 

the sequencing and analysis and refer to chapter 4 & 5 methods. Alternatively, details on DNA 

quantification, quality control and input amount should be added to chapter 2. A brief 

description of library preparation and quality control steps and amount used for the HiSeq runs 

need to be included too.” The Diamentina Institute has been acknowledged for performing the 

sequencing and initial analysis of the data in Chapter 2.  

“The method for exome sequencing should be placed after details of the patient cohort and 

ethics. Details of the healthy control cohort (including Duncan et al reference) should be added 

too. Why was an all-female control cohort used? This is not explained.” An all-female cohort 

was used due it being readily available to the team at the Dimentina Institute. Also see Chapter 

4, section 4.2 and detailed response to reviewers’ comments. 

“Further explanation of figures 3.5 – 3.7 is needed in the results of chapter 3. What results are 

these figures showing and what does each result mean in the context of the aims of the project? 

This explanation first appears in the discussion sections of chapter 3 and should be first 

described in the results.” Due to GSEA being a hypothesis generating tool, as well as the 

discussion of GSEA being of a more speculative nature, there is overlap in what is considered 

to be results and discussion. Hence, it was decided that the GSEA will be discussed in the 

discussion section and integrated with the conclusions from the findings from the WES data. 

“The Chapter 3 discussion describes the results well but further in depth discussion of the 

subgroups should be included. Is there clinical relevance for any of the subgroups? Would they 

be expected to respond to standard and targeted therapies differently due to changes in specific 

DNA repair processes?” As described in Chapter 3; Section 3.2.5.1, aside from the association 

with abnormal karyotype for the FA/BRCA-HRR network mutant AML and KEGG-HRR 

subgroup mutant AML which also had an association with MLL translocations, there were no 

other clinical characteristics that associated with the various subgroups. It is possible that 

selected therapies could be used for AML with partially deficient DNA repair pathways. As 

discussed in Chapter 4, Section 4.2, a combinational treatment with PARP1 inhibitor and 

chemotherapeutic 5-fluorouracil (5-FU) has recently been shown by Falzacappa and colleagues 

to be effective in both in vitro and in vivo models of AML and ALL. 
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“The conclusion of chapter 3 should reflect the aim of the study outlined in the introduction of 

the chapter. Was the aim achieved? Was the hypothesis supported by the data?” The 

conclusions of Chapter 3 has been adjusted to reflect the aims of the project (page 90). The data 

in the chapter support that hypothesis that rare DNA repair gene variants associated with the 

FA/BRCA-HRR network are enriched in AML compared to controls. 

“The role of common AML mutations and karyotypic abnormalities is only very briefly 

mentioned in the summary and throughout the discussion. It is likely that these features of AML 

influence the results and should be carefully considered and discussed in more detail – perhaps 

as a brief new section in the discussion.” Similar comment were given by the editor and 

reviewers for the manuscript in Chapter 4; Section 4.2 and has been addressed in Chapter 4. 

“A final brief conclusion that summarises the results of each of the overall project aims should 

be added after the future directions to end the thesis with a concluding paragraph.” A brief 

conclusion summarising the results of each aim have been added after the future directions at 

the end of Chapter 6 (page 194). 
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Appendices 

Appendix A. Oligonucleotides used for validation of FA-BRCA-HRR variants by PCR & Sanger sequencing 

WES ID Gene 
Type of 

Mutation 
Changes Primer Set Forward Reverse 

Annealing 

Temperature 

(Forward / 

Reverse) 

Amplicon 

(in base 

pairs) 

GC% 

(Forward / 

Reverse) 

WES-47 FANCA Missense c.C455G FANCA F1 & R1 TCCCGTGGGTATTCTCTCAG TCAACAGAACATTGCCTGGA 60/60 383 55/45 

WES-32 FANCD1 Non FS Del c.6399_6401del FANCD1-1 CAGCAAGTGGAAAGCAAGTTT AAGCCTGTTCTTTTCCCAAA 59.5/58.9 387 43/40 

WES-21 FANCD2 Nonsense c.C2776T FANCD2-F2 & R2 AGGGACTTGGGCTAGAGGAA CCTCAGTGTCACAGTGTTCTTTG 60/60 386 55/47.8 

WES-59 FANCI Missense c.A394G FANCI F1 & R1 CAGTTCTGGATCTCGGTCAA TTTTCCGCCACTTGTATTCC 60/60 458 50/45 

WES-1 FANCI Missense c.C1656G FANCI F3 & R3 GTTTTGCTCTACGCTTCATTGT GACAGTGGCTACCATACTGGAT 58.6/58.1 472 40.9/50 

WES-18 FANCL Missense c.A343G FANCL F2 & R2 GGGAATGAGTCAGCCAGATT CCCTCTCTTTAATTCACAGCAA 59.1/58.5 402 50/40.9 

WES-41 FANCL Missense c.C50G FANCL F1 & R1 TGGACTTGAGGGCAATCTTC CCTAGCCCGTCACAGACTTC 60/60 410 or 343 50/60 

WES-94 FANCM FS Del c.3998delA FANCM F2 & R2 AGGATTCTGTAGTCCAGATTCTGA GCAGATACATTGGACCACTGC 58.4/60.5 497 41.7/52.4 

WES-9 FANCM Missense c.A1545C FANCM F1 & R1 AACGTGATGAGACCCGAGTT AGTCAGGATTCCAACCCAGTT 59.6/59.8 429 50/47.6 

WES-46 FANCM Nonsense c.C5101T FANCM-3 GAGTCTTGCAAAGGCCAATC AGGGTGGTGTGGTAGACTGG 60/60 454 50/60 

WES-55 FANCP Missense c.G2312C SLX4 F1 & R1 AGGCTGCAGTAAGCCATGAT CTGGTCATGGACTTGGGATT 60/60 492 50/50 

WES-73 FANCP Missense c.C1271T SLX4 F2 & R2 TTCACACAAGGCAGTGGAAG CTCCCAGGGTCACTCTTCTG 60/60 390 50/60 

WES-81 FANCP Nonsense c.C4996T SLX4 F3 & R3 TCCTGAGATCCACCTGTTCC GAGGATACATGAGGCCACTGA 60/60 486 N/A 

WES-34 FANCQ Missense c.T2117C ERCC4-1 GTAGGTGGCCAGGAACAGAA CACCTCGGGAAGTGAGAGAG 60/60 258 45/60 

WES-74, WES-

208 

FANCQ Missense 
c.C2288T 

ERCC4-3 TGCGTGAATTTCGAAGTGAG TGTGGCTTGCTTTGTTTCAG 45/45 448 60/60 

WES-46 FANCS Nonsense c.C3607T BRCA1 F1 & R1 TGCATCTCAGGTTTGTTCTGA ACAGACACTCGGTAGCAACG 59.4/59 335 42.9/55 

WES-2 ATM Missense c.G7618A ATM F1 & R1 GAATGGGGACCAAGATGATG CAAAGTGTGATGGGGGTGAT 60.1/60.6 417 50/50 

WES-26 ATM Missense c.G6860C ATM F3 & R3 CATGCAGACAGAGAGGTCCTT ACAGCTGGCATCCAACTTCT 59.5/59.9 309 52.4/50 

WES-61 ATM Missense c.A5116G ATM F6 & R6 GAAGCTGCTTGGGAGAAGTG CAGGGACCTTGTCTGGAATG 60.1/60.5 381 55/55 

WES-84 ATM FS deletion c.2905delC ATM F7 & R7 CTCCCAAAGTGCTGGGATTA CCTTGAGCATCCCTTGTGTT 60.1/60.1 428 50/50 

WES-34 ATR Missense c.A2437G ATR F1 & R1 GGTGACAGAGCAAGACCCTA CTTCAGAGTCCAAGGATTCCA 57.9/59.3 421 55/47.6 
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WES-74 ATR Missense c.A6259G ATR F2 & R2 TTTTTGTGAAAACGGTATGTGG GATTTGTATTTGTGGCCCTGA 59.8/59.8 414 36.4/42.9 

WES-58 BARD1 Missense c.G1868A BARD1 F1 & R1 AAGAAGCAGGCCAAAGAAAT ACAGGGCTTCACCGTGTTAG 58.1/60.2 408 40/55 

WES-87 FAN1 Missense c.A2525G FAN1 F2 & R2 TGAGAACCACTGCTTTGTGG AGATGGTTTCTGCTGGCTGT 59.9/59.9 477 50/50 

WES-94 MLH1 Nonsense c.C960G MLH1 F1 & R1 ACAGAACATGAGTGGCAGCA CCGATAACCTGAGAACACCAA 60.5/60 341 50/47.6 

WES-14 MLH3 Missense c.A1234G MLH3 F1 & R1 ACTTCCGATGAGAGGAGCAA CTGGTTCCACACGGATTTTC 60/60.4 365 50/50 

WES-27 MLH3 Missense c.T3173G MLH3 F2 & R2 CGGTAGAAGATGCCACAGGT CTTGTCCAGCATTCCCATCT 60.1/60.1 316 55/50 

WES-31 NBN Nonsense c.C127T NBN F1 & R1 AACCTTTGATAGCCTTCAGTGAG TTTGTGATTTCAACCCCCTTA 59/59.3 387 43.5/38.1 

WES-14 RAD51D Missense c.C553T RAD51D F1 & R1 ACCTGAGTCCTTGCATCCAG ATTGCACATCTGCATTTCCA 60.3/60.1 302 55/40 

WES-4 RMI1 FS deletion c.1419_1434del RMI1 F1 & R1 CCAGCAGTTCAGATAGCCATT ACCATCAGACACCTTTGCAGT 59.4/59.6 323 47.6/47.6 

WES-4 RPA1 Missense c.C1165T RPA1 F1 & R1 GGGAAATGCTCTTTCCCCTA GCCTTCAAGAAACACGGAAG 60.4/59.9 495 50/50 

WES-94 RPA1 Missense c.G1300A RPA1 F2 & R2 ATGACCGTGACCTGTGTGAA TTCCCTCTGCCAGTGATTCT 60/59.8 425 50/50 

WES-63 RPA3 Missense c.T83C RPA3 F1 & R1 GAGCGCTAGTCTTCGCTGAT GACGGGCACTGGAATTTAGA 59.9/60.1 448 55/50 
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Appendix B. Output of interacting proteins from queries of individual FANC 16 proteins from STRINGdb 

Interacts 

with 

FANCA 

Interacts 

with 

FANCB 

Interacts 

with 

FANCC 

Interacts 

with 

BRCA2 

Interacts 

with 

FAND2 

Interacts 

with 

FANCE 

Interacts 

with 

FANCF 

Interacts 

with 

FANCG 

Interacts 

with 

FANCI 

Interacts 

with 

BRIP1 

Interacts 

with 

FANCL 

Interacts 

with 

FANCM 

Interacts 

with 

PALB2 

Interacts 

with 

RAD51C 

Interacts 

with SLX4 

Interacts 

with 

ERCC4 

Combined list used to generate the final 

FA/BRCA-HRR network 

FANCC FANCM FANCE RAD51 FANCI FANCC FANCA FANCA FANCD2 BRCA1 FANCA FANCL BRCA2 RAD51L1 GIYD1 ERCC1 FANCC SHFM1 RAP1 

FANCF FANCL FANCF BRCA1 FANCE FANCD2 FANCG FANCF FANCL MLH1 FANCM FANCA BRCA1 XRCC3 ERCC4 XPC FANCF XRCC3 C16orf75 

FANCE FANCD2 FANCG FANCD2 BRCA2 FANCA FANCC FANCC FAN1 TOPBP1 FANCG C19orf40 RAD51 RAD51 EME1 XPA FANCE TP53 MORF4 

FANCL FANCG FANCD2 PALB2 FANCC FANCM FANCE BRCA2 UBC RAP1 FANCF FANCE FANCI BRCA2 MUS81 ERCC5 FANCL HMG20B BRIP1 

FANCM C17orf70 FANCM SHFM1 BRCA1 FANCF FANCM FANCE C19orf40 PALB2 FANCC RMI1 FANCD2 MND1 PLK1 ERCC2 FANCM ATM RAD51L1 

TOP3A APITD1 FANCL FANCG MRE11A FANCG FANCL FANCL ATM  C17orf70 C17orf70 MORF4 RAD51L3  RAD23B TOP3A CHEK2 RAD51L3 

FANCB C19orf40 ZBTB32 XRCC3 ATM CHEK1 FANCD2 FAH FANCA  FANCB FANCF BRIP1 BRCA1  BTBD12 FANCB PLK1 GIYD1 

BLM RAD51 STAT1 TP53 FAN1 FANCL RMI1 FANCM FANCM  FANCD2 FANCB  MRE11A  CKN2 BLM CDK2 ERCC4 

C17orf70 FANCC EIF2AK2 HMG20B FANCA BRCA2 APITD1 XRCC3 PALB2  UBE2T FANCG  RAD50  GTF2H1 C17orf70 C11orf30 EME1 

FANCD2 FANCF HSPA4 ATM FANCM TOP3A TOP3A C17orf70 C17orf70  FANCI FANCC  ATM  DDB1 FANCD2 RAD50 MUS81 

C19orf40 FANCE FANCI BARD1 FANCB FANCI BLM FANCB USP1  C19orf40 APITD1  SPO11  ERCC3 C19orf40 MLH1 ERCC1 

BRCA1 FANCI TOP3A CHEK2 USP1 BLM FANCI FANCD2 WDR48  FANCE BLM  PSMC3IP  POLD1 BRCA1 MRE11A XPC 

FAH TOP3A BLM PLK1 FANCL C17orf70 BRCA1 BLM FANCC  STRA13 FANCD2  CDK4  POLR2A FAH RAD51C XPA 

STRA13 UBA52 BRCA1 CDK2 UBC C19orf40 C17orf70 TOP3A FANCF  APITD1 TOP3A    DDB2 STRA13 BCCIP ERCC5 

FANCI  C17orf70 FANCE C19orf40 BRCA1 C19orf40 C19orf40 FANCE  BLM STRA13    CCNH FANCI FANCA ERCC2 

SMARCA4 C19orf40 C11orf30 FANCG FANCB FANCB STRA13 BRCA2  TOP3A C16orf75    CDK7 SMARCA4 BUB1B RAD23B 

RMI1  FANCB RAD50 ATRIP UBE2T STRA13 CYP2E1 BRCA1  BRCA1 FANCI    XAB2 RMI1 CDK4 BTBD12 

APITD1  SPTAN1 MLH1 UBE2T BARD1 UBA52 APITD1 FANCG  UBA52 UBE2T    ERCC8 APITD1 USP11 CKN2 

AKT1  UBA52 MRE11A RAD18 RFC4 RFC4 BRCA1 UBE2T  CHEK1 UBA52    CETN2 AKT1 H2AFX GTF2H1 

HES1  RMI1 UBC RAD50 RFC2 CHEK1 FANCI ATRIP  ATRIP UBC    MNAT1 HES1 MND1 DDB1 

SPTAN1  BARD1 RAD51C FANCF STRA13 UBE2T UBC UBA52  RFC2     GTF2H3 SPTAN1 RBBP8 ERCC3 

BRCA2  CHEK1 FANCI WDR48 UBA52 RFC2 PRDX3 RFC2  UBC     RPA3 BRCA2 STAT5A POLD1 

RPA1  RFC4 BCCIP PALB2 UBC BARD1 BARD1 FANCB  RMI1     POLR2L RPA1 SMAD3 POLR2A 

CHEK1  UBE2T CHEK1 C17orf70 RMI1 UBC UBA52 TOPBP1  BARD1       CHEK1 FLNA DDB2 
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UBA52  STRA13 FANCA UBB APITD1 HUS1 CHEK1 RAD17  TOPBP1       UBA52 PSMD3 CCNH 

UBE2T  RFC2 BUB1B XRCC3 HUS1 RAD9A ATRIP RAD9A  UBB       UBE2T SPO11 CDK7 

UBC  APITD1 CDK4 PCNA ATRIP TOPBP1 UBE2T HUS1         UBC MLH3 XAB2 

RFC4  HSPA1A USP11 UBA52 RAD17  RAD9A UBB         RFC4 MSH4 ERCC8 

RFC2  TOPBP1 BLM MEN1 UBB            RFC2 PARP1 CETN2 

BARD1  RAD17 H2AFX H2AFX RAD9A            BARD1 RPA3 MNAT1 

ATRIP  UBC MND1 KAT5 TOPBP1            ATRIP DMC1 GTF2H3 

HUS1  RAD9A RBBP8 RFC2             HUS1 PSMC3IP POLR2L 

TOPBP1  ATRIP STAT5A BARD1             TOPBP1 TEX15   

RAD17  HUS1 SMAD3 RAD17             RAD17 FAN1   

RAD9A  RFC3 FLNA RFC4             RAD9A USP1   

   UBB PSMD3 TOPBP1             FANCG RAD18   

    TOP3A RFC3             RAD51 WDR48   

    SPO11 RFC5             ZBTB32 PCNA   

    MLH3 TNKS             STAT1 MEN1   

    MSH4 HUS1             EIF2AK2 KAT5   

    PARP1 RAD9A             HSPA4 RFC5   

    RPA3 ZBTB32             HSPA1A TNKS   

    DMC1 CHEK1             RFC3 NBN   

    PSMC3IP NBN             UBB CYP2E1   

      TEX15                         PALB2 PRDX3   
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Appendix C. List of FA/BRCA-HRR variants identified from the WES of 145 AML patients at diagnosis 

WES ID Chr start end Gene Conseque

nce 

Ref Seq Exon *Nucleotide change Amino acid 

change 

CADD 

Score 

No. of 

Reads 

(Ref) 

No. of 

Reads 

(Alt) 

VAF 

WES-1 9 35076755 35076755 FANCG Missense NM_004629 7 c.C890T p.T297I 21.6 30 47 61.0 

WES-1 15 89826439 89826439 FANCI Missense NM_018193 17 c.C1656G p.S552R 24.8 18 16 47.1 

WES-1 16 3640815 3640815 SLX4 Missense NM_032444 12 c.G2824C p.E942Q 14.65 23 19 45.2 

WES-2 11 1.08E+08 1.08E+08 ATM Splicing NM_000051 - 108202273 G>A - 11.17 7 5 41.7 

WES-2 11 1.08E+08 1.08E+08 ATM Missense NM_000051 51 c.G7618A p.V2540I 15.92 19 36 65.5 

WES-4 5 68682299 68682299 RAD17 Splicing - - 68682299 C>T - 10.7 9 7 43.8 

WES-4 9 86617320 86617335 RMI1 FS Del NM_024945 3 c.1419_1434del p.S473fs 35 11 10 47.6 

WES-4 17 1783909 1783909 RPA1 Missense NM_002945 12 c.C1165T p.R389W 35 49 36 42.4 

WES-6 22 29121061 29121061 CHEK2 Missense NM_007194 4 c.A496G p.N166D 26.1 47 27 36.5 

WES-6 3 48506279 48506279 ATRIP Missense NM_032166 11 c.G2024A p.R675Q 22.2 24 28 53.8 

WES-8 2 58386928 58386928 FANCL FS Ins NM_018062 14 c.1099_1100insATTA p.T367fs 38 11 9 45.0 

WES-9 11 1.08E+08 1.08E+08 ATM Missense NM_000051 33 c.A4949G p.N1650S 11.08 16 15 48.4 

WES-9 17 79514028 79514028 C17orf70 Missense NM_025161 5 c.G2080C p.A694P 12.9 18 23 56.1 

WES-9 14 45628447 45628447 FANCM Missense NM_020937 9 c.A1545C p.K515N 22.2 36 32 47.1 

WES-13 11 1.08E+08 1.08E+08 ATM Splicing NM_000051 - 108202273 G>A - 11.18 4 14 77.8 

WES-13 17 41222975 41222975 BRCA1 Missense NM_007298 14 c.G1644A p.M548I 22.3 17 16 48.5 

WES-14 11 1.08E+08 1.08E+08 ATM Missense NM_000051 8 c.C998T p.S333F 25.1 4 4 50.0 

WES-14 2 58459232 58459232 FANCL Missense NM_018062 2 c.C112T p.L38F 25.3 20 7 25.9 

WES-14 14 75515125 75515125 MLH3 Missense NM_014381 2 c.A1234G p.K412E 19.29 29 28 49.1 

WES-14 17 33433488 33433488 RAD51D Missense NM_001142571 6 c.C553T p.R185W 35 15 16 51.6 

WES-14 18 20602153 20602153 RBBP8 Missense NM_002894 18 c.G2516A p.R839Q 22.5 31 20 39.2 

WES-16 9 86616761 86616761 RMI1 Missense NM_024945 3 c.C860T p.P287L 13.88 12 13 52.0 

WES-18 15 31197584 31197584 FAN1 Missense NM_001146094 2 c.G718A p.E240K 12.62 41 36 46.8 
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WES-18 2 58449108 58449108 FANCL Missense NM_018062 5 c.A343G p.I115V 14.1 14 6 30.0 

WES-20 9 97912307 97912307 FANCC Missense NM_001243743 7 c.A584T p.D195V 25.2 37 35 48.6 

WES-21 16 89813256 89813256 FANCA Missense NM_000135 34 c.A3391G p.T1131A 23.5 47 31 39.7 

WES-21 3 10116274 10116274 FANCD2 Nonsense NM_033084 29 c.C2776T p.R926X 46 14 10 41.7 

WES-21 11 65629482 65629482 MUS81 Missense NM_025128 4 c.G416A p.R139Q 17.49 3 26 89.7 

WES-22 11 1.08E+08 1.08E+08 ATM Missense NM_000051 8 c.C998T p.S333F 25.1 5 9 64.3 

WES-23 16 3641280 3641280 SLX4 Missense NM_032444 12 c.G2359A p.E787K 21.6 26 27 50.9 

WES-24 11 1.08E+08 1.08E+08 ATM Missense NM_000051 31 c.T4709C p.V1570A 15.35 2 2 50.0 

WES-25 11 1.08E+08 1.08E+08 ATM Missense NM_000051 50 c.T7475G p.L2492R 22 8 7 46.7 

WES-25 14 68353893 68353893 RAD51B Missense NM_133510 7 c.A728G p.K243R 27.1 14 6 30.0 

WES-25 18 20572836 20572836 RBBP8 Missense NM_002894 11 c.C1046T p.S349F 29 17 7 29.2 

WES-26 11 1.08E+08 1.08E+08 ATM Missense NM_000051 47 c.G6860C p.G2287A 17.09 29 16 35.6 

WES-26 3 1.42E+08 1.42E+08 ATR Missense NM_001184 3 c.C268T p.H90Y 15.97 26 23 46.9 

WES-26 14 45606290 45606290 FANCM Missense NM_020937 2 c.C527T p.T176I 20.2 24 18 42.9 

WES-27 14 75513186 75513186 MLH3 Missense NM_014381 2 c.T3173G p.V1058G 25.3 70 50 41.7 

WES-27 14 68353784 68353784 RAD51B Missense NM_133510 7 c.G619T p.V207L 20.7 14 17 54.8 

WES-28 11 1.08E+08 1.08E+08 ATM Missense NM_000051 11 c.T1744C p.F582L 10.28 21 25 54.3 

WES-28 17 59938933 59938933 BRIP1 Splicing - - 59938933 A>G - 15.04 13 20 60.6 

WES-30 11 1.08E+08 1.08E+08 ATM Missense NM_000051 9 c.T1229C p.V410A 23.4 12 11 47.8 

WES-30 2 58388668 58388670 FANCL Missense NM_018062 12 c.1007_1009del p.336_337del 22.8 14 15 51.7 

WES-30 14 75514138 75514138 MLH3 Missense NM_014381 2 c.G2221T p.V741F 16.6 0 39 100.

0 

WES-31 8 90994994 90994994 NBN Nonsense NM_002485 2 c.C127T p.R43X 15.87 26 6 18.8 

WES-32 13 32914891 32914893 BRCA2 Missense NM_000059 11 c.6399_6401del p.2133_2134d

el 

13.71 13 0 0.0 

WES-32 17 79517729 79517729 C17orf70 Missense NM_025161 3 c.C791T p.A264V 12.51 48 35 42.2 

WES-33 5 1.32E+08 1.32E+08 RAD50 Missense NM_005732 16 c.T2525C p.V842A 20.5 35 23 39.7 

WES-33 17 56772522 56772522 RAD51C Missense NM_002876 2 c.G376A p.A126T 21.7 38 40 51.3 
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WES-34 3 1.42E+08 1.42E+08 ATR Missense NM_001184 11 c.A2437G p.M813V 19.44 21 16 43.2 

WES-34 16 14041570 14041570 ERCC4 Missense NM_005236 11 c.T2117C p.I706T 27.2 69 59 46.1 

WES-35 3 48506279 48506279 ATRIP Missense NM_032166 11 c.G2024A p.R675Q 22.2 27 24 47.1 

WES-35 17 79514675 79514675 C17orf70 Missense NM_025161 5 c.A1433G p.Q478R 25 10 7 41.2 

WES-35 22 29121087 29121087 CHEK2 Missense NM_007194 4 c.T470C p.I157T 22.7 66 49 42.6 

WES-37 16 14026059 14026059 ERCC4 Missense NM_005236 6 c.G1019A p.R340Q 34 6 3 33.3 

WES-37 14 75509146 75509146 MLH3 Missense NM_014381 3 c.C3315A p.D1105E 16.99 58 29 33.3 

WES-38 3 1.42E+08 1.42E+08 ATR Missense NM_001184 3 c.C268T p.H90Y 15.97 78 48 38.1 

WES-38 17 48453136 48453136 EME1 Missense NM_001166131 2 c.T567A p.N189K 10.06 28 38 57.6 

WES-38 16 14028081 14028081 ERCC4 Missense NM_005236 7 c.C1135T p.P379S 32 39 21 35.0 

WES-40 14 45665603 45665603 FANCM Missense NM_020937 21 c.G5569A p.V1857M 27.7 29 26 47.3 

WES-41 2 58468399 58468399 FANCL Missense NM_018062 1 c.C50G p.P17R 22.2 51 35 40.7 

WES-41 14 75514138 75514138 MLH3 Missense NM_014381 2 c.G2221T p.V741F 16.6 11 19 63.3 

WES-41 17 18188600 18188600 TOP3A Missense NM_004618 15 c.A1733C p.E578A 22.9 97 88 47.6 

WES-43 17 18205933 18205933 TOP3A Missense NM_004618 6 c.G604A p.D202N 24.3 22 32 59.3 

WES-46 17 41243941 41243941 BRCA1 Nonsense NM_007294 10 c.C3607T p.R1203X 35 52 45 46.4 

WES-46 14 45658326 45658326 FANCM Nonsense NM_020937 20 c.C5101T p.Q1701X 35 46 47 50.5 

WES-47 16 89877182 89877182 FANCA Missense NM_001018112 5 c.C455G p.A152G 13.73 83 47 36.2 

WES-48 17 18186148 18186148 TOP3A Missense NM_004618 16 c.G1885A p.E629K 24.5 13 13 50.0 

WES-52 3 1.42E+08 1.42E+08 ATR Missense NM_001184 30 c.A5257G p.I1753V 22.5 16 15 48.4 

WES-54 8 90993640 90993640 NBN Missense NM_002485 3 c.G283A p.D95N 25.8 26 16 38.1 

WES-55 11 1.08E+08 1.08E+08 ATM Missense NM_000051 9 c.T1229C p.V410A 23.4 7 9 56.3 

WES-55 11 1.08E+08 1.08E+08 ATM Missense NM_000051 49 c.A7291G p.K2431E 20.5 6 12 66.7 

WES-55 14 75509146 75509146 MLH3 Missense NM_014381 3 c.C3315A p.D1105E 16.99 27 26 49.1 

WES-55 8 90992986 90992986 NBN Missense NM_002485 4 c.G456A p.M152I 28 7 11 61.1 

WES-55 16 3642715 3642715 SLX4 Missense NM_032444 11 c.G2312C p.S771T 15.99 22 20 47.6 

WES-56 5 1.32E+08 1.32E+08 RAD50 FS Ins NM_005732 13 c.2157dupA p.L719fs 36 9 0 0.0 
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WES-57 16 3641202 3641202 SLX4 Missense NM_032444 12 c.G2437A p.E813K 28.2 28 33 54.1 

WES-57 12 1.25E+08 1.25E+08 UBC Missense NM_021009 2 c.G595A p.G199R 22.2 74 66 47.1 

WES-58 2 2.16E+08 2.16E+08 BARD1 Missense NM_001282548 4 c.G458A p.G153E 32 13 6 31.6 

WES-58 11 65629482 65629482 MUS81 Missense NM_025128 4 c.G416A p.R139Q 17.49 23 29 55.8 

WES-59 15 89804921 89804921 FANCI Missense NM_018193 5 c.A394G p.I132V 10.54 43 29 40.3 

WES-59 1 28240815 28240815 RPA2 Missense ENSG00000117748 - c.G140A p.G47E 10.34 10 7 41.2 

WES-60 15 91328183 91328183 BLM Nonsense NM_001287248 14 c.C1570T p.R524X 36 31 38 55.1 

WES-60 17 41222975 41222975 BRCA1 Missense NM_007298 14 c.G1644A p.M548I 22.3 16 13 44.8 

WES-60 2 58386928 58386928 FANCL FS Ins NM_018062 14 c.1099_1100insATTA p.T367fs 38 11 9 45.0 

WES-61 11 1.08E+08 1.08E+08 ATM Missense NM_000051 34 c.A5116G p.K1706E 22.1 22 13 37.1 

WES-62 11 1.08E+08 1.08E+08 ATM Missense NM_000051 11 c.T1744C p.F582L 10.28 15 23 60.5 

WES-63 7 7679967 7679967 RPA3 Missense NM_002947 5 c.T83C p.V28A 22.8 30 24 44.4 

WES-63 17 18194242 18194242 TOP3A Missense NM_004618 12 c.G1381A p.A461T 26 69 36 34.3 

WES-63 17 18194248 18194248 TOP3A Missense NM_004618 12 c.G1375A p.D459N 23.4 67 34 33.7 

WES-64 9 35076755 35076755 FANCG Missense NM_004629 7 c.C890T p.T297I 21.6 72 80 52.6 

WES-64 1 62916290 62916290 USP1 Missense NM_001017416 9 c.A1996G p.I666V 18.04 76 46 37.7 

WES-66 15 91290633 91290633 BLM Missense NM_000057 2 c.T11C p.V4A 23.4 28 13 31.7 

WES-66 5 1.32E+08 1.32E+08 RAD50 Missense NM_005732 4 c.G379A p.V127I 24.5 31 27 46.6 

WES-67 14 75514138 75514138 MLH3 Missense NM_014381 2 c.G2221T p.V741F 16.6 24 21 46.7 

WES-68 17 18196087 18196087 TOP3A Missense NM_004618 11 c.C1153T p.P385S 17.31 45 38 45.8 

WES-72 3 48506279 48506279 ATRIP Missense NM_032166 11 c.G2024A p.R675Q 22.2 23 11 32.4 

WES-73 16 3647893 3647893 SLX4 Missense NM_032444 6 c.C1271T p.A424V 27.5 18 20 52.6 

WES-74 3 1.42E+08 1.42E+08 ATR Missense NM_001184 37 c.A6259G p.M2087V 21.8 21 7 25.0 

WES-74 16 14041741 14041741 ERCC4 Missense NM_005236 11 c.C2288T p.P763L 25.7 45 36 44.4 

WES-75 3 1.42E+08 1.42E+08 ATR Missense NM_001184 25 c.A4405G p.T1469A 13.92 16 24 60.0 

WES-78 14 45628478 45628478 FANCM Missense NM_020937 9 c.C1576G p.L526V 21.1 20 28 58.3 

WES-78 7 7678701 7678701 RPA3 Splicing NM_002947 6 c.C174A p.P58P 15.76 23 23 50.0 
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WES-79 9 97912307 97912307 FANCC Missense NM_001243743 7 c.A584T p.D195V 25.2 49 47 49.0 

WES-81 14 45644816 45644816 FANCM Missense NM_020937 14 c.A2859C p.K953N 22.2 24 16 40.0 

WES-81 16 3633255 3633255 SLX4 Nonsense NM_032444 14 c.C4996T p.R1666X 36 40 37 48.1 

WES-83 9 35076755 35076755 FANCG Missense NM_004629 7 c.C890T p.T297I 21.6 62 58 48.3 

WES-83 2 58392880 58392880 FANCL Missense NM_018062 8 c.A670G p.T224A 23.1 31 26 45.6 

WES-84 11 1.08E+08 1.08E+08 ATM FS Del NM_000051 19 c.2905delC p.L969fs 35 41 16 28.1 

WES-84 17 18181411 18181411 TOP3A Missense NM_004618 18 c.C2405T p.P802L 14.95 44 40 47.6 

WES-85 3 1.42E+08 1.42E+08 ATR Missense NM_001184 43 c.C7300G p.P2434A 22.1 21 21 50.0 

WES-86 9 97912307 97912307 FANCC Missense NM_001243743 7 c.A584T p.D195V 25.2 39 40 50.6 

WES-86 2 58456962 58456962 FANCL Missense NM_018062 3 c.G203C p.R68P 22.5 8 13 61.9 

WES-86 14 45644816 45644816 FANCM Missense NM_020937 14 c.A2859C p.K953N 22.2 21 11 34.4 

WES-87 15 31220792 31220792 FAN1 Missense NM_014967 11 c.A2525G p.Y842C 11.71 17 6 26.1 

WES-88 3 37089130 37089130 MLH1 Missense NM_001258274 17 c.A1129G p.K377E 21.8 28 25 47.2 

WES-88 3 37089131 37089131 MLH1 Missense NM_001258274 17 c.A1130C p.K377T 21.5 28 25 47.2 

WES-89 14 45628478 45628478 FANCM Missense NM_020937 9 c.C1576G p.L526V 21.1 14 7 33.3 

WES-94 14 45645955 45645955 FANCM FS Del NM_020937 14 c.3998delA p.Q1333fs 22.3 21 20 48.8 

WES-94 3 37083774 37083774 MLH1 Nonsense NM_001258274 16 c.C960G p.Y320X 41 5 14 73.7 

WES-94 17 1787164 1787164 RPA1 Missense NM_002945 13 c.G1300A p.G434R 22.9 14 36 72.0 

WES-96 11 1.08E+08 1.08E+08 ATM Missense NM_000051 29 c.A4362C p.K1454N 18.78 6 33 84.6 

WES-97 17 48458123 48458123 EME1 Splicing NM_001166131 9 c.1576-1G>A - 20.5 32 28 46.7 

WES-99 14 75506696 75506696 MLH3 Missense NM_014381 5 c.G3488A p.G1163D 22.7 16 4 20.0 

WES-100 22 29090060 29090060 CHEK2 Missense NM_007194 13 c.G1421A p.R474H 35 29 33 53.2 

WES-101 15 91308570 91308570 BLM Missense NM_001287248 9 c.C994T p.P332S 23 32 29 47.5 

WES-101 15 31200357 31200357 FAN1 FS Ins NM_001146094 3 c.1271_1272insTAAAT p.R424fs 36 17 14 45.2 

WES-201 16 14015897 14015897 ERCC4 Missense NM_005236 2 c.A217G p.I73V 22.2 34 40 54.1 

WES-201 15 89807213 89807213 FANCI Missense NM_018193 8 c.G625C p.E209Q 25.8 100 84 45.7 

WES-202 14 45606290 45606290 FANCM Missense NM_020937 2 c.C527T p.T176I 20.2 34 25 42.4 
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WES-202 5 1.32E+08 1.32E+08 RAD50 Missense NM_005732 7 c.G980A p.R327H 24 51 30 37.0 

WES-203 11 1.08E+08 1.08E+08 ATM Missense NM_000051 28 c.C4138T p.H1380Y 13.39 45 32 41.6 

WES-203 17 79514028 79514028 C17orf70 Missense NM_025161 5 c.G2080C p.A694P 12.9 8 2 20.0 

WES-203 9 35076755 35076755 FANCG Missense NM_004629 7 c.C890T p.T297I 21.6 33 27 45.0 

WES-203 2 58459236 58459236 FANCL Missense NM_018062 2 c.C108G p.F36L 22.4 43 21 32.8 

WES-203 5 1.32E+08 1.32E+08 RAD50 Missense NM_005732 14 c.A2264G p.Q755R 22.3 25 15 37.5 

WES-205 16 89877455 89877455 FANCA Missense NM_001018112 4 c.C308T p.S103L 15.16 43 27 38.6 

WES-206 3 1.42E+08 1.42E+08 ATR Splicing NM_001184 7 c.1350-4A>G - 11.54 25 28 52.8 

WES-206 3 10074646 10074646 FANCD2 Missense NM_033084 3 c.G195C p.Q65H 19.74 47 58 55.2 

WES-207 11 1.08E+08 1.08E+08 ATM Missense NM_000051 39 c.T5793C p.A1931A 18.98 30 32 51.6 

WES-207 11 1.08E+08 1.08E+08 ATM Missense NM_000051 53 c.C7919T p.T2640I 17.95 54 52 49.1 

WES-207 17 41222975 41222975 BRCA1 Missense NM_007298 14 c.G1644A p.M548I 22.3 36 38 51.4 

WES-207 17 79514028 79514028 C17orf70 Missense NM_025161 5 c.G2080C p.A694P 12.9 6 3 33.3 

WES-207 17 18194242 18194242 TOP3A Missense NM_004618 12 c.G1381A p.A461T 26 16 12 42.9 

WES-207 17 18194248 18194248 TOP3A Missense NM_004618 12 c.G1375A p.D459N 23.4 17 14 45.2 

WES-208 16 14041741 14041741 ERCC4 Missense NM_005236 11 c.C2288T p.P763L 25.7 36 29 44.6 

WES-209 16 89836383 89836383 FANCA Missense NM_000135 26 c.T2366C p.V789A 22.8 26 15 36.6 

WES-209 14 45667953 45667953 FANCM Missense NM_020937 22 c.C5823T p.T1941T 19.21 52 40 43.5 

WES-209 14 75514138 75514138 MLH3 Missense NM_014381 2 c.G2221T p.V741F 16.6 100 77 43.5 

WES-209 12 1.25E+08 1.25E+08 UBC Splicing NM_021009 2 c.G504A p.E168E 17.08 72 13 15.3 

WES-211 14 75514138 75514138 MLH3 Missense NM_014381 2 c.G2221T p.V741F 16.6 128 106 45.3 

WES-211 5 1.32E+08 1.32E+08 RAD50 Missense NM_005732 17 c.C2750T p.T917I 22.1 75 69 47.9 

WES-211 17 18188537 18188537 TOP3A Missense NM_004618 15 c.A1796G p.K599R 17.34 40 48 54.5 

WES-213 17 79514675 79514675 C17orf70 Missense NM_025161 5 c.A1433G p.Q478R 25 4 8 66.7 

WES-215 3 48506305 48506305 ATRIP Missense NM_032166 11 c.G2050A p.D684N 11.46 7 7 50.0 

WES-215 15 31206173 31206173 FAN1 Missense NM_014967 5 c.G1690A p.A564T 26 19 34 64.2 

WES-215 11 94197365 94197365 MRE11A Missense NM_005591 11 c.G1139A p.R380H 22.2 83 82 49.7 



227 

 

WES-216 2 58388668 58388670 FANCL Missense NM_018062 12 c.1007_1009del p.336_337del 22.8 56 54 49.1 

WES-217 17 18194248 18194248 TOP3A Missense NM_004618 12 c.G1375A p.D459N 23.4 7 10 58.8 

WES-218 3 37089130 37089130 MLH1 Missense NM_001258274 17 c.A1129G p.K377E 21.8 94 77 45.0 

WES-218 3 37089131 37089131 MLH1 Missense NM_001258274 17 c.A1130C p.K377T 21.5 95 79 45.4 

WES-218 1 62916282 62916282 USP1 Missense NM_001017416 9 c.T1988C p.V663A 20.7 72 93 56.4 

WES-218 14 1.04E+08 1.04E+08 XRCC3 Missense NM_005432 4 c.A37C p.I13L 15.46 107 96 47.3 

WES-219 14 68290310 68290310 RAD51B Missense NM_133510 2 c.A50G p.D17G 23 22 21 48.8 

WES-221 3 1.42E+08 1.42E+08 ATR Missense NM_001184 4 c.A992G p.D331G 12.83 78 69 46.9 

WES-221 18 20581624 20581624 RBBP8 Missense NM_002894 15 c.T2219C p.L740S 22.2 102 93 47.7 

WES-222 16 23614892 23614892 PALB2 Missense NM_024675 13 c.T3449G p.L1150R 15.08 65 54 45.4 

WES-223 17 79508395 79508395 C17orf70 Missense NM_025161 8 c.G2454C p.Q818H 13.06 15 19 55.9 

WES-223 17 79517360 79517360 C17orf70 Missense NM_025161 3 c.C1160T p.P387L 13.14 6 6 50.0 

WES-223 17 18194242 18194242 TOP3A Missense NM_004618 12 c.G1381A p.A461T 26 26 13 33.3 

WES-223 17 18194248 18194248 TOP3A Missense NM_004618 12 c.G1375A p.D459N 23.4 23 12 34.3 

WES-224 9 97864024 97864024 FANCC Nonsense NM_001243743 15 c.C1642T p.R548X 37 68 40 37.0 

WES-225 15 89807836 89807836 FANCI Splicing NM_018193 9 c.C753T p.D251D 14.29 41 36 46.8 

WES-226 14 75514138 75514138 MLH3 Missense NM_014381 2 c.G2221T p.V741F 16.6 121 110 47.6 

WES-226 16 23652433 23652433 PALB2 Missense NM_024675 1 c.A46G p.K16E 22.3 15 17 53.1 

WES-226 14 68353893 68353893 RAD51B Missense NM_133510 7 c.A728G p.K243R 27.1 54 40 42.6 

WES-227 14 68353893 68353893 RAD51B Missense NM_133510 7 c.A728G p.K243R 27.1 41 20 32.8 

WES-227 16 3640664 3640664 SLX4 Missense NM_032444 12 c.G2975A p.G992E 16.23 26 23 46.9 

WES-227 17 18194242 18194242 TOP3A Missense NM_004618 12 c.G1381A p.A461T 26 22 12 35.3 

WES-227 17 18194248 18194248 TOP3A Missense NM_004618 12 c.G1375A p.D459N 23.4 21 10 32.3 

WES-231 2 58388659 58388659 FANCL Missense NM_018062 12 c.G1018A p.E340K 22.5 89 60 40.3 

WES-231 14 45628478 45628478 FANCM Missense NM_020937 9 c.C1576G p.L526V 21.1 41 42 50.6 

WES-235 3 48506912 48506912 ATRIP Missense NM_032166 12 c.G2254A p.A752T 15.91 21 13 38.2 

WES-235 17 79517729 79517729 C17orf70 Missense NM_025161 3 c.C791T p.A264V 12.51 25 19 43.2 
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WES-235 15 31197584 31197584 FAN1 Missense NM_001146094 2 c.G718A p.E240K 12.62 51 40 44.0 

WES-236 13 32907277 32907277 BRCA2 Missense NM_000059 10 c.T1662G p.C554W 22.9 55 39 41.5 

WES-237 17 79517729 79517729 C17orf70 Missense NM_025161 3 c.C791T p.A264V 12.51 17 8 32.0 

WES-239 5 68709909 68709909 RAD17 Missense NM_133340 16 c.C1308G p.D436E 16.05 26 23 46.9 

WES-245 11 1.08E+08 1.08E+08 ATM Missense NM_000051 8 c.C998T p.S333F 25.1 80 79 49.7 

WES-245 13 32914592 32914592 BRCA2 Missense NM_000059 11 c.C6100T p.R2034C 22.2 58 64 52.5 

WES-246 14 75514138 75514138 MLH3 Missense NM_014381 2 c.G2221T p.V741F 16.6 105 88 45.6 

WES-247 6 35427531 35427531 FANCE Missense NM_021922 7 c.T1310C p.M437T 23.4 25 29 53.7 

WES-248 15 91290633 91290633 BLM Missense NM_000057 2 c.T11C p.V4A 23.4 48 48 50.0 

WES-249 15 31197584 31197584 FAN1 Missense NM_001146094 2 c.G718A p.E240K 12.62 81 99 55.0 

WES-249 3 10115047 10115047 FANCD2 Splicing NM_033084 28 c.2715+1G>A 27 118 108 47.8 

WES-249 3 37061870 37061870 MLH1 Missense NM_001258274 12 c.C231T p.H77H 15.22 97 66 40.5 

WES-250 15 31197584 31197584 FAN1 Missense NM_001146094 2 c.G718A p.E240K 12.62 47 45 48.9 

WES-250 3 10081411 10081411 FANCD2 Missense NM_033084 9 c.A577G p.T193A 21.9 41 29 41.4 

WES-250 11 65631970 65631970 MUS81 Missense NM_025128 11 c.C1062G p.F354L 16.19 30 21 41.2 

 

*Splicing mutations where the exon is not annotated, the genomic coordinate of the variant were listed.  

VAF – Variant allele frequency 
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Appendix D. Sanger validation of FA/BRCA-HRR variants.  

Results from the Sanger sequencing of gDNA of disease and non-disease (when available) samples are shown as sequencing traces. Cells that are shaded in 

Blue represent paired (diagnosis BMMNC (Dx) and MSC) traces; cells that are shaded in Green represent MSC only samples; and somatically acquired 

mutations are shown in Red. 
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ATM ATM ATM ATM ATM ATM ATR ATR BARD1 

c.G7618A (DX) c.G7618A (MSC) c.G6860C (DX) c.G6860C (MSC) c.A5116G (DX) c.2905delC (DX) c.A2437G (DX) c.A6259G (DX) c.G1868A (MSC) 

WES-2 WES-2 WES-26 WES-26 WES-61 WES-84 WES-34 WES-74 WES-58 

         
BRCA1 BRCA1 BRCA2 ERCC4 (FACNQ) ERCC4 (FANCQ) FAN1 FANCA FANCA FANCD2 

c.C3607T (DX) c.C3607T (MSC) c.6399_6401del (MSC) p.I706T (MSC) c.C2288T (DX) c.A2525G (DX) c.C455G (DX) c.C455G (MSC) c.C2776T (DX) 

WES-46 WES-46 WES-32 WES-34 WES-74 WES-87 WES-47 WES-47 WES-21 
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FANCI FANCI FANCI FANCL FANCL FANCL FANCL FANCM FANCM 

c.A394G (DX) c.A394G (MSC) c.C1656G (MSC) c.A343G (DX) c.A343G (MSC) c.C50G (DX) c.C50G (MSC) c.3998delA (DX) c.3998delA (MSC) 

WES-59 WES-59 WES-1 WES-18 WES-18 WES-41 WES-41 WES-94 WES-94 

         
FANCM FANCM FANCM MLH1 MLH1 MLH3 MLH3 MLH3 RAD51D 

c.C5101T (DX) c.C5101T (MSC) c.A1545C (DX) c.C960G (DX) c.C960G (MSC) c.A1234G (DX) c.T3173G (DX) c.T3173G (MSC) c.C553T (MSC) 

WES-46 WES-46 WES-9 WES-94 WES-94 WES-14 WES-27 WES-27 WES-14 
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NBN NBN RMI1 RMI1 RPA1 RPA1 RPA1 RPA1 RPA3 

c.C127T (DX) c.C127T (MSC) c.1419_1434del (DX) c.1419_1434del (MSC) c.C1165T (DX) c.C1165T (MSC) c.G1300A (DX) c.G1300A (MSC) c.T83C (DX) 

WES-31 WES-31 WES-4 WES-4 WES-4 WES-4 WES-94 WES-94 WES-63 

    

     

SLX4 (FANCP) SLX4 (FANCP) SLX4 (FANCP) SLX4 (FANCP)      

c.C1271T (DX) c.C1271T (MSC) c.G2312C (DX) c.C4996T (DX)      

WES-73 WES-73 WES-55 WES-81      
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Appendix E. The 43 recurrently mutated genes in AML as reported by TCGA  

ASXL1 PRPF3 

BRINP3 PRPF8 

CEBPA PTPN11 

CSTF2T RAD21 

DDX1 RBMX 

DDX23 RUNX1 

DHX32 SF3B1 

DNMT1 SMC1A 

DNMT3A SMC3 

DNMT3B SRSF6 

EZH2 STAG2 

FLT3 SUPT5H 

HNRNPK TET1 

IDH1 TET2 

IDH2 TET3 

KIT TP53 

KRAS TRA2B 

METTL3 U2AF1 

NPM1 U2AF1L4 

NRAS U2AF2 

PHF6 WT1 

PLRG1 
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Appendix F. Mutations in the 43 recurrently mutated AML genes 

Gene 

Name 

Ref seq Nucleotide change Amino Acid Change Type of 

Mutation 

WES-ID COSMIC 

Somatic 

Status 

Comments *Classification 

ASXL1 NM_015338 c.G1205A p.R402Q missense WES-235  Somatic - Exact missense 

ASXL1 NM_015338 c.1926dupA p.G642fs fs ins WES-35 - 3x Nonsense mutations 

reported 

Truncation reported at codon 

ASXL1 NM_015338 c.1927dupG p.G642fs fs ins WES-29, WES-40, WES-47, WES-
70, WES-72, WES-206 

- 3x Nonsense mutations 
reported 

Truncation reported at codon 

ASXL1 NM_015338 c.C1896A p.C632X nonsense WES-78  Somatic - Exact truncation 

ASXL1 NM_015338 c.C2077T p.R693X nonsense WES-12, WES-224  Somatic - Exact truncation 

ASXL1 NM_015338 c.C2338T p.Q780X nonsense WES-14  Somatic - Exact truncation 

ASXL1 NM_015338 c.G3306T p.E1102D missense WES-49, WES-82  Somatic - Exact missense 

CEBPA NM_001287435 c.G976A p.G326S missense WES-52  Somatic - Exact missense 

CEBPA NM_001287435 c.867_876del p.A289fs fs del WES-29 Unknown - Exact truncation 

DNMT3A NM_022552 c.G2645A p.R882H missense WES-10, WES-16, WES-21, WES-

33, WES-35, WES-41, WES-43, 

WES-47, WES-54, WES-6, WES-

64, WES-68, WES-73, WES-78, 
WES-235, WES-214, WES-230, 

WES-241, WES-211, WES-240, 

WES-213, WES-232, WES-201, 
WES-245, WES-228, WES-206 

 Somatic - Exact missense 

DNMT3A NM_022552 c.C2644A p.R882S missense WES-219  Somatic - Exact missense 

DNMT3A NM_022552 c.C2644T p.R882C missense WES-45, WES-69, WES-237, 
WES-215, WES-216, WES-212, 

WES-209, WES-219 

 Somatic - Exact missense 

DNMT3A NM_022552 c.C2644T p.R882C missense WES-45, WES-69, WES-237, 
WES-215, WES-216, WES-212, 

WES-209 

 Somatic - Exact missense 

DNMT3A NM_022552 c.G2186A p.R729Q missense WES-25  Somatic - Exact missense 

DNMT3A NM_022552 c.2099delC p.P700fs fs del WES-66 - - Truncation not reported 

DNMT3A NM_022552 c.C2074T p.Q692X nonsense WES-91 - - Truncation not reported 

DNMT3A NM_022552 c.1902_1906del p.I634fs fs del WES-81 - - Truncation not reported 
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DNMT3A NM_022552 c.C1717T p.Q573X nonsense WES-34, WES-39 - - Truncation not reported 

DNMT3A NM_022552 c.879_880insTGGG p.E294fs fs ins WES-32 - - Truncation not reported 

EZH2 NM_004456 c.195_196insGATA p.Q66fs fs ins - -   Truncation not reported 

EZH2 NM_004456 c.60dupA p.S21fs fs ins - -   Truncation not reported 

EZH2 NM_004456 c.217_218insTC p.S73fs fs ins WES-201  Somatic - Exact truncation 

HNRNPK NM_031262 c.1297delC p.R433fs fs del WES-209 - - Truncation not reported 

HNRNPK NM_031262 c.1176_1182del p.V392fs fs del WES-50 - - Truncation not reported 

IDH1 NM_001282387 c.G395A p.R132H missense WES-30, WES-33, WES-43, WES-

80,WES-203 

 Somatic - Exact missense 

IDH1 NM_001282387 c.C394T p.R132C missense WES-12, WES-16, WES-38, WES-
40, WES-62, WES-7, WES-81, 

WES-89, WES-218, WES-228, 

WES-206 

 Somatic snp:209113113 Exact missense 

IDH1 NM_001282387 c.C394T p.R132C missense WES-12, WES-16, WES-38, WES-

40, WES-62, WES-81, WES-89, 

WES-228, WES-206 

 Somatic snp:209113113 Exact missense 

IDH1 NM_001282387 c.C394G p.R132G missense WES-218  Somatic snp:209113113 Exact missense 

IDH1 NM_001282387 c.C394A p.R132S missense WES-7  Somatic snp:209113113 Exact missense 

IDH2 NM_001289910 c.G263A p.R88Q missense WES-100, WES-14, WES-22, 

WES-25, WES-31, WES-37, WES-

47, WES-53, WES-59, WES-6, 
WES-65, WES-66, WES-68, WES-

69, WES-73, WES-98, WES-225, 

WES-216, WES-217 

 Somatic - Exact missense 

IDH2 NM_001289910 c.G359A p.R120K missense WES-15, WES-17, WES-35, WES-
41, WES-245 

 Somatic - Exact missense 

KIT NM_001093772 c.G2434T p.D812Y missense -  Somatic - Exact missense 

KIT NM_001093772 c.A2435T p.D812V missense WES-55  Somatic - Exact missense 

KIT NM_001093772 c.G1195A p.V399I missense WES-210  Somatic - Exact missense 

KIT NM_000222 c.A1621C p.M541L missense -  Somatic Many controls and Patients 

have this variant 

Exact missense 

KRAS NM_004985 c.G35T p.G12V missense WES-57, WES-67, WES-216, 
WES-217 

 Somatic snp:25398284 Exact missense 

KRAS NM_004985 c.G35T p.G12V missense WES-216, WES-217  Somatic snp:25398284 Exact missense 

KRAS NM_004985 c.G35A p.G12D missense WES-57, WES-67  Somatic snp:25398284 Exact missense 
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NPM1 NM_002520 c.859_860insTCTG p.L287fs fs ins WES-100, WES-22, WES-25, 

WES-27, WES-33, WES-38, WES-

4, WES-43, WES-44, WES-45, 
WES-46, WES-54, WES-57, WES-

6, WES-64, WES-65, WES-7, 

WES-70, WES-73, WES-75, WES-
80, WES-85, WES-89, WES-202, 

WES-235, WES-237, WES-214, 

WES-230, WES-241, WES-215, 
WES-236, WES-211, WES-240, 

WES-216, WES-213, WES-212, 

WES-209, WES-229, WES-248, 
WES-99, WES-203, WES-205 

- - Exact truncation 

NPM1 NM_002520 c.860_861insCTGC p.L287fs fs ins WES-93, WES-208, WES-242, 

WES-249 

- - Exact truncation 

NPM1 NM_002520 c.861_862insTGCA p.L287fs fs ins WES-10, WES-51, WES-91, WES-

98, WES-218 

- indel:170837545 Exact truncation 

NPM1 NM_002520 c.861_862insTGCA p.L287fs fs ins WES-10, WES-91, WES-98 - indel:170837545 Exact truncation 

NPM1 NM_002520 c.861_862insTGCT p.L287fs fs ins WES-51, WES-218 - indel:170837545 Exact truncation 

NPM1 NM_002520 c.862_863insGTCA p.W288fs fs ins WES-34, WES-49 - 4 Nucleotides inserted are 
different (indel:170837546) 

Truncation reported at codon 

NPM1 NM_002520 c.862_863insGTCA p.W288fs fs ins WES-34 - 4 Nucleotides inserted are 

different (indel:170837546) 

Truncation reported at codon 

NPM1 NM_002520 c.862_863insGCCA p.W288fs fs ins WES-49 - 4 Nucleotides inserted are 
different (indel:170837546) 

Truncation reported at codon 

NPM1 NM_002520 c.863_864insTCAC p.W288fs fs ins WES-26, WES-86 - 4 Nucleotides inserted are 

different (indel:170837547) 

Truncation reported at codon 

NPM1 NM_002520 c.863_864insTCAC p.W288fs fs ins WES-26 - 4 Nucleotides inserted are 
different (indel:170837547) 

Truncation reported at codon 

NPM1 NM_002520 c.863_864insTCGC p.W288fs fs ins WES-86 - 4 Nucleotides inserted are 

different (indel:170837547) 

Truncation reported at codon 

NRAS NM_002524 c.A183T p.Q61H missense WES-98  Somatic - Exact missense 

NRAS NM_002524 c.A182G p.Q61R missense WES-101  Somatic - Exact missense 

NRAS NM_002524 c.C176A p.A59D missense WES-81  Somatic - Exact missense 

NRAS NM_002524 c.G175A p.A59T missense WES-202  Somatic - Exact missense 

NRAS NM_002524 c.G38T p.G13V missense WES-39, WES-56, WES-242  Somatic snp:115258744 Exact missense 

NRAS NM_002524 c.G38T p.G13V missense WES-39  Somatic snp:115258744 Exact missense 

NRAS NM_002524 c.G38A p.G13D missense WES-56, WES-242  Somatic snp:115258744 Exact missense 
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NRAS NM_002524 c.G37T p.G13C missense WES-226  Somatic - Exact missense 

NRAS NM_002524 c.G35A p.G12D missense WES-89, WES-238, WES-249  Somatic - Exact missense 

NRAS NM_002524 c.G34T p.G12C missense WES-13, WES-56, WES-69  Somatic snp:115258748 Exact missense 

NRAS NM_002524 c.G34T p.G12C missense WES-56  Somatic snp:115258748 Exact missense 

NRAS NM_002524 c.G34A p.G12S missense WES-13, WES-69  Somatic snp:115258748 Exact missense 

PHF6 NM_032458 c.864_865insCC p.A288fs fs ins WES-201 - - Truncation not reported 

PHF6 NM_032458 c.902_903insG p.Y301_H302delinsX nonsense WES-78 - - Exact truncation 

PHF6 NM_032458 c.903_904insCT p.Y301fs fs ins WES-78 - - Exact truncation 

PTPN11 NM_002834 c.G181T p.D61Y missense WES-231  Somatic - Exact missense 

PTPN11 NM_002834 c.A182T p.D61V missense WES-229  Somatic - Exact missense 

PTPN11 NM_002834 c.G1508A p.G503E missense WES-32, WES-60, WES-211  Somatic snp:112926888 Exact missense 

PTPN11 NM_002834 c.G1508A p.G503E missense WES-32  Somatic snp:112926888 Exact missense 

PTPN11 NM_002834 c.G1508C p.G503A missense WES-211  Somatic snp:112926888 Exact missense 

PTPN11 NM_002834 c.G1530C p.Q510H missense WES-239  Somatic - Exact missense 

RAD21 NM_006265 c.C1432T p.R478X nonsense WES-214  Somatic - Exact truncation 

RUNX1 NM_001122607 c.G511A p.D171N missense -  Somatic - Exact missense 

RUNX1 NM_001001890 c.C877T p.R293X nonsense WES-81  Somatic - Exact truncation 

RUNX1 NM_001001890 c.C780A p.Y260X nonsense WES-77 - - Truncation reported at codon 

RUNX1 NM_001122607 c.666_667insTC p.R223fs fs ins WES-5 - - Truncation reported at codon 

RUNX1 NM_001122607 c.627dupG p.R210fs fs ins WES-50 - - Truncation reported at codon 

RUNX1 NM_001122607 c.548delT p.L183fs fs del WES-76 - - Truncation not reported 

RUNX1 NM_001122607 c.G530A p.R177Q missense WES-87  Somatic - Exact missense 

RUNX1 NM_001122607 c.G521A p.R174Q missense WES-47, WES-5  Somatic - Exact missense 

RUNX1 NM_001122607 c.C520T p.R174X nonsense WES-78  Somatic - Exact truncation 

RUNX1 NM_001122607 c.G416A p.R139Q missense WES-35, WES-66  Somatic - Exact missense 

RUNX1 NM_001122607 c.G404A p.R135K missense WES-37  Somatic - Exact missense 
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RUNX1 NM_001122607 c.C341T p.S114L missense WES-40, WES-201  Somatic - Exact missense 

RUNX1 NM_001122607 c.C341T p.S114L missense WES-40  Somatic - Exact missense 

RUNX1 NM_001122607 c.G239A p.R80H missense WES-12  Somatic - Exact missense 

RUNX1 NM_001122607 c.T86C p.L29S missense WES-4, WES-94  Somatic - Exact missense 

SMC1A NM_006306 c.2571_2574del p.Q857fs fs del WES-17 - - Truncation not reported 

SMC1A NM_006306 c.2563_2566del p.E855fs fs del WES-17 - - Truncation reported at codon 

SMC1A NM_006306 c.1285_1286insCCCCG p.E429fs fs ins WES-37 - - Truncation not reported 

SMC1A NM_006306 c.1280_1283del p.E427fs fs del WES-37 - - Truncation not reported 

SMC1A NM_006306 c.1276_1277insAGCAA p.R426fs fs ins WES-37 - - Truncation not reported 

STAG2 NM_001042751 c.C646T p.R216X nonsense WES-14  Somatic - Exact truncation 

STAG2 NM_001042751 c.C1018T p.Q340X nonsense WES-215, WES-243, WES-218, 

WES-209, WES-228, WES-220, 

WES-207 

- - Truncation not reported 

STAG2 NM_001042751 c.1385_1386insACTT p.K462fs fs ins WES-238 - - Truncation not reported 

STAG2 NM_001042751 c.C3173A p.S1058X nonsense WES-14 - - Truncation not reported 

STAG2 NM_001042751 c.C3349T p.Q1117X nonsense WES-229 - - Truncation not reported 

TET2 NM_017628 c.C2440T p.R814C missense -  Somatic - Exact missense 

TET2 exon6     splicing -  Somatic - Exact missense 

TET2 NM_017628 c.232dupT p.D77fs fs ins WES-21 - - Truncation not reported 

TET2 NM_017628 c.495delT p.S165fs fs del WES-46 - - Truncation not reported 

TET2 NM_001127208 c.T4884G p.Y1628X nonsense WES-205  Somatic - Exact truncation 

TET2 NM_017628 c.759_762del p.N253fs fs del WES-39 - - Truncation not reported 

TET2 NM_017628 c.1208delA p.Q403fs fs del WES-20 - - Truncation not reported 

TET2 NM_017628 c.1575_1576del p.L525fs fs del WES-32 - - Truncation not reported 

TET2 NM_017628 c.1950_1968del p.H650fs fs del WES-219 - - Truncation not reported 

TET2 NM_017628 c.C2272T p.Q758X nonsense WES-85  Somatic - Exact truncation 

TET2 NM_017628 c.2399_2408del p.H800fs fs del WES-93 - - Truncation not reported 
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TET2 NM_017628 c.T2599C p.Y867H missense WES-37, WES-42, WES-66, WES-

67, WES-78, WES-226 

 Somatic - Exact missense 

TET2 NM_017628 c.C2737T p.Q913X nonsense WES-21  Somatic - Exact truncation 

TET2 NM_001127208 c.G3593A p.W1198X nonsense WES-240 - - Truncation reported at codon 

TET2 NM_001127208 c.C3646T p.R1216X nonsense WES-208  Somatic - Exact truncation 

TET2 NM_001127208 c.3812dupG p.C1271fs fs ins WES-75  Somatic* - Exact truncation 

TET2 NM_001127208 c.3822delG p.Q1274fs fs del WES-29  Somatic* - Exact truncation 

TET2 NM_001127208 c.G3845A p.G1282D missense WES-221  Somatic - Exact missense 

TET2 NM_001127208 c.4076_4077insTC p.R1359fs fs ins WES-224 - - Truncation reported at codon 

TET2 NM_001127208 c.4097delG p.R1366fs fs del WES-85 - - Truncation reported at codon 

TET2 NM_001127208 c.4220_4221del p.G1407fs fs del WES-55 - - Truncation not reported 

TET2 NM_001127208 c.4312dupA p.E1437fs fs ins WES-92 - - Truncation not reported 

TET2 NM_001127208 c.C4519T p.Q1507X nonsense WES-45  Somatic - Exact truncation 

TET2 NM_001127208 c.4588_4589insCT p.P1530fs fs ins WES-44 - - Truncation not reported 

TET2 NM_001127208 c.C4820G p.S1607X nonsense WES-6 - - Truncation not reported 

TET2 NM_001127208 c.5230delC p.L1744X nonsense WES-217 - - Truncation not reported 

TET2 NM_001127208 c.C5347T p.Q1783X nonsense WES-215 - - Truncation not reported 

TET2 NM_001127208 c.5544_5545del p.S1848fs fs del WES-29 - - Truncation not reported 

TP53 NM_001126116 c.G389T p.G130V missense -  Somatic - Exact missense 

TP53 NM_001126113 c.G853A p.E285K missense WES-39  Somatic - Exact missense 

TP53 NM_001126113 c.G818A p.R273H missense WES-52  Somatic - Exact missense 

TP53 NM_001126113 c.G713A p.C238Y missense WES-97  Somatic - Exact missense 

TP53 NM_001126113 c.A659G p.Y220C missense WES-36, WES-79  Somatic - Exact missense 

U2AF1 NM_001025204 c.A251G p.Q84R missense WES-94  Somatic - Exact missense 

U2AF1 NM_001025203 c.C101T p.S34F missense WES-101, WES-50  Somatic snp:44524456 Exact missense 

U2AF1 NM_001025203 c.C101T p.S34F missense WES-50  Somatic snp:44524456 Exact missense 

U2AF1 NM_001025203 c.C101A p.S34Y missense WES-101  Somatic snp:44524456 Exact missense 
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*The classification is as follow: 

Exact missense – The exact mutation from the WES has been reported in COSMIC/cBioportal 

Exact truncation – The exact frameshift insertion/deletion or nonsense mutation from the WES has been reported in COSMIC/cBioportal 

Truncation not reported – Truncation mutation identified from the WES which has not been reported in COSMIC/cBioportal 

Truncation reported at codon – Missense mutation identified from the WES while a truncation mutation is reported by COSMIC/cBioportal at the same 

codon 
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Appendix G. Cohort characteristics of FANC core & ID2 mutant subgroup 

Characteristics *All Cases 

(n=145) 

Mutant 

Group 

(n=43) 

Non-Mutant 

Group 

(n=107) 

1P-

value  

Age 54 (16-89) 51.5 (17-84) 54.5 (16-89) 0.944^ 

Male - n (%) 88 (60.7%) 24 (63.2%) 64 (59.8%) 0.847 

Female - n (%) 57 (39.3%) 14 (36.8%) 43 (40.2%) 0.847 

WCC x 109/L - median (range) 19 (1.1-315.6) 27.7 (1.17-132) 17.7 (1.07-315.6) 0.569^ 

BM Blast % - median (range) 80.8 (50-100) 75 (50-100) 82 (50-99) 0.372^ 

Primary/Secondary AML  - n/total (%) 
    

    De Novo 80/88 (90.9%) 18/21 (85.7%) 62/67 (92.5%) 0.390 

    Secondary 8/88 (9.1%) 3/21 (14.3%) 5/67 (7.5%) 0.390 

    Unknown 57 
   

Transplant – n/total (%) 
    

    Yes 25/96 (26.0%) 8/24 (33.3%) 17/72 (23.6%) 0.422 

    No 71/96 (74.0%) 16/24 (66.7%) 55/72 (76.4%) 0.422 

    Unknown 49 
   

2FAB – n/total (%) 
    

    M0 4/89 (4.5%) 0 (0%) 4/68 (6.3%) 0.571 

    M1 34/89 (38.2%) 5/21 (23.8%) 29/68 (42.6%) 0.134 

    M2 19/89 (21.3%) 7/21 (33.3%) 12/68 (17.6%) 0.138 

    M3 0/89 (0.0%) 0 (0%) 0 (0%) 1 

    M4 17/89 (19.1%) 5/21 (23.8%) 12/68 (17.6%) 0.536 

    M5 14/89 (15.7%) 4/21 (19.0%) 10/68 (14.7%) 0.733 

    M6 0/89 (0.0%) 0 (0%) 0 (0%) 1 

    M7 1/89 (1.1%) 0 (0%) 1/68 (1.5%) 1 

    Unknown 56 
   

3Grimwade Cytogenetic Risk – n/total 

(%) 

    

    Good 6/128 (4.7%) 0 (0%) 6/94 (6.06%) 0.3405 

    Intermediate 97/128 (75.8%) 28/34 (80%) 69/94 (69.7%) 0.3563 

    Poor 25/128 (19.5%) 6/34 (17.1%) 19/94 (19.2%) 0.4778 

    Unknown 17    
Simple Karyotype  - n/total (%) 

 

   
    Normal 77/142 (54.2%) 21/41 (51.2%) 56/101 (55.4%) 0.712 

    Abnormal 45/142 (31.7%) 16/41 (39.0%) 29/101 (28.7%) 0.240 

    Complex 20/142 (14.1%) 4/41 (9.8%) 16/101 (15.8%) 0.432 

    Unknown 3    
Cytogenetics – n/total (%) 

 

   
    t(15;17) 0/142 (0.0%) 0/41 (0%) 0 (0%) 1.000 

    CBF 10/142 (7.0%) 1/41 (2.4%) 9/101 (8.9%) 0.289 

    MLL 8/142 (5.6%) 2/41 (4.9%) 6/101 (5.9%) 1.000 

    tri(8) 12/142 (8.5%) 3/41 (7.3%) 9/101 (8.9%) 1.000 

    mono(5) / del(5q) 6/142 (4.2%) 0 (0%) 6/101 (5.9%) 0.192 

    mono(7) / del(7q) 10/142 (7.0%) 1/41 (2.4%) 9/101 (8.9%) 0.289 

    tri(21) 3/142 (2.1%) 0 (0%) 3/101 (3.0%) 0.564 

Mutations  - n/total (%) 
 

   
    FLT3-ITD 49/145 (33.8%) 12 / 43 (27.9%) 37 / 102 (36.3%) 0.442 

    FLT3-TKD 10/145 (6.9%) 4 / 43 (9.3%) 6 / 102 (5.9%) 0.483 

    NPM1 54/145 (37.2%) 13 / 43 (30.2%) 41 / 102 (40.2%) 0.347 

    DNMT3A 45/145 (31.0%) 17 / 43 (39.5%) 28 / 102 (27.5%) 0.172 

    IDH1 16/145 (11.0%) 6 / 43 (14.0%) 10 / 102 (9.8%) 0.563 

    IDH2 23/145 (15.9%) 7 / 43 (16.3%) 16 / 102 (15.7%) 1.000 

    TET2 26/145 (17.9%) 7 / 43 (16.3%) 19 / 102 (18.6%) 1.000 

    NRAS/KRAS 17/145 (11.7%) 4 / 43 (9.3%) 13 / 102 (12.7%) 0.778 
*Total number of samples in the cohort is 145, however, where clinical characteristics were not available, the sample is listed as 

unknown.1P-values are calculated by Fisher’s exact test except for: ^ determined by Student’s t-test.  2FAB: French-America-British 

classification (Neame et al., 1986); 3Grimwade classification (Grimwade et al., 2010) 
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Appendix H. Cohort characteristics of FANC core complex mutant subgroup 

Characteristics *All Cases (n=145) Mutant Group 

(n=37) 

Non-Mutant Group 

(n=108) 

1P-

value  

Age 54 (16-89) 52 (17-84) 54 (16-89) 0.970^ 

Male - n (%) 88 (60.7%) 23 (62.2%) 65 (60.2%) 1 

Female - n (%) 57 (39.3%) 14 (37.8%) 43 (39.8%) 1 

WCC x 109/L - median (range) 19 (1.1-315.6) 27.7 (1.17-132) 17.7 (1.07-315.6) 0.569^ 

BM Blast % - median (range) 80.8 (50-100) 75 (50-100) 82 (50-99) 0.372^ 

Primary/Secondary AML  - n/total (%) 
 

   
    De Novo 80/88 (90.9%) 18/21 (85.7%) 62/67 (92.5%) 0.390 

    Secondary 8/88 (9.1%) 3/21 (14.3%) 5/67 (7.5%) 0.390 

    Unknown 57    
Transplant – n/total (%) 

 

   
    Yes 25/96 (26.0%) 8/24 (33.3%) 17/72 (23.6%) 0.422 

    No 71/96 (74.0%) 16/24 (66.7%) 55/72 (76.4%) 0.422 

    Unknown 49    
2FAB – n/total (%) 

 

   
    M0 4/89 (4.5%) 0 (0%) 4/68 (5.9%) 0.569 

    M1 34/89 (38.2%) 5/21 (23.8%) 29/68 (42.6%) 0.134 

    M2 19/89 (21.3%) 7/21 (33.3%) 12/68 (17.6%) 0.138 

    M3 0/89 (0.0%) 0 (0%) 0 (0%) 1 

    M4 17/89 (19.1%) 5/21 (23.8%) 12/68 (17.6%) 0.536 

    M5 14/89 (15.7%) 4/21 (19.0%) 10/68 (14.7%) 0.733 

    M6 0/89 (0.0%) 0 (0%) 0 (0%) 1 

    M7 1/89 (1.1%) 0 (0%) 1/68 (1.5%) 1 

    Unknown 56    
3Grimwade Cytogenetic Risk – n/total 

(%) 

 

   
    Good 6/128 (4.7%) 0 (0%) 6/95 (6.3%) 0.338 

    Intermediate 97/128 (75.8%) 27/33 (81.8%) 70/95 (73.7%) 0.480 

    Poor 25/128 (19.5%) 
6/33 (18.2%) 19/95 (20.0%) 1 

    Unknown 17    
Simple Karyotype  - n/total (%) 

 

   
    Normal 77/142 (54.2%) 17/37 (45.9%) 57/105 (54.3%) 0.446 

    Abnormal 45/142 (31.7%) 16/37 (43.2%) 32/105 (30.5%) 0.164 

    Complex 20/142 (14.1%) 4/37 (10.8%) 16/105 (15.2%) 0.594 

    Unknown 3    
Cytogenetics – n/total (%) 

 

   
    t(15;17) 0/142 (0.0%) 0 (0%) 0 (0%) 1 

    CBF 10/142 (7.0%) 1/37 (2.7%) 9/105 (8.6%) 0.454 

    MLL 8/142 (5.6%) 2/37 (5.4%) 6/105 (5.7%) 1 

    tri(8) 12/142 (8.5%) 3/37 (8.1%) 9/105 (8.6%) 1 

    mono(5) / del(5q) 6/142 (4.2%) 0 (0%) 6/105 (5.7%) 0.340 

    mono(7) / del(7q) 10/142 (7.0%) 1/37 (2.7%) 9/105 (8.6%) 0.454 

    tri(21) 3/142 (2.1%) 0 (0%) 3/105 (2.9%) 0.568 

Mutations  - n/total (%) 
 

   
    FLT3-ITD 49/145 (33.8%) 12 / 37 (32.4%) 37 / 108 (34.3%) 1 

    FLT3-TKD 10/145 (6.9%) 1 / 37 (2.7%) 7 / 108 (6.48%) 0.682 

    NPM1 54/145 (37.2%) 11 / 37 (29.7%) 40 / 108 (37%) 0.550 

    DNMT3A 45/145 (31.0%) 15 / 37 (40.5%) 31 / 108 (28.7%) 0.220 

    IDH1 16/145 (11.0%) 5 / 37 (13.5%) 11 / 108 (10.2%) 0.555 

    IDH2 23/145 (15.9%) 5 / 37 (13.5%) 19 / 108 (17.6%) 0.798 

    TET2 26/145 (17.9%) 6 / 37 (16.2%) 17 / 108 (15.7%) 1 

    NRAS/KRAS 17/145 (11.7%) 3 / 37 (8.1%) 14 / 108 (13.0%) 0.561 
*Total number of samples in the cohort is 145, however, where clinical characteristics were not available, the sample is listed as 

unknown.1P-values are calculated by Fisher’s exact test except for: ^ determined by Student’s t-test.  2FAB: French-America-British 

classification (Neame et al., 1986); 3Grimwade classification (Grimwade et al., 2010) 
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Appendix I. Cohort characteristics of FANCM anchor complex mutant subgroup 

Characteristics *All Cases (n=145) Mutant Group 

(n=13) 

Non-Mutant Group 

(n=132) 

1P-value  

Age 54 (16-89) 64 (19-84) 53 (16-89) 0.624^ 

Male - n (%) 88 (60.7%) 9 (69.2%) 79 (59.8%) 0.568 

Female - n (%) 57 (39.3%) 4 (30.8%) 53 (40.2%) 0.568 

WCC x 109/L - median (range) 19 (1.1-315.6) 40.6 (1.22-

128.4) 18.45 (1.07-315.6) 0.848^ 

BM Blast % - median (range) 80.8 (50-100) 85 (60-100) 79 (50-99) 0.186^ 

Primary/Secondary AML  - n/total (%) 
 

   
    De Novo 80/88 (90.9%) 6/8 (75.0%) 74/81 (91.4%) 0.154 

    Secondary 8/88 (9.1%) 2/8 (25.0%) 6/81 (8.6%) 0.154 

    Unknown 57    
Transplant – n/total (%) 

 

   
    Yes 25/96 (26.0%) 1/10 (10.0%) 24/86 (27.9%) 0.446 

    No 71/96 (74.0%) 9/10 (90.0%) 62/86 (72.1%) 0.446 

    Unknown 49    
2FAB – n/total (%) 

 

   
    M0 4/89 (4.5%) 0 (0%) 4/81 (49.4%) 1 

    M1 34/89 (38.2%) 3/8 (37.5%) 31/81 (38.3%) 1 

    M2 19/89 (21.3%) 2/8 (25.0%) 17/81 (21.0%) 0.678 

    M3 0/89 (0.0%) 0 (0%) 0 (0%) 1 

    M4 17/89 (19.1%) 1/8 (12.5%) 16/81 (19.8%) 1 

    M5 14/89 (15.7%) 2/8 (25.0%) 12/81 (14.8%) 0.607 

    M6 0/89 (0.0%) 0 (0%) 0 (0%) 1 

    M7 1/89 (1.1%) 0 (0%) 1/81 (1.2%) 1 

    Unknown 56    
3Grimwade Cytogenetic Risk – n/total 

(%) 

 

   
    Good 6/128 (4.7%) 0 (0%) 6/118 (5.1%) 1 

    Intermediate 97/128 (75.8%) 9/10 (90.0%) 88/118 (74.6%) 0.449 

    Poor 25/128 (19.5%) 
1/10 (10.0%) 24/118 (20.3%) 0.686 

    Unknown 17    
Simple Karyotype  - n/total (%) 

 

   
    Normal 77/142 (54.2%) 6/13 (46.2%) 68/129 (52.7%) 0.774 

    Abnormal 45/142 (31.7%) 6/13 (46.2%) 42/129 (32.6%) 0.363 

    Complex 20/142 (14.1%) 1/13 (7.7%) 19/129 (14.7%) 0.694 

    Unknown 3    
Cytogenetics – n/total (%) 

 

   
    t(15;17) 0/142 (0.0%) 0 (0%) 0 (0%) 1 

    CBF 10/142 (7.0%) 1/13 (7.7%) 9/129 (7.0%) 1 

    MLL 8/142 (5.6%) 1/13 (7.7%) 7/129 (5.4%) 0.546 

    tri(8) 12/142 (8.5%) 2/13 (15.4%) 10/129 (7.8%) 0.302 

    mono(5) / del(5q) 6/142 (4.2%) 0 (0%) 6/129 (4.7%) 1 

    mono(7) / del(7q) 10/142 (7.0%) 0 (0%) 10/129 (7.8%) 0.599 

    tri(21) 3/142 (2.1%) 0 (0%) 3/129 (2.3%) 1 

Mutations  - n/total (%) 
 

   
    FLT3-ITD 49/145 (33.8%) 3 / 13 (23.1%) 46 / 132 (34.8%) 0.544 

    FLT3-TKD 10/145 (6.9%) 1 / 13 (7.7%) 7 / 132 (5.3%) 0.550 

    NPM1 54/145 (37.2%) 4 / 13 (30.8%) 47 / 132 (35.6%) 1 

    DNMT3A 45/145 (31.0%) 4 / 13 (30.8%) 42 / 132 (31.8%) 1 

    IDH1 16/145 (11.0%) 3 / 13 (23.1%) 13 / 132 (9.85%) 0.158 

    IDH2 23/145 (15.9%) 0 / 13 (0%) 24 / 132 (18.2%) 0.127 

    TET2 26/145 (17.9%) 2 / 13 (15.4%) 21 / 132 (15.9%) 1 

    NRAS/KRAS 17/145 (11.7%) 3 / 13 (23.1%) 14 / 132 (10.6%) 0.182 
*Total number of samples in the cohort is 145, however, where clinical characteristics were not available, the sample is listed as unknown.1P-

values are calculated by Fisher’s exact test except for: ^ determined by Student’s t-test.  2FAB: French-America-British classification (Neame 

et al., 1986); 3Grimwade classification (Grimwade et al., 2010) 
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Appendix J. Cohort characteristics of minimal FANCD2 monoubiquitination complex 

mutant subgroup 

Characteristics *All Cases (n=145) Mutant Group 

(n=19) 

Non-Mutant Group 

(n=126) 

1P-value  

Age 54 (16-89) 50 (17-83) 55 (16-89) 0.330^ 

Male - n (%) 88 (60.7%) 13 (68.4%) 75 (59.5%) 0.616 

Female - n (%) 57 (39.3%) 6 (31.6%) 51 (40.5%) 0.616 

WCC x 109/L - median (range) 19 (1.1-315.6) 19 (1.17-132) 19 (1.07-315.6) 0.737^ 

BM Blast % - median (range) 80.8 (50-100) 70.5 (50-100) 81.75 (50-99) 0.548^ 

Primary/Secondary AML  - n/total 

(%) 

 

   
    De Novo 80/88 (90.9%) 8/9 (88.9%) 72/79 (91.1%) 1.000 

    Secondary 8/88 (9.1%) 1/9 (11.1%) 7/79 (8.9%) 1.000 

    Unknown 57    
Transplant – n/total (%) 

 

   
    Yes 25/96 (26.0%) 6/11 (54.5%) 19/85 (22.4%) 0.032 

    No 71/96 (74.0%) 5/11 (45.5%) 66/85 (77.6%) 0.032 

    Unknown 49    
2FAB – n/total (%) 

 

   
    M0 4/89 (4.5%) 0 (0%) 4/79 (5.1%) 1.000 

    M1 34/89 (38.2%) 3/10 (30.0%) 31/79 (39.2%) 0.736 

    M2 19/89 (21.3%) 3/10 (30.0%) 16/79 (20.3%) 0.440 

    M3 0/89 (0.0%) 0 (0%) 0 (0%) 1.000 

    M4 17/89 (19.1%) 2/10 (20.0%) 15/79 (19.0%) 1.000 

    M5 14/89 (15.7%) 2/10 (20.0%) 12/79 (15.2%) 0.654 

    M6 0/89 (0.0%) 0 (0%) 0 (0%) 1.000 

    M7 1/89 (1.1%) 0 (0%) 1/79 (1.3%) 1.000 

    Unknown 56    
3Grimwade Cytogenetic Risk – 

n/total (%) 

 

   
    Good 6/128 (4.7%) 0 (0%) 6/112 (5.4%) 1.000 

    Intermediate 97/128 (75.8%) 14/16 (87.5%) 83/112 (74.1%) 0.354 

    Poor 25/128 (19.5%) 
2/16 (12.5%) 23/112 (20.5%) 0.736 

    Unknown 17    
Simple Karyotype  - n/total (%) 

 

   
    Normal 77/142 (54.2%) 6/19 (31.6%) 68/123 (55.3%) 0.082 

    Abnormal 45/142 (31.7%) 13/19 (68.4%) 35/123 (28.5%) 0.001 

    Complex 20/142 (14.1%) 0 (0%) 20/123 (16.3%) 0.075 

    Unknown 3    
Cytogenetics – n/total (%) 

 

   
    t(15;17) 0/142 (0.0%) 0 (0%) 0 (0%) 1.000 

    CBF 10/142 (7.0%) 1/19 (5.3%) 9/123 (7.3%) 1.000 

    MLL 8/142 (5.6%) 2/19 (10.5%) 6/123 (4.9%) 0.291 

    tri(8) 12/142 (8.5%) 2/19 (10.5%) 10/123 (8.1%) 0.664 

    mono(5) / del(5q) 6/142 (4.2%) 0 (0%) 6/123 (4.9%) 1.000 

    mono(7) / del(7q) 10/142 (7.0%) 1/19 (5.3%) 9/123 (7.3%) 1.000 

    tri(21) 3/142 (2.1%) 0 (0%) 3/123 (2.4%) 1.000 

Mutations  - n/total (%) 
 

   
    FLT3-ITD 49/145 (33.8%) 6 / 19 (31.6%) 43 / 126 (34.1%) 1.000 

    FLT3-TKD 10/145 (6.9%) 0 / 19 (0%) 8 / 126 (6.35%) 0.599 

    NPM1 54/145 (37.2%) 5 / 19 (26.3%) 46 / 126 (36.5%) 0.602 

    DNMT3A 45/145 (31.0%) 7 / 19 (36.8%) 39 / 126 (31%) 0.605 

    IDH1 16/145 (11.0%) 2 / 19 (10.5%) 14 / 126 (11.1%) 1.000 

    IDH2 23/145 (15.9%) 4 / 19 (21.1%) 20 / 126 (15.9%) 0.522 

    TET2 26/145 (17.9%) 1 / 19 (5.3%) 22 / 126 (17.5%) 0.310 

    NRAS/KRAS 17/145 (11.7%) 0 / 19 (0%) 17 / 126 (32.5%) 0.128 
*Total number of samples in the cohort is 145, however, where clinical characteristics were not available, the sample is listed as unknown.1P-

values are calculated by Fisher’s exact test except for: ^ determined by Student’s t-test.  2FAB: French-America-British classification (Neame 

et al., 1986); 3Grimwade classification (Grimwade et al., 2010) 
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Appendix K. Cohort characteristics of breast cancer associated protein mutant subgroup 

Characteristics *All Cases (n=145) Mutant Group 

(n=11) 

Non-Mutant Group 

(n=134) 

1P-value  

Age 54 (16-89) 48 (17-73) 54 (16-89) 0.106^ 

Male - n (%) 88 (60.7%) 6 (54.5%) 82 (61.2%) 0.752 

Female - n (%) 57 (39.3%) 5 (45.5%) 52 (38.8%) 0.752 

WCC x 109/L - median (range) 19 (1.1-315.6) 24.75 (2.1-111.1) 18.9 (1.07-315.6) 0.867^ 

BM Blast % - median (range) 80.8 (50-100) 86 (70-100) 80.75 (50-99) 0.132^ 

Primary/Secondary AML  - n/total (%) 
 

   
    De Novo 80/88 (90.9%) 6/6 (100.0%) 74/82 (90.2%) 1 

    Secondary 8/88 (9.1%) 0 (0%) 8/82 (9.8%) 1 

    Unknown 57    
Transplant – n/total (%) 

 

   
    Yes 25/96 (26.0%) 2/6 (33.3%) 23/90 (25.6%) 0.649 

    No 71/96 (74.0%) 4/6 (66.7%) 67/90 (74.4%) 0.649 

    Unknown 49    
2FAB – n/total (%) 

 

   
    M0 4/89 (4.5%) 0 (0%) 4/83 (4.8%) 1 

    M1 34/89 (38.2%) 3/6 (50.0%) 31/83 (37.3%) 0.671 

    M2 19/89 (21.3%) 0 (0%) 19/83 (22.9%) 0.335 

    M3 0/89 (0.0%) 0 (0%) 0 (0%) 1 

    M4 17/89 (19.1%) 1/6 (16.7%) 16/83 (19.3%) 1 

    M5 14/89 (15.7%) 1/6 (16.7%) 13/83 (15.7%) 1 

    M6 0/89 (0.0%) 0 (0%) 0 (0%) 1 

    M7 1/89 (1.1%) 1/6 (16.7%) 0 (0%) 0.067 

    Unknown 56    
3Grimwade Cytogenetic Risk – n/total 

(%) 

 

   
    Good 6/128 (4.7%) 1/10 (10.0%) 5/118 (4.2%) 0.392 

    Intermediate 97/128 (75.8%) 7/10 (70.0%) 90/118 (76.3%) 0.704 

    Poor 25/128 (19.5%) 2/10 (20.0%) 23/118 (19.5%) 1 

    Unknown 17    
Simple Karyotype  - n/total (%) 

 

   
    Normal 77/142 (54.2%) 3/11 (27.3%) 71/131 (54.2%) 0.118 

    Abnormal 45/142 (31.7%) 6/11 (54.5%) 42/131 (32.1%) 0.183 

    Complex 20/142 (14.1%) 2/11 (18.2%) 18/131 (13.7%) 0.654 

    Unknown 3    
Cytogenetics – n/total (%) 

 

   
    t(15;17) 0/142 (0.0%) 0 (0%) 0 (0%) 1 

    CBF 10/142 (7.0%) 2/11 (18.2%) 8/131 (6.1%) 0.174 

    MLL 8/142 (5.6%) 3/11 (27.3%) 5/131 (3.8%) 0.016 

    tri(8) 12/142 (8.5%) 0 (0%) 12/131 (9.2%) 0.599 

    mono(5) / del(5q) 6/142 (4.2%) 1/11 (9.1%) 5/131 (3.8%) 0.389 

    mono(7) / del(7q) 10/142 (7.0%) 0 (0%) 10/131 (7.6%) 1 

    tri(21) 3/142 (2.1%) 1/11 (9.1%) 2/131 (1.5%) 0.216 

Mutations  - n/total (%) 
 

   
    FLT3-ITD 49/145 (33.8%) 3 / 11 (27.3%) 46 / 134 (34.3%) 0.750 

    FLT3-TKD 10/145 (6.9%) 0 / 11 (0%) 8 / 134 (6.0%) 1 

    NPM1 54/145 (37.2%) 2 / 11 (18.2%) 49 / 134 (36.6%) 0.328 

    DNMT3A 45/145 (31.0%) 2 / 11 (18.2%) 44 / 134 (32.8%) 0.503 

    IDH1 16/145 (11.0%) 0 / 11 (0%) 16 / 134 (11.9%) 0.611 

    IDH2 23/145 (15.9%) 1 / 11 (9.09%) 23 / 134 (17.2%) 0.692 

    TET2 26/145 (17.9%) 2 / 11 (18.2%) 21 / 134 (15.7%) 0.687 

    NRAS/KRAS 17/145 (11.7%) 2 / 11 (18.2%) 15 / 134 (11.2%) 0.619 
*Total number of samples in the cohort is 145, however, where clinical characteristics were not available, the sample is listed as unknown.1P-

values are calculated by Fisher’s exact test except for: ^ determined by Student’s t-test.  2FAB: French-America-British classification (Neame 

et al., 1986); 3Grimwade classification (Grimwade et al., 2010)  
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Appendix L. Cohort characteristics of FANC 19 mutant subgroup 

Characteristics *All Cases (n=145) Mutant Group 

(n=55) 

Non-Mutant Group 

(n=95) 

1P-value  

Age 54 (16-89) 54 (16-84) 54 (17-89) 0.481^ 

Male - n (%) 88 (60.7%) 36 (65.5%) 52 (57.8%) 0.386 

Female - n (%) 57 (39.3%) 19 (34.5%) 38 (42.2%) 0.386 

WCC x 109/L - median (range) 19 (1.1-315.6) 21.6 (1.22-227) 16.4 (1.07-315.6) 0.617^ 

BM Blast % - median (range) 80.8 (50-100) 78.5 (50-100) 82.5 (50-99) 0.493^ 

Primary/Secondary AML  - n/total (%) 
 

   
    De Novo 80/88 (90.9%) 28/32 (87.5%) 52/56 (92.9%) 0.455 

    Secondary 8/88 (9.1%) 4/32 (12.5%) 4/56 (7.1%) 0.455 

    Unknown 57    
Transplant – n/total (%) 

 

   
    Yes 25/96 (26.0%) 11/35 (31.4%) 14/35 (40.0%) 0.469 

    No 71/96 (74.0%) 24/35 (68.6%) 47/35 (60.0%) 0.469 

    Unknown 49    
2FAB – n/total (%) 

 

   
    M0 4/89 (4.5%) 0 (0%) 4/57 (7.0%) 0.292 

    M1 34/89 (38.2%) 10/32 (31.3%) 24/57 (42.1%) 0.368 

    M2 19/89 (21.3%) 8/32 (25.0%) 11/57 (19.3%) 0.594 

    M3 0/89 (0.0%) 0 (0%) 0 (0%) 1 

    M4 17/89 (19.1%) 7/32 (21.9%) 10/57 (17.5%) 0.779 

    M5 14/89 (15.7%) 6/32 (18.8%) 8/57 (14.0%) 0.559 

    M6 0/89 (0.0%) 0 (0%) 0 (0%) 1 

    M7 1/89 (1.1%) 1/32 (3.1%) 0 (0%) 0.360 

    Unknown 56    
3Grimwade Cytogenetic Risk – n/total 

(%) 

 

   
    Good 6/128 (4.7%) 2/47 (4.3%) 4/81 (4.9%) 1 

    Intermediate 97/128 (75.8%) 37/47 (78.7%) 60/81 (74,1%) 0.67 

    Poor 25/128 (19.5%) 8/47 (17.0%) 17/81 (21.0%) 0.650 

    Unknown 17    
Simple Karyotype  - n/total (%) 

 

   
    Normal 77/142 (54.2%) 23/53 (43.4%) 51/89 (57.3%) 0.121 

    Abnormal 45/142 (31.7%) 23/53 (43.4%) 25/89 (28.1%) 0.069 

    Complex 20/142 (14.1%) 7/53 (13.2%) 13/89 (14.6%) 1 

    Unknown 3    
Cytogenetics – n/total (%) 

 

   
    t(15;17) 0/142 (0.0%) 0 (0%) 0 (0%) 1 

    CBF 10/142 (7.0%) 3/53 (5.7%) 7/89 (7.9%) 0.743 

    MLL 8/142 (5.6%) 4/53 (7.6%) 4/89 (4.5%) 0.471 

    tri(8) 12/142 (8.5%) 4/53 (7.6%) 8/89 (9.0%) 1 

    mono(5) / del(5q) 6/142 (4.2%) 2/53 (3.8%) 4/89 (4.5%) 1 

    mono(7) / del(7q) 10/142 (7.0%) 1/53 (1.9%) 9/89 (10.1%) 0.091 

    tri(21) 3/142 (2.1%) 1/53 (1.9%) 2/89 (2.3%) 1 

Mutations  - n/total (%) 
 

   
    FLT3-ITD 49/145 (33.8%) 13 / 55 (23.6%) 36 / 90 (40%) 0.048 

    FLT3-TKD 10/145 (6.9%) 5 / 55 (9.1%) 3 / 90 (3.3%) 0.270 

    NPM1 54/145 (37.2%) 15 / 55 (27.3%) 36 / 90 (40%) 0.153 

    DNMT3A 45/145 (31.0%) 18 / 55 (32.7%) 28 / 90 (31.1%) 0.855 

    IDH1 16/145 (11.0%) 8 / 55 (14.5%) 8 / 90 (8.9%) 0.413 

    IDH2 23/145 (15.9%) 9 / 55 (16.4%) 15 / 90 (16.7%) 1 

    TET2 26/145 (17.9%) 8 / 55 (14.5%) 15 / 90 (16.7%) 0.818 

    NRAS/KRAS 17/145 (11.7%) 8 / 55 (14.5%) 7 / 90 (7.8%) 0.261 
*Total number of samples in the cohort is 145, however, where clinical characteristics were not available, the sample is listed as unknown.1P-

values are calculated by Fisher’s exact test except for: ^ determined by Student’s t-test.  2FAB: French-America-British classification (Neame 

et al., 1986); 3Grimwade classification (Grimwade et al., 2010) 
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Appendix M. Cohort characteristics of BLM complex mutant subgroup 

Characteristics *All Cases (n=145) Mutant Group 

(n=17) 

Non-Mutant Group 

(n=128) 

1P-value  

Age 54 (16-89) 51.5 (17-79) 54 (16-89) 0.500^ 

Male - n (%) 88 (60.7%) 11 (64.7%) 77 (60.2%) 0.800 

Female - n (%) 57 (39.3%) 6 (35.3%) 51 (39.8%) 0.800 

WCC x 109/L - median (range) 19 (1.1-315.6) 58.6 (2.17-315.6) 18.8 (1.07-313.3) 0.300^ 

BM Blast % - median (range) 80.8 (50-100) 83.5 (60-99) 80.75 (50-100) 0.395^ 

Primary/Secondary AML  - n/total (%) 
 

   
    De Novo 80/88 (90.9%) 10/10 (100.0%) 70/78 (89.7%) 0.589 

    Secondary 8/88 (9.1%) 0 (0%) 8/78 (10.3%) 0.589 

    Unknown 57    
Transplant – n/total (%) 

 

   
    Yes 25/96 (26.0%) 3/11 (27.3%) 22/85 (25.9%) 1.000 

    No 71/96 (74.0%) 8/11 (72.7%) 63/85 (74.1%) 1.000 

    Unknown 49    
2FAB – n/total (%) 

 

   
    M0 4/89 (4.5%) 1/11 (9.1%) 3/78 (3.8%) 0.416 

    M1 34/89 (38.2%) 4/11 (36.4%) 30/78 (38.5%) 1.000 

    M2 19/89 (21.3%) 2/11 (18.2%) 17/78 (21.8%) 1.000 

    M3 0/89 (0.0%) 0 (0%) 0 (0%) 1.000 

    M4 17/89 (19.1%) 4/11 (36.4%) 13/78 (16.7%) 0.211 

    M5 14/89 (15.7%) 0 (0%) 14/78 (17.9%) 0.201 

    M6 0/89 (0.0%) 0 (0%) 0 (0%) 1.000 

    M7 1/89 (1.1%) 0 (0%) 1/78 (1.3%) 1.000 

    Unknown 56    
3Grimwade Cytogenetic Risk – n/total 

(%) 

 

   
    Good 6/128 (4.7%) 0 (0%) 6/115 (5.2%) 1.000 

    Intermediate 97/128 (75.8%) 10/13 (76.9%) 87/115 (75.7%) 1.000 

    Poor 25/128 (19.5%) 3/13 (23.1%) 22/115 (19.1%) 0.717 

    Unknown 17    
Simple Karyotype  - n/total (%) 

 

   
    Normal 77/142 (54.2%) 6/16 (37.5%) 68/126 (54.0%) 0.289 

    Abnormal 45/142 (31.7%) 8/16 (50.0%) 40/126 (31.7%) 0.167 

    Complex 20/142 (14.1%) 2/16 (12.5%) 18/126 (14.3%) 1.000 

    Unknown 3    
Cytogenetics – n/total (%) 

 

   
    t(15;17) 0/142 (0.0%) 0 (0%) 0 (0%) 1.000 

    CBF 10/142 (7.0%) 1 /16(6.3%) 9/126 (7.1%) 1.000 

    MLL 8/142 (5.6%) 2/16 (12.5%) 6/126 (4.8%) 0.223 

    tri(8) 12/142 (8.5%) 0 (0%) 12/126 (9.5%) 0.361 

    mono(5) / del(5q) 6/142 (4.2%) 0 (0%) 6/126 (4.8%) 1.000 

    mono(7) / del(7q) 10/142 (7.0%) 2/16 (12.5%) 8/126 (6.4%) 0.313 

    tri(21) 3/142 (2.1%) 0 (0%) 3/126 (2.4%) 1.000 

Mutations  - n/total (%) 
 

   
    FLT3-ITD 49/145 (33.8%) 7 / 17 (41.2%) 42 / 128 (32.8%) 0.587 

    FLT3-TKD 10/145 (6.9%) 0 / 17 (0%) 8 / 128 (6.25%) 0.595 

    NPM1 54/145 (37.2%) 4 / 17 (23.5%) 47 / 128 (36.7%) 0.419 

    DNMT3A 45/145 (31.0%) 8 / 17 (47.1%) 38 / 128 (29.7%) 0.170 

    IDH1 16/145 (11.0%) 2 / 17 (11.8%) 14 / 128 (10.9%) 1.000 

    IDH2 23/145 (15.9%) 4 / 17 (23.5%) 20 / 128 (15.6%) 0.485 

    TET2 26/145 (17.9%) 2 / 17 (11.8%) 21 / 128 (16.4%) 1.000 

    NRAS/KRAS 17/145 (11.7%) 2 / 17 (11.8%) 15 / 128 (11.7%) 1.000 
*Total number of samples in the cohort is 145, however, where clinical characteristics were not available, the sample is listed as unknown.1P-

values are calculated by Fisher’s exact test except for: ^ determined by Student’s t-test.  2FAB: French-America-British classification (Neame 

et al., 1986); 3Grimwade classification (Grimwade et al., 2010) 
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Appendix N. Cohort characteristics of ATM/ATR checkpoint proteins mutant subgroup 

Characteristics *All Cases (n=145) Mutant Group 

(n=34) 

Non-Mutant Group 

(n=111) 

1P-value  

Age 54 (16-89) 56 (17-80) 52.5 (16-89) 0.348^ 

Male - n (%) 88 (60.7%) 23 (67.6%) 65 (58.6%) 0.424 

Female - n (%) 57 (39.3%) 11 (32.4%) 46 (41.4%) 0.424 

WCC x 109/L - median (range) 19 (1.1-315.6) 18.8 (1.17-315.6) 19.1 (1.07-313.3) 0.628^ 

BM Blast % - median (range) 80.8 (50-100) 80 (52-96) 81.5 (50-100) 0.919^ 

Primary/Secondary AML  - n/total (%) 
 

   
    De Novo 80/88 (90.9%) 22/24 (91.6%) 58/64 (90.6%) 1 

    Secondary 8/88 (9.1%) 2/24 (8.4%) 6/64 (9.4%) 1 

    Unknown 57    
Transplant – n/total (%) 

 

   
    Yes 25/96 (26.0%) 5/26 (19.2%) 20/70 (28.6%) 0.439 

    No 71/96 (74.0%) 21/26 (80.8%) 50/70 (71.4%) 0.439 

    Unknown 49    
2FAB – n/total (%) 

 

   
    M0 4/89 (4.5%) 1/26 (3.8%) 3/63 (4.8%) 1 

    M1 34/89 (38.2%) 11/26 (42.3%) 23/63 (36.5%) 0.638 

    M2 19/89 (21.3%) 5/26 (19.2%) 14/63 (22.2%) 1 

    M3 0/89 (0.0%) 0 (0%) 0 (0%) 1 

    M4 17/89 (19.1%) 4/26 (15.4%) 13/63 (20.6%) 0.768 

    M5 14/89 (15.7%) 4/26 (15.4%) 10/63 (15.9%) 1 

    M6 0/89 (0.0%) 0 (0%) 0 (0%) 1 

    M7 1/89 (1.1%) 1/26 (3.8%) 0 (0%) 0.292 

    Unknown 56    
3Grimwade Cytogenetic Risk – n/total 

(%) 

 

   
    Good 6/128 (4.7%) 3/32 (9.4%) 3/96 (3.1%) 0.165 

    Intermediate 97/128 (75.8%) 22/32 (68.8%) 75/96 (78.1%) 0.342 

    Poor 25/128 (19.5%) 7/32 (21.9%) 18/96 (18.8%) 0.797 

    Unknown 17    
Simple Karyotype  - n/total (%) 

 

   
    Normal 77/142 (54.2%) 17/34 (50%) 57/108 (52.8%) 0.845 

    Abnormal 45/142 (31.7%) 13/34 (38.2%) 35/108 (32.4%) 0.539 

    Complex 20/142 (14.1%) 4/34 (11.8%) 16/108 (14.8%) 0.783 

    Unknown 3    
Cytogenetics – n/total (%) 

 

   
    t(15;17) 0/142 (0.0%) 0 (0%) 0 (0%) 1 

    CBF 10/142 (7.0%) 3/34 (8.8%) 7/108 (6.5%) 0.703 

    MLL 8/142 (5.6%) 2/34 (5.9%) 6 (5.6%) 1 

    tri(8) 12/142 (8.5%) 2/34 (5.9%) 10/108 (9.3%) 0.731 

    mono(5) / del(5q) 6/142 (4.2%) 2/34 (5.9%) 4/108 (3.7%) 0.630 

    mono(7) / del(7q) 10/142 (7.0%) 2/34 (5.9%) 8/108 (7.4%) 1 

    tri(21) 3/142 (2.1%) 2/34 (5.9%) 1/108 (0.93%) 0.143 

Mutations  - n/total (%) 
 

   
    FLT3-ITD 49/145 (33.8%) 10 / 34 (29.4%) 39 / 111 (35.1%) 0.679 

    FLT3-TKD 10/145 (6.9%) 2 / 34 (5.88%) 6 / 111 (5.41%) 1 

    NPM1 54/145 (37.2%) 11 / 34 (32.4%) 40 / 111 (36%) 0.838 

    DNMT3A 45/145 (31.0%) 10 / 34 (29.4%) 36 / 111 (32.4%) 0.835 

    IDH1 16/145 (11.0%) 5 / 34 (14.7%) 11 / 111 (9.91%) 0.531 

    IDH2 23/145 (15.9%) 7 / 34 (20.6%) 17 / 111 (15.3%) 0.443 

    TET2 26/145 (17.9%) 6 / 34 (17.6%) 17 / 111 (15.3%) 0.790 

    NRAS/KRAS 17/145 (11.7%) 2 / 34 (5.9%) 15 / 111 (13.5%) 0.529 
*Total number of samples in the cohort is 145, however, where clinical characteristics were not available, the sample is listed as unknown.1P-

values are calculated by Fisher’s exact test except for: ^ determined by Student’s t-test.  2FAB: French-America-British classification (Neame 

et al., 1986); 3Grimwade classification (Grimwade et al., 2010) 
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Appendix O. Cohort characteristics of BLM & ATM/ATR checkpoint proteins mutant 

subgroup 

Characteristics *All Cases (n=145) Mutant Group 

(n=51) 

Non-Mutant Group 

(n=94) 

1P-value  

Age 54 (16-89) 55.5 (17-80) 52 (16-89) 0.303^ 

Male - n (%) 88 (60.7%) 35 (68.6%) 53 (56.4%) 0.16 

Female - n (%) 57 (39.3%) 16 (31.4%) 41 (43.6%) 0.16 

WCC x 109/L - median (range) 19 (1.1-315.6) 38.4 (1.17-315.6) 17.95 (1.07-313.3) 0.548^ 

BM Blast % - median (range) 80.8 (50-100) 80 (52-99) 81.5 (50-100) 0.629^ 

Primary/Secondary AML  - n/total (%) 
 

   
    De Novo 80/88 (90.9%) 33/36 (91.7%) 47/52 (90.4%) 1 

    Secondary 8/88 (9.1%) 3/36 (8.3%) 5/52 (9.6%) 1 

    Unknown 57    
Transplant – n/total (%) 

 

   
    Yes 25/96 (26.0%) 9/38 (23.7%) 16/58 (27.6%) 0.813 

    No 71/96 (74.0%) 29/38 (76.3%) 42/58 (44.7%) 0.813 

    Unknown 49    
2FAB – n/total (%) 

 

   
    M0 4/89 (4.5%) 2/37 (5.4%) 2/52 (3.8%) 1 

    M1 34/89 (38.2%) 15/37 (40.5%) 19/52 (36.5%) 0.825 

    M2 19/89 (21.3%) 8/37 (21.6%) 11/52 (21.1%) 1 

    M3 0/89 (0.0%) 0 (0%) 0 (0%) 1 

    M4 17/89 (19.1%) 7/37 (18.9%) 10/52 (19.2%) 1 

    M5 14/89 (15.7%) 4/37 (10.8%) 10/52 (19.2%) 0.380 

    M6 0/89 (0.0%) 0 (0%) 0 (0%) 1 

    M7 1/89 (1.1%) 1/37 (2.7%) 0 (0%) 0.416 

    Unknown 56    
3Grimwade Cytogenetic Risk – n/total 

(%) 

 

   
    Good 6/128 (4.7%) 3/46 (6.5%) 3/82 (3.7%) 0.666 

    Intermediate 97/128 (75.8%) 32/46 (69.6%) 65/82 (79.2%) 0.283 

    Poor 25/128 (19.5%) 11/46 (23.9%) 14/82 (17.1%) 0.362 

    Unknown 17    
Simple Karyotype  - n/total (%) 

 

   
    Normal 77/142 (54.2%) 22/50 (44%) 52/92 (56.5%) 0.164 

    Abnormal 45/142 (31.7%) 21/50 (42%) 27/92 (29.3%) 0.141 

    Complex 20/142 (14.1%) 7/50 (14%) 13/92 (14.1%) 1 

    Unknown 3    
Cytogenetics – n/total (%) 

 

   
    t(15;17) 0/142 (0.0%) 0 (0%) 0 (0%) 1 

    CBF 10/142 (7.0%) 4/50 (8%) 6/92 (6.52%) 0.742 

    MLL 8/142 (5.6%) 4/50 (8%) 4/92 (4.35%) 0.452 

    tri(8) 12/142 (8.5%) 2/50 (4%) 10/92 (10.9%) 0.214 

    mono(5) / del(5q) 6/142 (4.2%) 2/50 (4%) 4/92 (4.35%) 1 

    mono(7) / del(7q) 10/142 (7.0%) 4/50 (8%) 6/92 (6.52%) 0.742 

    tri(21) 3/142 (2.1%) 2/50 (4%) 1/92 (1.09%) 0.283 

Mutations  - n/total (%) 
 

   
    FLT3-ITD 49/145 (33.8%) 15 / 51 (29.4%) 34 / 94 (36.2%) 0.465 

    FLT3-TKD 10/145 (6.9%) 2 / 51 (3.92%) 6 / 94 (6.38%) 0.713 

    NPM1 54/145 (37.2%) 14 / 51 (27.5%) 37 / 94 (39.4%) 0.150 

    DNMT3A 45/145 (31.0%) 18 / 51 (35.3%) 28 / 94 (29.8%) 0.576 

    IDH1 16/145 (11.0%) 7 / 51 (13.7%) 9 / 94 (9.57%) 0.580 

    IDH2 23/145 (15.9%) 12 / 51 (23.5%) 12 / 94 (12.8%) 0.107 

    TET2 26/145 (17.9%) 8 / 51 (15.7%) 15 / 94 (16%) 1 

    NRAS/KRAS 17/145 (11.7%) 4 / 51 (7.8%) 13 / 94 (13.8%) 0.419 
*Total number of samples in the cohort is 145, however, where clinical characteristics were not available, the sample is listed as unknown.1P-

values are calculated by Fisher’s exact test except for: ^ determined by Student’s t-test.  2FAB: French-America-British classification (Neame 

et al., 1986); 3Grimwade classification (Grimwade et al., 2010) 
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Appendix P. Cohort characteristics of Mismatch repair proteins mutant subgroup 

Characteristics *All Cases 

(n=145) 

Mutant Group 

(n=17) 

Non-Mutant Group 

(n=128) 

1P-value  

Age 54 (16-89) 53 (20-84) 54 (16-89) 0.577^ 

Male - n (%) 88 (60.7%) 13 (76.5%) 75 (58.6%) 0.193 

Female - n (%) 57 (39.3%) 4 (23.5%) 53 (41.4%) 0.193 

WCC x 109/L - median (range) 19 (1.1-315.6) 24.25 (1.75-227) 19 (1.07-315.6) 0.573^ 

BM Blast % - median (range) 80.8 (50-100) 78.5 (60-93) 81.75 (50-100) 0.899^ 

Primary/Secondary AML  - n/total (%) 
 

   
    De Novo 80/88 (90.9%) 9/10 (90.0%) 71/78 (91.0%) 1 

    Secondary 8/88 (9.1%) 1/10 (10.0%) 7/78 (9.0%) 1 

    Unknown 57    
Transplant – n/total (%) 

 

   
    Yes 25/96 (26.0%) 3/10 (30.0%) 22/86 (25.6%) 0.717 

    No 71/96 (74.0%) 7/10 (70.0%) 64/86 (74.4%) 0.717 

    Unknown 49    
2FAB – n/total (%) 

 

   
    M0 4/89 (4.5%) 0 (0%) 4/79 (5.1%) 1 

    M1 34/89 (38.2%) 2/10 (20.0%) 32/79 (40.5%) 0.306 

    M2 19/89 (21.3%) 2/10 (20.0%) 17/79 (21.5%) 1 

    M3 0/89 (0.0%) 0 (0%) 0 (0%) 1 

    M4 17/89 (19.1%) 3/10 (30.0%) 14/79 (17.7%) 0.395 

    M5 14/89 (15.7%) 3/10 (30.0%) 11/79 (13.9%) 0.189 

    M6 0/89 (0.0%) 0 (0%) 0 (0%) 1 

    M7 1/89 (1.1%) 0 (0%) 1/79 (1.3%) 1 

    Unknown 56    
3Grimwade Cytogenetic Risk – n/total 

(%) 

 

   
    Good 6/128 (4.7%) 2/16 (12.5%) 4/112 (3.6%) 0.163 

    Intermediate 97/128 (75.8%) 13/16 (81.3%) 84/112 (75.0%) 0.760 

    Poor 25/128 (19.5%) 1/16 (6.3%) 24/112 (21.4%) 0.194 

    Unknown 17 0 (0%) 0 (0%) 1 

Simple Karyotype  - n/total (%) 
 

   
    Normal 77/142 (54.2%) 6/16 (37.5%) 68/126 (54%) 0.289 

    Abnormal 45/142 (31.7%) 8/16 (50.0%) 40/126 (31.7%) 0.167 

    Complex 20/142 (14.1%) 2/16 (12.5%) 18/126 (14.3%) 1 

    Unknown 3    
Cytogenetics – n/total (%) 

 

   
    t(15;17) 0/142 (0.0%) 0 (0%) 0 (0%) 1 

    CBF 10/142 (7.0%) 2/16 (12.5%) 8/126 (6.4%) 0.313 

    MLL 8/142 (5.6%) 2/16 (12.5%) 6/126 (4.8%) 0.223 

    tri(8) 12/142 (8.5%) 2/16 (12.5%) 10/126 (7.9%) 0.626 

    mono(5) / del(5q) 6/142 (4.2%) 0 (0%) 6/126 (4.8%) 1 

    mono(7) / del(7q) 10/142 (7.0%) 0 (0%) 10/126 (7.9%) 0.603 

    tri(21) 3/142 (2.1%) 0 (0%) 3/126 (2.4%) 1 

Mutations  - n/total (%) 
 

   
    FLT3-ITD 49/145 (33.8%) 5 / 17 (29.4%) 44 / 128 (34.4%) 0.790 

    FLT3-TKD 10/145 (6.9%) 2 / 17 (11.8%) 6 / 128 (4.69%) 0.256 

    NPM1 54/145 (37.2%) 7 / 17 (41.2%) 44 / 128 (34.4%) 0.599 

    DNMT3A 45/145 (31.0%) 4 / 17 (23.5%) 42 / 128 (32.8%) 0.582 

    IDH1 16/145 (11.0%) 2 / 17 (11.8%) 14 / 128 (10.9%) 1 

    IDH2 23/145 (15.9%) 3 / 17 (17.6%) 21 / 128 (16.4%) 1 

    TET2 26/145 (17.9%) 2 / 17 (11.8%) 21 / 128 (16.4%) 1 

    NRAS/KRAS 17/145 (11.7%) 3 / 17 (17.6%) 14 / 128 (10.9%) 0.423 
*Total number of samples in the cohort is 145, however, where clinical characteristics were not available, the sample is listed as 

unknown.1P-values are calculated by Fisher’s exact test except for: ^ determined by Student’s t-test.  2FAB: French-America-British 

classification (Neame et al., 1986); 3Grimwade classification (Grimwade et al., 2010) 
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Appendix Q. Cohort characteristics of Structure-specific endonucleases mutant subgroup 

Characteristics *All Cases (n=145) Mutant Group 

(n=23) 

Non-Mutant Group 

(n=122) 

1P-value  

Age 54 (16-89) 56 (16-84) 53 (17-89) 1.000^ 

Male - n (%) 88 (60.7%) 15 (65.2%) 73 (59.8%) 0.816 

Female - n (%) 57 (39.3%) 8 (34.8%) 49 (40.2%) 0.816 

WCC x 109/L - median (range) 19 (1.1-315.6) 15.25 (2.1-227) 22.3 (1.07-315.6) 0.672^ 

BM Blast % - median (range) 80.8 (50-100) 81 (50-99) 80.25 (50-100) 0.617^ 

Primary/Secondary AML  - n/total (%) 
 

   
    De Novo 80/88 (90.9%) 12/14 (85.7%) 68/74 (91.9%) 0.608 

    Secondary 8/88 (9.1%) 2/14 (14.3%) 6/74 (8.1%) 0.608 

    Unknown 57    
Transplant – n/total (%) 

 

   
    Yes 25/96 (26.0%) 3/16 (18.8%) 22/80 (27.5%) 0.55 

    No 71/96 (74.0%) 13/16 (81.2%) 58/80 (72.5%) 0.55 

    Unknown 49    
2FAB – n/total (%) 

 

   
    M0 4/89 (4.5%) 2/15 (13.3%) 2/64 (3.1%) 0.161 

    M1 34/89 (38.2%) 5/15 (33.3%) 29/64 (45.3%) 0.564 

    M2 19/89 (21.3%) 3/15 (20.0%) 16/64 (25.0%) 1 

    M3 0/89 (0.0%) 0 (0%) 0 (0%) 1 

    M4 17/89 (19.1%) 2/15 (13.3%) 15/64 (23.4%) 0.503 

    M5 14/89 (15.7%) 3/15 (20.0%) 11/64 (12.2%) 0.723 

    M6 0/89 (0.0%) 0 (0%) 0 (0%) 1 

    M7 1/89 (1.1%) 0 (0%) 1/64 (1.6%) 1 

    Unknown 56    
3Grimwade Cytogenetic Risk – n/total 

(%) 

 

   
    Good 6/128 (4.7%) 1/18 (5.6%) 5/110 (4.5%) 1 

    Intermediate 97/128 (75.8%) 10/18 (55.6%) 87/110 (79.1%) 0.040 

    Poor 25/128 (19.5%) 7/18 (38.9%) 18/110 (16.4%) 0.048 

    Unknown 17    
Simple Karyotype  - n/total (%) 

 

   
    Normal 77/142 (54.2%) 8/21 (38.1%) 66/121 (54.5%) 0.236 

    Abnormal 45/142 (31.7%) 8/21 (38.1%) 40/121 (33.1%) 0.628 

    Complex 20/142 (14.1%) 5/21 (23.8%) 15/121 (12.4%) 0.179 

    Unknown 3    
Cytogenetics – n/total (%) 

 

   
    t(15;17) 0/142 (0.0%) 0 (0%) 0 (0%) 1 

    CBF 10/142 (7.0%) 2/21 (9.5%) 8/121 (6.6%) 0.643 

    MLL 8/142 (5.6%) 2/21 (9.5%) 6/121 (5.0%) 0.337 

    tri(8) 12/142 (8.5%) 2/21 (9.5%) 10/121 (8.3%) 0.692 

    mono(5) / del(5q) 6/142 (4.2%) 1/21 (4.8%) 5/121 (4.1%) 1 

    mono(7) / del(7q) 10/142 (7.0%) 1/21 (4.8%) 9/121 (7.4%) 1 

    tri(21) 3/142 (2.1%) 1/21 (4.8%) 2/121 (1.7%) 0.384 

Mutations  - n/total (%) 
 

   
    FLT3-ITD 49/145 (33.8%) 4 / 23 (17.4%) 45 / 122 (36.9%) 0.093 

    FLT3-TKD 10/145 (6.9%) 3 / 23 (13%) 5 / 122 (4.1%) 0.105 

    NPM1 54/145 (37.2%) 7 / 23 (30.4%) 44 / 122 (36.1%) 0.642 

    DNMT3A 45/145 (31.0%) 8 / 23 (34.8%) 38 / 122 (31.1%) 0.808 

    IDH1 16/145 (11.0%) 2 / 23 (8.7%) 14 / 122 (11.5%) 1 

    IDH2 23/145 (15.9%) 2 / 23 (8.7%) 22 / 122 (18%) 0.368 

    TET2 26/145 (17.9%) 4 / 23 (17.4%) 19 / 122 (15.6%) 0.762 

    NRAS/KRAS 17/145 (11.7%) 4 / 23 (17.4%) 13 / 122 (10.7%) 0.476 
*Total number of samples in the cohort is 145, however, where clinical characteristics were not available, the sample is listed as unknown.1P-

values are calculated by Fisher’s exact test except for: ^ determined by Student’s t-test.  2FAB: French-America-British classification (Neame 

et al., 1986); 3Grimwade classification (Grimwade et al., 2010) 
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Appendix R. Cohort characteristics of KEGG-HRR mutant subgroup 

Characteristics *All Cases (n=145) Mutant Group 

(n=27) 

Non-Mutant Group 

(n=118) 

1P-value  

Age 54 (16-89) 52 (17-81) 54 (16-89) 0.339^ 

Male - n (%) 88 (60.7%) 15 (55.6%) 73 (61.9%) 0.663 

Female - n (%) 57 (39.3%) 12 (44.4%) 45 (38.1%) 0.663 

WCC x 109/L - median (range) 19 (1.1-315.6) 30.5 (1.75-250) 18.8 (1.07-315.6) 0.262^ 

BM Blast % - median (range) 80.8 (50-100) 84 (60-100) 79 (50-99) 0.082^ 

Primary/Secondary AML  - n/total (%) 
 

   
    De Novo 80/88 (90.9%) 14/15 (93.3%) 66/73 (90.4%) 1 

    Secondary 8/88 (9.1%) 1/15 (6.7%) 7/73 (9.6%) 1 

    Unknown 57    
Transplant – n/total (%) 

 

   
    Yes 25/96 (26.0%) 5/15 (33.3%) 20/81 (24.7%) 0.527 

    No 71/96 (74.0%) 10/15 (66.7%) 61/81 (75.3%) 0.527 

    Unknown 49    
2FAB – n/total (%) 

 

   
    M0 4/89 (4.5%) 1/15 (6.7%) 3/74 (4.1%) 0.529 

    M1 34/89 (38.2%) 7/15 (46.7%) 27/74 (36.5%) 0.563 

    M2 19/89 (21.3%) 2/15 (13.3%) 17/74 (23.0%) 0.529 

    M3 0/89 (0.0%) 0 (0%) 0 (0%) 1 

    M4 17/89 (19.1%) 2/15 (13.3%) 15/74 (20.3%) 0.503 

    M5 14/89 (15.7%) 2/15 (13.3%) 12/74 (16.2%) 0.725 

    M6 0/89 (0.0%) 0 (0%) 0 (0%) 1 

    M7 1/89 (1.1%) 1/15 (6.7%) 0 (0%) 0.169 

    Unknown 56    
3Grimwade Cytogenetic Risk – n/total 

(%) 

 

   
    Good 6/128 (4.7%) 3/25 (12.0%) 3/103 (2.9%) 0.088 

    Intermediate 97/128 (75.8%) 19/25 (76.0%) 78/103 (75.7%) 1 

    Poor 25/128 (19.5%) 3/25 (12.0%) 22/103 (21.4%) 0.403 

    Unknown 17 0 (0%) 0 (0%) 1 

Simple Karyotype  - n/total (%) 
 

   
    Normal 77/142 (54.2%) 9/27 (33.3%) 65/115 (56.5%) 0.034 

    Abnormal 45/142 (31.7%) 15/27 (55.6%) 33/115 (28.7%) 0.012 

    Complex 20/142 (14.1%) 3/27 (11.1%) 17/115 (14.8%) 0.766 

    Unknown 3    
Cytogenetics – n/total (%) 

 

   
    t(15;17) 0/142 (0.0%) 0 (0%) 0 (0%) 1 

    CBF 10/142 (7.0%) 4/27 (14.8%) 6/115 (5.2%) 0.096 

    MLL 8/142 (5.6%) 4/27 (14.8%) 4/115 (3.5%) 0.043 

    tri(8) 12/142 (8.5%) 0 (0%) 12/115 (10.4%) 0.123 

    mono(5) / del(5q) 6/142 (4.2%) 2/27 (7.4%) 4/115 (3.5%) 0.320 

    mono(7) / del(7q) 10/142 (7.0%) 0 (0%) 10/115 (8.7%) 0.209 

    tri(21) 3/142 (2.1%) 1/27 (3.7%) 2/115 (1.7%) 0.472 

Mutations  - n/total (%) 
 

   
    FLT3-ITD 49/145 (33.8%) 9 / 27 (33.3%) 40 / 118 (33.9%) 1 

    FLT3-TKD 10/145 (6.9%) 0 / 27 (0%) 8 / 118 (6.78%) 0.204 

    NPM1 54/145 (37.2%) 11 / 27 (40.7%) 40 / 118 (33.9%) 0.513 

    DNMT3A 45/145 (31.0%) 9 / 27 (33.3%) 37 / 118 (31.4%) 0.823 

    IDH1 16/145 (11.0%) 3 / 27 (11.1%) 13 / 118 (11%) 1 

    IDH2 23/145 (15.9%) 5 / 27 (18.5%) 19 / 118 (16.1%) 0.776 

    TET2 26/145 (17.9%) 6 / 27 (22.2%) 17 / 118 (14.4%) 0.380 

    NRAS/KRAS 17/145 (11.7%) 5 / 27 (18.5%) 12 / 118 (10.2%) 0.315 
*Total number of samples in the cohort is 145, however, where clinical characteristics were not available, the sample is listed as unknown.1P-

values are calculated by Fisher’s exact test except for: ^ determined by Student’s t-test.  2FAB: French-America-British classification (Neame 

et al., 1986); 3Grimwade classification (Grimwade et al., 2010) 
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Appendix S. Graphical visual representation the 12 subgroups of FA/BRCA-HRR extended network variants, common AML mutations and 

karyotypic abnormalities across the adult WES AML cohort (n=145).  

Red cells represent samples with mutations in the extended FA/BRCA-HRR network; Green cells represent the simple karyotype classification; Blue cells 

represent samples with recurring AML mutations; Yellow cells represent samples with karyotypic abnormalities; Grey cells represent samples with unknown 

karyotypes. 
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Appendix T. COSMIC mutations occurring at the same codon as variants identified in the WES cohort. 

Gene 

Names 

Amino 

acid 

change 

from the 

WES 

COSMIC ID Somatic 

status in 

COSMIC 

Primary tissues Histology No of 

Patients 

with 

variant 

No. of 

independent 

samples in 

COSMIC 

Comments 

ATM p.L2492R COSM5547397 

& 

COSM758331 

Somatic & 

Unknown 

Prostate & 

Haematopoietic and 

lymphoid tissue 

Carcinoma & 

Lymphoid neoplasm 

1 2 Reported as missense & frameshift 

ATM p.T2640I COSM3358392 Somatic Kidney Carcinoma 1 1 p.T2640fs*6 reported instead 

ATR p.I1753V COSM5633507 Somatic Oesophagus Carcinoma 1 1 Reported as I1753T 

ATR p.P2434A COSM3125094 Somatic Skin Carcinoma 1 1 Reported as P2434S 

BLM p.V4A COSM3505417 Somatic Skin Malignant melanoma 1 1 Reported as V4F 

BRCA1 p.R1203X COSM3402921 Somatic Central nervous system Glioma 1 1 p.R1203Q instead 

BRCA2 p.C554W COSM6074241 Unknown Lung Carcinoma 1 1 Reported as C554F 

FANCD2 p.Q65H COSM5494739 Somatic Biliary tract Carcinoma 1 1 Reported as Q65X 

FANCI p.E209Q COSM3505239 Somatic Skin Malignant melanoma 1 1 p.E209K reported instead 

FANCL p.T224A COSM3053711 Somatic Lung Carcinoma 1 1 p.T224K reported instead (COSM3053711) 

FANCL p.R68P COSM1021961 Somatic Endometrium & Large 

intestine 

Carcinoma 1 1 p. R68Q reported instead (COSM1021961) 

FANCL p.F36L COSM4991778 Somatic Skin Carcinoma 1 1 p.F36F reported instead 

MLH1 p.K377E COSM25915, 

COSM26083, 

COSM1422600 

Somatic  Large intestine  Carcinoma 2 2 Reported as FS & p.K618T (1422600, 26083, 25915) 

MLH3 p.V741F COSM4595998 

& 

COSM4595997 

Unknown Upper aerodigestive 

tract 

 Carcinoma 7 1 Reported as V741I 

NBN p.R43X COSM1102344 Somatic Endometrium, Large 

intestine & Oesophagus 

Carcinoma 1 4 Reported 3 times as p.R43Q instead (COSM1102344) 

RAD50 p.V127I COSM3608463 Somatic Skin Malignant melanoma 1 1 Reported as V127V 

RAD51B p.D17G COSM4843490 Somatic Cervix Carcinoma 1 1 p.D17Y reported instead (COSM4843490) 

RAD51D p.R185W COSM4721160 Somatic Large intestine Carcinoma 1 1 Reported as p.R165C instead (COSM4721160) 
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RBBP8 p.R839Q COSM3712642 Somatic Upper aerodigestive 

tract 

Carcinoma 1 1 Reported as p.R839* instead (COSM3712642) 

RMI1 p.P287L COSM3220409 Unknown Large intestine Carcinoma 1 1 p.P287S reported instead (COSM3220409) 

SLX4 p.E813K COSM285188 Somatic Large intestine Carcinoma 1 2 Reported twice as p.E813D instead (COSM285188) 

 

Variants discussed in detail are in Red font. 
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Appendix U. FA/BRCA-HRR variants from the WES cohort with unconfirmed pathogenicity by HGMD. 

Gene Ref Seq cDNA 

change 

Amino 

acid 

change 

Comments References Class* WES ID 

ATM NM_000051 c.C998T p.S333F Colorectal cancer  (Tanskanen et al., 2015) DM? WES-14,WES- 22, WES-245 

ATM NM_000051 c.T4709C p.V1570A Breast Cancer 

susceptibility  

(Dörk et al., 2001) DM? WES-24 

ATM NM_000051 c.G6860C p.G2287A Breast Cancer 

susceptibility  

(Dörk et al., 2001) DM? WES-26 

ATM NM_000051 c.T1229C p.V410A Ocular telangiectasia (Mauget-Faysse  et al., 2003) DM? WES-30, WES-55 

ATM NM_000051 c.A4362C p.K1454N Breast Cancer 

susceptibility 

(Tavtigian et al., 2009) DM? WES-96 

ATM NM_000051 c.C4138T p.H1380Y Breast Cancer 

susceptibility 

(Atencio et al., 2001) DM? WES-203 

BRCA1 NM_007298 c.G1644A p.M548I Breast and/or ovarian 

cancer 

(Schoumacher et al., 2001, Woods et al., 2016, Figge et 

al., 2004) 

DM? WES-13, WES-60, WES-207 

FANCC NM_001243743 c.A584T p.D195V Fanconi anaemia (Verlander et al., 1994) DM? WES-20, WES-79, WES-86 

FANCL NM_018062 c.C112T p.L38F Tetralogy of Fallot (Grunert et al., 2014) DM? WES-14 

FANCL NM_018062 c.A670G p.T224A Tetralogy of Fallot (Grunert et al., 2014) DM? WES-83 

MLH1 NM_001258274 c.A1129G p.K377E Colorectal cancer, non-

polyposis 

 Beck et al., 1997 DM? WES-88, WES-218 

MLH3 NM_014381 c.A1234G p.K412E Colorectal cancer, 

increased risk 

(Liu et al., 2003) DM? WES-14 

MLH3 NM_014381 c.G2221T p.V741F Endometrial cancer (Liu et al., 2003) DM? WES-30, WES-41, WES-67, WES-209, 

WES-211, WES-226, WES-246 

MRE11A NM_005591 c.G1139A p.R380H Prostate cancer (Leongamornlert et al., 2014) DM? WES-215 

NBN NM_002485 c.G456A p.M152I Ovarian cancer (Ramus et al., 2015) DM? WES-55 

RAD50 NM_005732 c.G980A p.R327H Breast cancer (Tommiska et al., 2006) DM? WES-202 

 

*DM?-Potentially damaging and/or pathogenic mutation with contradicting reports 
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Appendix V. Top 50 Differentially expressed genes with a >1.5 fold change for FA/BRCA-HRR network, FANC 19, FACN core & ID2, BLM & 

ATM/ATR checkpoint and KEGG-HRR subgroups 

FA/BRCA-HRR network FANC 19 FANC core & ID2  BLM & ATM/ATR checkpoint KEGG-HRR 

Gene Name logFC P.Value Gene name logFC P.Value Gene name logFC P.Value Gene Name logFC P.Value ILMN_Gene logFC P.Value 

SUCNR1 1.302 5.00E-06 SUCNR1 1.248 0 CD34 1.838 0.016 SUCNR1 1.134 0.001 HS.25318 1.206 0.006 

LOC100132395 0.947 6.00E-05 CLEC11A 0.979 0.014 CD34 1.588 0.023 LOC389816 1.062 0.005 HOXA3 1.123 0.017 

LOC100130000 0.862 9.00E-05 APOC2 0.928 0.024 LOC652377 1.073 0.03 ELANE 1.04 0.007 LOC100132395 1.102 0.002 

ITPKA 0.841 4.00E-05 LOC648868 0.866 0.008 C1QTNF4 1.055 0.037 HSPA1B 1.015 0 C10ORF140 1.083 0.046 

APOC2 0.819 2.00E-02 LOC284998 0.854 0.009 FLJ22536 1.01 0.009 CLEC14A 0.996 0.001 LOC100130000 1.079 0.001 

ECM1 0.793 9.00E-04 LTC4S 0.842 0.006 SLC39A8 0.986 0.012 AIF1L 0.975 0.013 LOC649841 1.058 0.001 

LOC100133080 0.774 2.00E-05 COPG2 0.742 0 LOC648868 0.958 0.015 EFCAB4A 0.954 0.001 SLC38A1 1.032 0.003 

CLEC11A 0.773 2.00E-02 VTRNA1-1 0.707 0.02 LOC284998 0.942 0.017 F13A1 0.953 0.023 RAGE 1.021 0.01 

SF1 0.77 5.00E-04 OLIG1 0.69 0.036 PRSSL1 0.937 0.012 NDN 0.948 0.046 LOC100133080 0.906 0.001 

F13A1 0.735 3.00E-02 GHRL 0.689 0.003 TCTEX1D1 0.925 0.04 PALM 0.935 0.004 LOC400986 0.896 0.002 

ZNF573 0.712 1.00E-04 STAG3L1 0.679 0.003 SUCNR1 0.887 0.035 CYP2S1 0.906 0.009 MTX3 0.884 0.003 

ITPRIPL2 0.709 2.00E-04 TNFAIP8L2 0.674 0.006 COPG2 0.864 0 LRRC26 0.896 0.004 HS.549989 0.852 0.006 

C5ORF20 0.701 3.00E-02 TMEM51 0.67 0.025 GHRL 0.829 0.003 AIF1L 0.86 0.031 HSPA1B 0.835 0.011 

GOLPH4 0.696 8.00E-06 LPAR4 0.669 0.007 SERPING1 0.827 0.016 ITPKA 0.859 0.001 MLC1 0.832 0.005 

MEF2C 0.688 2.00E-03 PRSSL1 0.662 0.035 ST3GAL4 0.803 0 LOC646723 0.847 0.032 C21ORF96 0.823 0.003 

LOC646723 0.686 4.00E-02 USMG5 0.661 0.031 ENG 0.8 0.001 ALDH7A1 0.834 0.012 C10ORF114 0.819 0.012 

TNFAIP8L2 0.681 9.00E-04 ACTA2 0.659 0.001 LPAR4 0.79 0.008 LOC100132395 0.819 0.005 TSC22D1 0.807 0.04 

IL13RA1 0.671 2.00E-02 TSPAN4 0.655 0.011 STAG3L1 0.775 0.005 ALDH7A1 0.809 0.006 C20ORF94 0.799 0.001 

LTC4S 0.659 1.00E-02 HSPA1B 0.649 0.015 TSPAN4 0.753 0.014 USMG5 0.751 0.015 ECM1 0.789 0.027 

CLEC14A 0.657 6.00E-03 PIWIL4 0.645 0.012 CDKN2C 0.739 0.049 CD200 0.751 0.008 FAM91A2 0.781 0.001 

NRXN2 0.655 2.00E-02 GPT2 0.643 0.009 RICS 0.732 0.032 SDK2 0.738 0.006 LRP5 0.763 0.007 
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FLT3 0.653 2.00E-04 FKBP2 0.641 0 CDH26 0.715 0.004 CSF1R 0.737 0.009 HS.505676 0.762 0.002 

C21ORF96 0.648 5.00E-04 CDKN2C 0.633 0.043 CYLN2 0.677 0.017 VSIG4 0.734 0.004 LOC732450 0.757 0.001 

CDC2L2 0.645 2.00E-05 LOC100132395 0.628 0.03 SORL1 0.675 0.005 LOC100130000 0.724 0.007 ZNF573 0.747 0.008 

LOC284998 0.643 2.00E-02 CCDC71 0.624 0.001 ITM2C 0.67 0.033 NRXN2 0.714 0.04 GOLPH4 0.742 0.002 

WDR49 0.643 1.00E-03 MGST1 0.62 0.003 SV2A 0.669 0.008 HGF 0.711 0.048 LOC653080 0.74 0.002 

HS.549989 0.636 2.00E-03 TSPAN32 0.609 0.002 GPT2 0.652 0.027 EFNA1 0.71 0.027 SLC38A1 0.733 0.015 

NFIC 0.634 3.00E-05 TARP 0.602 0.039 ITGA6 0.621 0.019 RHOBTB3 0.709 0.026 WIT1 0.73 0.022 

GSN 0.634 2.00E-03 LOC100130000 0.591 0.027 ARHGAP10 0.616 0.02 DSE 0.703 0.003 CPXM1 0.725 0.034 

LPPR3 0.634 1.00E-02 ITPKA 0.59 0.019 RAB37 0.608 0.021 PTGR1 0.699 0.003 LOC730417 0.725 0.034 

HSPA1B 0.633 4.00E-03 RAB37 0.588 0.007 SESTD1 0.6 0.034 HS.10862 0.697 0.025 HOXA6 0.725 0.017 

CCDC71 0.632 9.00E-05 CPXM1 0.588 0.033 LOC100132740 0.583 0.026 PTGR1 0.697 0.012 SERPINI2 0.715 0.038 

GPX1 0.628 5.00E-04 LOC100133080 0.584 0.009 C21ORF128 0.582 0 MYOZ3 0.686 0.013 LOC644677 0.709 0.003 

WDR49 0.626 5.00E-03 SIK1 -0.674 0.004 TRPC2 0.582 0.036 BZRAP1 0.677 0.028 HS.107418 0.709 0 

RAB37 0.624 5.00E-04 SAMSN1 -0.685 0.011 PFKFB3 -0.701 0.006 FNBP1L 0.673 0.028 ACTA2 0.709 0.006 

VSIG4 0.621 4.00E-03 TDRD9 -0.688 0.018 ITGAV -0.702 0.012 LOC644615 0.667 0.002 RPAP2 0.705 0 

STAG3L1 0.616 1.00E-03 TUFT1 -0.688 0.006 HOMER2 -0.718 0.026 LOC648868 0.666 0.045 DAD1L 0.702 0.015 

AHDC1 0.615 5.00E-05 TKTL1 -0.688 0.024 DDEF2 -0.718 0.007 LOC149134 0.662 0.041 C21ORF96 0.695 0.001 

CSF1R 0.614 9.00E-03 CXCL2 -0.693 0.05 NLRC5 -0.732 0.001 RAB13 0.659 0 LOC642678 0.693 0.007 

HS.131041 0.611 5.00E-04 ETS1 -0.695 0.014 ZC3H12A -0.733 0.007 ADCY6 0.646 0.003 ANKRD36 0.682 0.014 

SNHG3-RCC1 0.609 3.00E-05 LRIG1 -0.697 0.013 EGR1 -0.733 0.015 CLEC12A 0.645 0.043 LOC730995 0.677 0.001 

LOC642678 0.605 4.00E-04 PRDM1 -0.698 0.005 MAF -0.735 0.017 NUDT7 0.639 0.005 TSC22D1 0.677 0.019 

SPIN1 0.605 4.00E-06 PTGS2 -0.707 0.042 SIK1 -0.74 0.011 ZDHHC1 0.633 0.005 ANKRD36B 0.676 0.017 

HS.443185 0.602 7.00E-04 ZAP70 -0.714 0.017 TGFBR3 -0.741 0.05 LOC651957 0.629 0.044 MACF1 0.675 0.006 

FAM129A 0.601 3.00E-03 ZNF135 -0.717 0.011 ETS1 -0.75 0.027 LOC100133080 0.625 0.006 SLC39A10 0.675 0.001 

LOC648868 0.6 3.00E-02 SETBP1 -0.719 0.006 STAT4 -0.751 0.027 TGIF1 0.621 0 PLGLB1 0.671 0.009 

LOC647886 0.592 3.00E-05 ITPR3 -0.728 0.002 AZIN1 -0.754 0.015 TPM2 0.613 0.023 HS.452445 0.669 0.024 

C12ORF24 0.59 7.00E-05 JAM3 -0.732 0.048 VNN3 -0.76 0.05 FAM129A 0.612 0.013 DBN1 0.667 0.04 
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LAT2 0.589 1.00E-03 SPRED1 -0.734 0.029 SLC25A24 -0.766 0.03 ME3 0.611 0.045 LOC100130887 0.665 0.004 

CCR2 0.586 2.00E-02 SYTL4 -0.736 0.032 TDRD9 -0.77 0.027 ADA 0.61 0.005 DDX17 0.665 0.002 

RAP1GAP -0.915 5.00E-03 STAT4 -0.738 0.009 NR4A2 -0.77 0.024 CCL4L2 -0.768 0.015 CD36 -1.26 0.007 

GBP1 -0.921 1.00E-04 LAMB2 -0.739 0.032 TSHZ3 -0.774 0.009 GZMA -0.77 0.047 ANK1 -1.26 0.009 

FHL2 -0.929 3.00E-04 GBP1 -0.745 0.011 MAFF -0.775 0.007 CTLA4 -0.772 0.003 LOC728835 -1.26 0.006 

ALAS2 -0.935 6.00E-03 HS.535044 -0.745 0 MGC3020 -0.778 0.004 LST1 -0.773 0.013 CLEC7A -1.27 0.018 

XK -0.936 4.00E-03 FAM134B -0.765 0.02 NAMPT -0.783 0.03 LGALS3 -0.779 0.043 IFI30 -1.28 0.023 

EPOR -0.941 1.00E-04 TRO -0.768 0.032 ECHDC2 -0.787 0.03 LEF1 -0.785 0.024 S100A8 -1.31 0.004 

HBG2 -0.947 5.00E-02 LOC100127983 -0.776 0.007 TRIB1 -0.788 0.006 HBBP1 -0.795 0.018 EPSTI1 -1.31 0.001 

TNFAIP3 -0.952 1.00E-05 SIK1 -0.779 0.001 PRKCA -0.801 0.023 CDH1 -0.796 0.018 HBA1 -1.31 0.008 

GZMH -0.963 5.00E-03 TGFBR3 -0.786 0.012 LOC100131831 -0.807 0.014 GZMK -0.798 0.028 CD36 -1.31 0.009 

IFI27 -0.964 1.00E-02 RGS1 -0.79 0.023 ARL4C -0.842 0.001 CD8A -0.803 0.048 TNF -1.31 0.006 

RGS1 -0.964 8.00E-04 SNRPN -0.795 0.018 NAMPT -0.845 0.02 CD6 -0.804 0.018 FOLR3 -1.31 0.041 

TRIM10 -0.967 6.00E-03 MARCKS -0.797 0.039 MCOLN2 -0.858 0.038 ITGA2B -0.815 0.003 CA2 -1.33 0.003 

RHAG -0.977 2.00E-02 BAMBI -0.808 0.016 LRIG1 -0.874 0.009 HS.554324 -0.834 0.012 CTSL1 -1.34 0.001 

HBQ1 -0.986 3.00E-03 NFIA -0.817 0.023 BAMBI -0.874 0.03 MAF -0.834 0.001 SELENBP1 -1.34 0.013 

CDH1 -0.987 3.00E-04 FAM89A -0.853 0.002 CXCL2 -0.884 0.036 HEMGN -0.835 0.047 CCL4L1 -1.36 0 

TGFBR3 -0.997 1.00E-04 ATP9A -0.857 0.024 IL18RAP -0.885 0.031 IFI44L -0.835 0.021 ALDH1A1 -1.37 0.006 

GBP1 -0.997 3.00E-05 MAF -0.858 0.001 PTGS2 -0.906 0.029 RHCE -0.844 0.05 CA2 -1.37 0.002 

JAM3 -1.004 1.00E-03 PTGS2 -0.858 0.008 IGF2R -0.907 0.02 CA2 -0.849 0.022 CRISPLD2 -1.38 0.009 

KEL -1.004 4.00E-03 F2RL1 -0.862 0.014 JAM3 -0.911 0.04 BCL11B -0.862 0.032 OSBP2 -1.38 0.012 

CCL4L1 -1.007 1.00E-04 PTRF -0.866 0.044 EGR2 -0.917 0.028 KEL -0.866 0.042 RHOU -1.39 0.001 

GNLY -1.014 2.00E-03 SOCS2 -0.875 0.028 IRS2 -0.929 0.002 FAM178B -0.87 0.008 FPR1 -1.41 0.023 

ANK1 -1.015 2.00E-03 ALDH1A1 -0.879 0.03 SUCLG2 -0.941 0.015 KCNH2 -0.886 0.008 NPL -1.41 0 

HBE1 -1.021 6.00E-03 MCOLN2 -0.88 0.011 BCL11B -0.946 0.048 GZMH -0.892 0.034 BEX2 -1.41 0.014 

LOC728835 -1.029 7.00E-04 NR4A2 -0.887 0.009 PTGS2 -0.963 0.013 MAL -0.901 0.024 LGALS3 -1.44 0.002 

AHSP -1.03 8.00E-03 GBP1 -0.895 0.002 IL8 -1.021 0.017 TNF -0.917 0.02 KEL -1.44 0.006 
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HBG1 -1.036 3.00E-02 MYH10 -0.902 0.021 NR4A2 -1.029 0.012 CCL4L1 -0.925 0.004 RHAG -1.48 0.014 

MYH10 -1.04 1.00E-03 ARL4C -0.903 0 RGS1 -1.031 0.013 CD3D -0.937 0.025 IFI27 -1.48 0.008 

LGALS3 -1.043 9.00E-04 IFITM3 -0.904 0.032 HOXB2 -1.039 0.039 SERPINE2 -0.951 0.016 CD14 -1.48 0.029 

GYPB -1.05 2.00E-02 TNFAIP3 -0.973 0 CLIP3 -1.055 0.031 LOC728835 -0.955 0.01 S100P -1.5 0.021 

GNLY -1.051 6.00E-03 KCNK12 -0.985 0.001 BASP1 -1.068 0.041 KLRF1 -0.963 0.003 XK -1.5 0.002 

SELENBP1 -1.062 3.00E-03 KLF9 -1.008 0.001 TNF -1.095 0.018 FGFBP2 -0.966 0.018 MYL4 -1.5 0.012 

OSBP2 -1.083 4.00E-03 SERPINE2 -1.12 0.004 GNG11 -1.139 0.027 MCOLN2 -0.967 0.005 HLA-DRB6 -1.53 0.016 

MGC13057 -1.087 2.00E-04 GNG11 -1.211 0.005 TNFAIP3 -1.184 0 MGC13057 -0.969 0.006 C19ORF59 -1.54 0.01 

HMBS -1.091 9.00E-03 
   

TPSAB1 -1.718 0.009 EPSTI1 -0.973 0.002 MAFB -1.55 0.017 

HBM -1.1 2.00E-02 
      

C7ORF28B -0.989 0.007 NPL -1.56 0 

ALDH1A1 -1.11 8.00E-05 
      

CD3D -0.992 0.014 S100A12 -1.57 0.019 

HEMGN -1.111 3.00E-03 
      

ALDH1A1 -1.007 0.003 HMBS -1.61 0.009 

BEX2 -1.139 3.00E-03 
      

SERPINB2 -1.028 0.015 CTSL1 -1.62 0 

HEMGN -1.159 8.00E-04 
      

PROK2 -1.033 0.02 CD14 -1.67 0.03 

EPSTI1 -1.159 5.00E-06 
      

LOC644936 -1.033 0.005 RETN -1.71 0.003 

MYL4 -1.163 4.00E-03 
      

CES1 -1.038 0.034 MARCKS -1.76 0 

NFIA -1.172 7.00E-05 
      

PRF1 -1.053 0.003 LOC100131164 -1.78 0.006 

CA1 -1.208 5.00E-03 
      

MARCKS -1.058 0.007 GYPB -1.84 0.004 

MARCKS -1.216 1.00E-04 
      

MYL4 -1.07 0.028 AHSP -1.91 0.001 

LOC100131164 -1.222 5.00E-03 
      

VENTX -1.078 0.021 EPB42 -1.93 0.003 

GZMB -1.226 3.00E-04 
      

GZMB -1.112 0.008 ALAS2 -2.05 0.002 

EPB42 -1.252 5.00E-03 
      

GNLY -1.17 0.003 HBM -2.07 0.002 

ALAS2 -1.281 4.00E-03 
      

GNLY -1.229 0.008 CA1 -2.15 0.001 

SERPINE2 -1.419 8.00E-06 
      

SERPINB2 -1.271 0.005 HBG2 -2.38 0.001 

ALDH1A1 -1.566 2.00E-06 
      

ALDH1A1 -1.317 0.001 HBG1 -2.49 0 
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Appendix W. Top 50 positively correlated gene sets with FDR<25% for FA/BRCA-HRR 

network, FANC 19, FACN core & ID2, BLM & ATM/ATR checkpoint and KEGG-HRR 

subgroups. 

FA/BRCA-HRR network 

Name of Gene set Size NES 

NOM 

p-val 

FDR 

q-val 

FWE

R p-

val 

KIM_ALL_DISORDERS_DURATION_CORR_DN 117 1.866 0.000 0.207 0.622 

REACTOME_SYNTHESIS_OF_GLYCOSYLPHOSPHATIDYLINOSIT

OL_GPI 15 1.865 0.000 0.155 0.622 

REACTOME_PEROXISOMAL_LIPID_METABOLISM 18 1.858 0.000 0.137 0.655 

NIKOLSKY_BREAST_CANCER_20Q11_AMPLICON 22 1.856 0.001 0.118 0.670 

MENSSEN_MYC_TARGETS 49 1.841 0.000 0.126 0.744 

REACTOME_BASE_EXCISION_REPAIR 16 1.829 0.001 0.129 0.798 

REACTOME_TRNA_AMINOACYLATION 38 1.792 0.000 0.187 0.929 

FANC 19 subgroup 

KEGG_GLYCOSAMINOGLYCAN_DEGRADATION 15 2.013 0.000 0.063 0.096 

WONG_MITOCHONDRIA_GENE_MODULE 186 1.999 0.000 0.042 0.129 

REACTOME_TELOMERE_MAINTENANCE 52 1.980 0.001 0.039 0.178 

KIM_ALL_DISORDERS_DURATION_CORR_DN 117 1.976 0.000 0.031 0.189 

REACTOME_MEIOTIC_RECOMBINATION 44 1.933 0.000 0.048 0.328 

REACTOME_PEROXISOMAL_LIPID_METABOLISM 18 1.932 0.000 0.041 0.332 

REACTOME_RESPIRATORY_ELECTRON_TRANSPORT_ATP_SYN

THESIS_BY_CHEMIOSMOTIC_COUPLING_AND_HEAT_PRODUCT

ION_BY_UNCOUPLING_PROTEINS_ 73 1.918 0.000 0.044 0.394 

IVANOVA_HEMATOPOIESIS_INTERMEDIATE_PROGENITOR 114 1.908 0.000 0.044 0.437 

NIKOLSKY_BREAST_CANCER_20Q11_AMPLICON 22 1.893 0.001 0.050 0.517 

YAO_TEMPORAL_RESPONSE_TO_PROGESTERONE_CLUSTER_17 159 1.891 0.000 0.046 0.530 

MOOTHA_VOXPHOS 73 1.881 0.000 0.048 0.577 

CREIGHTON_AKT1_SIGNALING_VIA_MTOR_DN 19 1.870 0.000 0.051 0.630 

YAO_TEMPORAL_RESPONSE_TO_PROGESTERONE_CLUSTER_13 145 1.858 0.000 0.056 0.695 

KEGG_SELENOAMINO_ACID_METABOLISM 17 1.855 0.001 0.054 0.705 

REACTOME_TRNA_AMINOACYLATION 38 1.855 0.000 0.051 0.707 

KEGG_PEROXISOME 56 1.851 0.001 0.050 0.724 

REACTOME_DNA_STRAND_ELONGATION 27 1.846 0.000 0.051 0.756 

SCHLOSSER_SERUM_RESPONSE_AUGMENTED_BY_MYC 82 1.839 0.000 0.052 0.790 

NIKOLSKY_BREAST_CANCER_11Q12_Q14_AMPLICON 90 1.837 0.000 0.051 0.800 

REACTOME_RESPIRATORY_ELECTRON_TRANSPORT 58 1.832 0.002 0.052 0.831 

KEGG_PYRIMIDINE_METABOLISM 79 1.828 0.001 0.052 0.838 

KEEN_RESPONSE_TO_ROSIGLITAZONE_UP 29 1.825 0.001 0.052 0.850 

REACTOME_BASE_EXCISION_REPAIR 16 1.820 0.003 0.054 0.869 

LU_EZH2_TARGETS_UP 210 1.817 0.000 0.053 0.879 

KEGG_LYSOSOME 101 1.808 0.000 0.057 0.910 

MOOTHA_HUMAN_MITODB_6_2002 345 1.805 0.000 0.058 0.919 

DACOSTA_UV_RESPONSE_VIA_ERCC3_TTD_UP 52 1.804 0.000 0.056 0.919 

PURBEY_TARGETS_OF_CTBP1_AND_SATB1_DN 121 1.799 0.000 0.057 0.932 

KEGG_PARKINSONS_DISEASE 88 1.798 0.000 0.056 0.934 

KEGG_OXIDATIVE_PHOSPHORYLATION 94 1.796 0.000 0.055 0.938 
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REACTOME_POST_TRANSLATIONAL_PROTEIN_MODIFICATION 120 1.794 0.000 0.055 0.942 

KEGG_BASE_EXCISION_REPAIR 30 1.793 0.001 0.054 0.944 

MOOTHA_MITOCHONDRIA 356 1.792 0.000 0.052 0.946 

MOREAUX_B_LYMPHOCYTE_MATURATION_BY_TACI_DN 64 1.792 0.000 0.051 0.946 

REACTOME_TCA_CYCLE_AND_RESPIRATORY_ELECTRON_TRA

NSPORT 103 1.791 0.000 0.050 0.947 

BIOCARTA_MITOCHONDRIA_PATHWAY 18 1.782 0.003 0.055 0.962 

REACTOME_EXTENSION_OF_TELOMERES 24 1.782 0.001 0.053 0.962 

KEGG_PURINE_METABOLISM 105 1.772 0.000 0.058 0.979 

MULLIGHAN_MLL_SIGNATURE_1_UP 314 1.772 0.000 0.057 0.979 

REACTOME_MITOCHONDRIAL_TRNA_AMINOACYLATION 19 1.767 0.001 0.059 0.985 

MALONEY_RESPONSE_TO_17AAG_UP 29 1.764 0.001 0.060 0.987 

KEGG_GALACTOSE_METABOLISM 19 1.764 0.003 0.058 0.987 

CREIGHTON_AKT1_SIGNALING_VIA_MTOR_UP 27 1.756 0.001 0.062 0.989 

SPIELMAN_LYMPHOBLAST_EUROPEAN_VS_ASIAN_UP 416 1.749 0.000 0.067 0.992 

MENSSEN_MYC_TARGETS 49 1.746 0.004 0.067 0.993 

DAIRKEE_TERT_TARGETS_UP 283 1.742 0.000 0.070 0.996 

REACTOME_LAGGING_STRAND_SYNTHESIS 18 1.738 0.007 0.071 0.996 

KEGG_AMINOACYL_TRNA_BIOSYNTHESIS 37 1.737 0.004 0.071 0.996 

LI_DCP2_BOUND_MRNA 83 1.729 0.000 0.076 0.997 

KEGG_HOMOLOGOUS_RECOMBINATION 21 1.726 0.004 0.077 0.997 

FANC core & ID2 subgroup 

REACTOME_DNA_STRAND_ELONGATION 27 2.432 0.000 0.000 0.000 

KEGG_DNA_REPLICATION 34 2.347 0.000 0.000 0.000 

REACTOME_EXTENSION_OF_TELOMERES 24 2.196 0.000 0.001 0.005 

KEGG_BASE_EXCISION_REPAIR 30 2.176 0.000 0.001 0.009 

NIKOLSKY_BREAST_CANCER_11Q12_Q14_AMPLICON 90 2.169 0.000 0.001 0.009 

REACTOME_LAGGING_STRAND_SYNTHESIS 18 2.165 0.000 0.001 0.010 

DUTERTRE_ESTRADIOL_RESPONSE_24HR_UP 231 2.146 0.000 0.002 0.021 

REACTOME_ACTIVATION_OF_THE_PRE_REPLICATIVE_COMPLE

X 19 2.134 0.000 0.002 0.024 

REACTOME_BASE_EXCISION_REPAIR 16 2.089 0.000 0.003 0.043 

REACTOME_DNA_REPAIR 82 2.044 0.000 0.006 0.084 

REACTOME_G2_M_CHECKPOINTS 29 2.027 0.000 0.007 0.113 

REACTOME_ACTIVATION_OF_ATR_IN_RESPONSE_TO_REPLICA

TION_STRESS 25 2.014 0.002 0.008 0.139 

SONG_TARGETS_OF_IE86_CMV_PROTEIN 52 2.005 0.000 0.009 0.158 

OXFORD_RALA_OR_RALB_TARGETS_UP 40 1.973 0.000 0.013 0.248 

FRASOR_RESPONSE_TO_SERM_OR_FULVESTRANT_DN 44 1.953 0.000 0.016 0.322 

KEGG_HOMOLOGOUS_RECOMBINATION 21 1.940 0.002 0.018 0.371 

KEGG_PURINE_METABOLISM 105 1.920 0.000 0.023 0.465 

KAUFFMANN_DNA_REPAIR_GENES 181 1.902 0.000 0.029 0.562 

OUELLET_CULTURED_OVARIAN_CANCER_INVASIVE_VS_LMP_

UP 54 1.898 0.000 0.029 0.581 

HONMA_DOCETAXEL_RESISTANCE 32 1.898 0.000 0.028 0.581 

MISSIAGLIA_REGULATED_BY_METHYLATION_DN 100 1.888 0.000 0.029 0.621 

CUI_TCF21_TARGETS_2_UP 244 1.888 0.000 0.028 0.622 

DACOSTA_UV_RESPONSE_VIA_ERCC3_TTD_UP 52 1.886 0.000 0.028 0.633 

REACTOME_SYNTHESIS_OF_DNA 76 1.881 0.000 0.028 0.654 

REACTOME_DOUBLE_STRAND_BREAK_REPAIR 15 1.874 0.000 0.030 0.690 
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LUI_THYROID_CANCER_CLUSTER_3 26 1.866 0.000 0.032 0.726 

MOREAUX_B_LYMPHOCYTE_MATURATION_BY_TACI_DN 64 1.855 0.000 0.035 0.765 

BUYTAERT_PHOTODYNAMIC_THERAPY_STRESS_DN 441 1.837 0.000 0.042 0.827 

TOOKER_GEMCITABINE_RESISTANCE_UP 68 1.832 0.000 0.044 0.862 

MORI_LARGE_PRE_BII_LYMPHOCYTE_UP 74 1.825 0.000 0.047 0.887 

WAKASUGI_HAVE_ZNF143_BINDING_SITES 50 1.821 0.003 0.047 0.898 

REN_BOUND_BY_E2F 52 1.819 0.000 0.047 0.902 

HOLLEMAN_ASPARAGINASE_RESISTANCE_B_ALL_UP 23 1.817 0.006 0.047 0.908 

ALCALAY_AML_BY_NPM1_LOCALIZATION_DN 151 1.809 0.000 0.050 0.930 

REACTOME_GLOBAL_GENOMIC_NER_GG_NER 31 1.809 0.003 0.049 0.930 

KEGG_PYRIMIDINE_METABOLISM 79 1.786 0.000 0.062 0.973 

MORI_IMMATURE_B_LYMPHOCYTE_DN 79 1.784 0.000 0.062 0.975 

REACTOME_SYNTHESIS_OF_GLYCOSYLPHOSPHATIDYLINOSIT

OL_GPI 15 1.780 0.005 0.063 0.980 

KEGG_GLYCOSYLPHOSPHATIDYLINOSITOL_GPI_ANCHOR_BIO

SYNTHESIS 22 1.778 0.003 0.063 0.981 

KEGG_NUCLEOTIDE_EXCISION_REPAIR 41 1.766 0.000 0.070 0.986 

REACTOME_POST_TRANSLATIONAL_PROTEIN_MODIFICATION 120 1.765 0.000 0.069 0.986 

SPIELMAN_LYMPHOBLAST_EUROPEAN_VS_ASIAN_UP 416 1.761 0.000 0.070 0.987 

REACTOME_NUCLEOTIDE_EXCISION_REPAIR 44 1.755 0.003 0.075 0.993 

LI_DCP2_BOUND_MRNA 83 1.753 0.001 0.074 0.994 

ISHIDA_E2F_TARGETS 46 1.752 0.003 0.073 0.995 

YAO_TEMPORAL_RESPONSE_TO_PROGESTERONE_CLUSTER_13 145 1.748 0.000 0.075 0.996 

REACTOME_TRANSCRIPTION_COUPLED_NER_TC_NER 39 1.748 0.002 0.073 0.996 

REACTOME_S_PHASE 91 1.747 0.000 0.072 0.997 

NIKOLSKY_BREAST_CANCER_20Q11_AMPLICON 22 1.738 0.003 0.078 0.998 

KEGG_MISMATCH_REPAIR 22 1.738 0.000 0.077 0.998 

BLM & ATM/ATR checkpoint subgroup 

JAATINEN_HEMATOPOIETIC_STEM_CELL_UP 222 1.995 0.000 0.094 0.130 

IVANOVA_HEMATOPOIESIS_INTERMEDIATE_PROGENITOR 114 1.975 0.000 0.067 0.180 

REACTOME_INHIBITION_OF_THE_PROTEOLYTIC_ACTIVITY_OF

_APC_C_REQUIRED_FOR_THE_ONSET_OF_ANAPHASE_BY_MIT

OTIC_SPINDLE_CHECKPOINT_COMPONENTS 16 1.918 0.000 0.113 0.392 

NIKOLSKY_BREAST_CANCER_1Q21_AMPLICON 24 1.906 0.000 0.101 0.443 

REACTOME_SYNTHESIS_OF_GLYCOSYLPHOSPHATIDYLINOSIT

OL_GPI 15 1.901 0.000 0.087 0.463 

RHEIN_ALL_GLUCOCORTICOID_THERAPY_DN 320 1.877 0.000 0.102 0.580 

KEGG_PROPANOATE_METABOLISM 27 1.871 0.003 0.095 0.608 

REACTOME_APC_C_CDC20_MEDIATED_DEGRADATION_OF_CY

CLIN_B 16 1.871 0.001 0.083 0.609 

REACTOME_APC_CDC20_MEDIATED_DEGRADATION_OF_NEK2

A 19 1.852 0.000 0.095 0.703 

GARGALOVIC_RESPONSE_TO_OXIDIZED_PHOSPHOLIPIDS_RED

_DN 20 1.823 0.001 0.125 0.836 

LUI_THYROID_CANCER_CLUSTER_3 26 1.817 0.001 0.124 0.865 

BILANGES_SERUM_AND_RAPAMYCIN_SENSITIVE_GENES 63 1.787 0.001 0.168 0.944 

RIZ_ERYTHROID_DIFFERENTIATION_12HR 22 1.778 0.001 0.174 0.963 

EPPERT_LSC_R 27 1.759 0.008 0.204 0.989 

KEGG_GLYCOSYLPHOSPHATIDYLINOSITOL_GPI_ANCHOR_BIO

SYNTHESIS 22 1.738 0.007 0.248 0.996 

KEGG HRR subgroup 

GAZDA_DIAMOND_BLACKFAN_ANEMIA_PROGENITOR_DN 50 1.973 0.000 0.153 0.252 
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JAATINEN_HEMATOPOIETIC_STEM_CELL_UP 222 1.954 0.000 0.102 0.325 

KANG_FLUOROURACIL_RESISTANCE_UP 17 1.869 0.003 0.235 0.732 

NIKOLSKY_BREAST_CANCER_20Q11_AMPLICON 22 1.868 0.000 0.177 0.732 

REACTOME_SYNTHESIS_OF_GLYCOSYLPHOSPHATIDYLINOSIT

OL_GPI 15 1.863 0.002 0.150 0.749 

FAELT_B_CLL_WITH_VH_REARRANGEMENTS_DN 42 1.843 0.001 0.158 0.826 

REACTOME_CHOLESTEROL_BIOSYNTHESIS 17 1.836 0.002 0.147 0.852 

MANALO_HYPOXIA_DN 235 1.826 0.000 0.145 0.883 

HEIDENBLAD_AMPLIFIED_IN_PANCREATIC_CANCER 22 1.798 0.003 0.177 0.948 

RICKMAN_METASTASIS_UP 226 1.795 0.000 0.165 0.951 

MOREAUX_MULTIPLE_MYELOMA_BY_TACI_DN 142 1.768 0.000 0.204 0.977 

KEGG_GLYCOSYLPHOSPHATIDYLINOSITOL_GPI_ANCHOR_BIO

SYNTHESIS 22 1.767 0.005 0.188 0.977 

ZUCCHI_METASTASIS_UP 31 1.762 0.003 0.185 0.986 

HORTON_SREBF_TARGETS 19 1.758 0.003 0.178 0.989 

WALLACE_PROSTATE_CANCER_UP 17 1.744 0.006 0.195 0.995 

GALE_APL_WITH_FLT3_MUTATED_UP 44 1.743 0.003 0.186 0.995 

BIOCARTA_MITOCHONDRIA_PATHWAY 18 1.721 0.005 0.223 0.999 

REACTOME_MITOCHONDRIAL_TRNA_AMINOACYLATION 19 1.720 0.003 0.212 0.999 

SCHMIDT_POR_TARGETS_IN_LIMB_BUD_UP 19 1.717 0.005 0.207 0.999 

PID_NCADHERIN_PATHWAY 24 1.705 0.011 0.222 1.000 

ASGHARZADEH_NEUROBLASTOMA_POOR_SURVIVAL_DN 23 1.695 0.009 0.235 1.000 

WHITFIELD_CELL_CYCLE_G1_S 105 1.692 0.001 0.231 1.000 

SCHUHMACHER_MYC_TARGETS_UP 72 1.691 0.001 0.224 1.000 

MOREAUX_B_LYMPHOCYTE_MATURATION_BY_TACI_DN 64 1.673 0.003 0.246 1.000 

MENSSEN_MYC_TARGETS 49 1.669 0.006 0.247 1.000 

BUYTAERT_PHOTODYNAMIC_THERAPY_STRESS_DN 441 1.668 0.000 0.239 1.000 

KEGG_SELENOAMINO_ACID_METABOLISM 17 1.666 0.003 0.236 1.000 
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Appendix X. Top 50 negatively correlated gene sets with FDR<25% for FA/BRCA-HRR 

network, FANC 19, FACN core & ID2, BLM & ATM/ATR checkpoint and KEGG-HRR 

subgroups. 

FA/BRCA-HRR network 

Name of Gene set Size NES NOM 

p-val 

FDR q-

val 

FWER 

p-val 

JAATINEN_HEMATOPOIETIC_STEM_CELL_DN 159 -3.609 0 0 0 

VALK_AML_CLUSTER_8 18 -3.144 0 0 0 

VALK_AML_CLUSTER_7 20 -3.057 0 0 0 

MOSERLE_IFNA_RESPONSE 23 -2.997 0 0 0 

TAKEDA_TARGETS_OF_NUP98_HOXA9_FUSION_8D_UP 105 -2.868 0 0 0 

GRAHAM_CML_QUIESCENT_VS_NORMAL_QUIESCENT_UP 73 -2.837 0 0 0 

HECKER_IFNB1_TARGETS 63 -2.834 0 0 0 

ROSS_AML_OF_FAB_M7_TYPE 57 -2.797 0 0 0 

ALTEMEIER_RESPONSE_TO_LPS_WITH_MECHANICAL_VE

NTILATION 

88 -2.785 0 0 0 

PICCALUGA_ANGIOIMMUNOBLASTIC_LYMPHOMA_DN 110 -2.779 0 0 0 

VILIMAS_NOTCH1_TARGETS_UP 38 -2.738 0 0 0 

FARMER_BREAST_CANCER_CLUSTER_1 33 -2.732 0 0 0 

BROWNE_INTERFERON_RESPONSIVE_GENES 54 -2.711 0 0 0 

MAHADEVAN_RESPONSE_TO_MP470_UP 15 -2.700 0 0 0 

LIANG_SILENCED_BY_METHYLATION_2 30 -2.698 0 0 0 

IVANOVA_HEMATOPOIESIS_MATURE_CELL 211 -2.685 0 0 0 

GRAHAM_CML_QUIESCENT_VS_NORMAL_DIVIDING_UP 42 -2.668 0 0 0 

KEGG_GRAFT_VERSUS_HOST_DISEASE 27 -2.665 0 0 0 

REICHERT_MITOSIS_LIN9_TARGETS 23 -2.659 0 0 0 

WALLACE_PROSTATE_CANCER_RACE_UP 193 -2.652 0 0 0 

YU_MYC_TARGETS_UP 37 -2.621 0 0 0 

NAKAYAMA_SOFT_TISSUE_TUMORS_PCA2_UP 53 -2.615 0 0 0 

SEITZ_NEOPLASTIC_TRANSFORMATION_BY_8P_DELETIO

N_UP 

43 -2.603 0 0 0 

HAHTOLA_SEZARY_SYNDROM_DN 27 -2.571 0 0 0 

TANG_SENESCENCE_TP53_TARGETS_DN 44 -2.545 0 0 0 

GRAHAM_CML_DIVIDING_VS_NORMAL_QUIESCENT_UP 159 -2.534 0 0 0 

BOWIE_RESPONSE_TO_TAMOXIFEN 17 -2.530 0 0 0 

FARMER_BREAST_CANCER_CLUSTER_2 30 -2.518 0 0 0 

KAN_RESPONSE_TO_ARSENIC_TRIOXIDE 76 -2.507 0 0 0 

TIAN_TNF_SIGNALING_VIA_NFKB 21 -2.506 0 0 0 

BIOCARTA_CTLA4_PATHWAY 16 -2.501 0 0 0 

WILLIAMS_ESR1_TARGETS_UP 15 -2.491 0 0 0 

KEGG_AUTOIMMUNE_THYROID_DISEASE 24 -2.488 0 0 0 

REACTOME_IMMUNOREGULATORY_INTERACTIONS_BET

WEEN_A_LYMPHOID_AND_A_NON_LYMPHOID_CELL 

39 -2.485 0 0 0 

TAKEDA_TARGETS_OF_NUP98_HOXA9_FUSION_10D_UP 121 -2.472 0 7E-05 1E-03 

ODONNELL_TFRC_TARGETS_DN 89 -2.469 0 7E-05 1E-03 

KRASNOSELSKAYA_ILF3_TARGETS_UP 27 -2.468 0 7E-05 1E-03 

SEKI_INFLAMMATORY_RESPONSE_LPS_UP 50 -2.466 0 7E-05 1E-03 

KEGG_ALLOGRAFT_REJECTION 24 -2.444 0 1E-04 2E-03 

GREENBAUM_E2A_TARGETS_UP 30 -2.435 0 1E-04 2E-03 

BOSCO_TH1_CYTOTOXIC_MODULE 58 -2.434 0 1E-04 2E-03 

WINZEN_DEGRADED_VIA_KHSRP 49 -2.434 0 1E-04 2E-03 

SANA_TNF_SIGNALING_UP 52 -2.416 0 1E-04 2E-03 

GRAHAM_NORMAL_QUIESCENT_VS_NORMAL_DIVIDING_

DN 

78 -2.391 0 2E-04 4E-03 

FINETTI_BREAST_CANCER_KINOME_RED 15 -2.382 0 2E-04 4E-03 

LINDSTEDT_DENDRITIC_CELL_MATURATION_A 40 -2.381 0 2E-04 4E-03 

ACEVEDO_NORMAL_TISSUE_ADJACENT_TO_LIVER_TUMO

R_UP 

123 -2.374 0 3E-04 5E-03 
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SHAFFER_IRF4_MULTIPLE_MYELOMA_PROGRAM 31 -2.370 0 3E-04 5E-03 

LINDSTEDT_DENDRITIC_CELL_MATURATION_B 37 -2.361 0 4E-04 7E-03 

PID_IL12_2PATHWAY 49 -2.347 0 5E-04 9E-03 

FANC 19 subgroup 

PICCALUGA_ANGIOIMMUNOBLASTIC_LYMPHOMA_DN 110 -3.494 0 0 0 

NAGASHIMA_NRG1_SIGNALING_UP 122 -2.730 0 0 0 

ZWANG_CLASS_3_TRANSIENTLY_INDUCED_BY_EGF 143 -2.728 0 0 0 

DEURIG_T_CELL_PROLYMPHOCYTIC_LEUKEMIA_DN 242 -2.636 0 6.4E-04 1.0E-03 

ACEVEDO_NORMAL_TISSUE_ADJACENT_TO_LIVER_TUMO

R_UP 

123 -2.619 0 5.1E-04 1.0E-03 

DAUER_STAT3_TARGETS_UP 33 -2.619 0 4.3E-04 1.0E-03 

GENTILE_UV_RESPONSE_CLUSTER_D2 34 -2.593 0 3.7E-04 1.0E-03 

SEKI_INFLAMMATORY_RESPONSE_LPS_UP 50 -2.537 0 3.2E-04 1.0E-03 

UZONYI_RESPONSE_TO_LEUKOTRIENE_AND_THROMBIN 26 -2.516 0 5.8E-04 2.0E-03 

KEGG_GRAFT_VERSUS_HOST_DISEASE 27 -2.501 0 7.7E-04 3.0E-03 

VALK_AML_CLUSTER_8 18 -2.492 0 7.0E-04 3.0E-03 

GRAHAM_CML_QUIESCENT_VS_NORMAL_DIVIDING_UP 42 -2.489 0 6.4E-04 3.0E-03 

KEGG_ALLOGRAFT_REJECTION 24 -2.478 0 5.9E-04 3.0E-03 

HADDAD_T_LYMPHOCYTE_AND_NK_PROGENITOR_UP 58 -2.460 0 5.5E-04 3.0E-03 

JAATINEN_HEMATOPOIETIC_STEM_CELL_DN 159 -2.453 0 6.7E-04 4.0E-03 

AMIT_EGF_RESPONSE_60_HELA 33 -2.449 0 6.3E-04 4.0E-03 

KEGG_AUTOIMMUNE_THYROID_DISEASE 24 -2.441 0 5.9E-04 4.0E-03 

VILIMAS_NOTCH1_TARGETS_UP 38 -2.417 0 5.6E-04 4.0E-03 

BURTON_ADIPOGENESIS_1 28 -2.387 0 9.3E-04 7.0E-03 

GHANDHI_DIRECT_IRRADIATION_UP 52 -2.375 0 1.3E-03 1.0E-02 

SEIDEN_ONCOGENESIS_BY_MET 72 -2.357 0 1.3E-03 1.1E-02 

BIOCARTA_CTLA4_PATHWAY 16 -2.347 0 1.5E-03 1.3E-02 

NAGASHIMA_EGF_SIGNALING_UP 40 -2.342 0 1.5E-03 1.4E-02 

BROCKE_APOPTOSIS_REVERSED_BY_IL6 113 -2.335 0 1.7E-03 1.6E-02 

GAVIN_FOXP3_TARGETS_CLUSTER_P7 53 -2.326 0 1.8E-03 1.8E-02 

WINZEN_DEGRADED_VIA_KHSRP 49 -2.293 0 2.3E-03 2.4E-02 

SHAFFER_IRF4_MULTIPLE_MYELOMA_PROGRAM 31 -2.292 0 2.2E-03 2.4E-02 

GAURNIER_PSMD4_TARGETS 39 -2.289 0 2.3E-03 2.6E-02 

LINDSTEDT_DENDRITIC_CELL_MATURATION_B 37 -2.282 0 2.3E-03 2.7E-02 

PHONG_TNF_TARGETS_UP 43 -2.282 0 2.3E-03 2.7E-02 

ZHANG_RESPONSE_TO_IKK_INHIBITOR_AND_TNF_UP 143 -2.281 0 2.2E-03 2.7E-02 

BURTON_ADIPOGENESIS_12 26 -2.278 0 2.2E-03 2.8E-02 

SCHOEN_NFKB_SIGNALING 17 -2.277 0 2.1E-03 2.8E-02 

ONDER_CDH1_TARGETS_3_DN 19 -2.275 0 2.1E-03 2.8E-02 

VALK_AML_CLUSTER_7 20 -2.271 0 2.2E-03 3.1E-02 

VECCHI_GASTRIC_CANCER_ADVANCED_VS_EARLY_UP 70 -2.257 0 2.4E-03 3.5E-02 

DUTERTRE_ESTRADIOL_RESPONSE_24HR_DN 302 -2.254 0 2.5E-03 3.6E-02 

KEGG_TYPE_I_DIABETES_MELLITUS 28 -2.244 0 2.6E-03 3.8E-02 

MAHADEVAN_RESPONSE_TO_MP470_UP 15 -2.240 0 2.7E-03 4.1E-02 

GROSS_HYPOXIA_VIA_ELK3_ONLY_UP 23 -2.236 0 2.8E-03 4.3E-02 

HOWLIN_CITED1_TARGETS_1_DN 28 -2.229 0 3.1E-03 4.9E-02 

RIGGINS_TAMOXIFEN_RESISTANCE_DN 146 -2.223 0 3.2E-03 5.1E-02 

PLASARI_TGFB1_TARGETS_1HR_UP 21 -2.215 0 3.2E-03 5.3E-02 

WALLACE_PROSTATE_CANCER_RACE_UP 193 -2.207 0 3.4E-03 5.8E-02 

GESERICK_TERT_TARGETS_DN 16 -2.206 0.003

1646 

3.4E-03 5.9E-02 

SMIRNOV_RESPONSE_TO_IR_2HR_UP 36 -2.200 0 3.4E-03 6.0E-02 

AMIT_EGF_RESPONSE_40_HELA 34 -2.194 0 3.5E-03 6.4E-02 

BOYAULT_LIVER_CANCER_SUBCLASS_G5_DN 24 -2.194 0 3.5E-03 6.4E-02 

WIERENGA_STAT5A_TARGETS_GROUP2 42 -2.182 0 4.0E-03 7.5E-02 

GABRIELY_MIR21_TARGETS 197 -2.179 0 4.0E-03 7.7E-02 

FANC core & ID2 subgroup 

NAGASHIMA_NRG1_SIGNALING_UP 122 -3.357 0 0 0 

PICCALUGA_ANGIOIMMUNOBLASTIC_LYMPHOMA_DN 110 -3.307 0 0 0 
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ZWANG_CLASS_3_TRANSIENTLY_INDUCED_BY_EGF 143 -2.993 0 0 0 

NAGASHIMA_EGF_SIGNALING_UP 40 -2.916 0 0 0 

DIRMEIER_LMP1_RESPONSE_EARLY 54 -2.866 0 0 0 

UZONYI_RESPONSE_TO_LEUKOTRIENE_AND_THROMBIN 26 -2.836 0 0 0 

PHONG_TNF_TARGETS_UP 43 -2.809 0 0 0 

PRAMOONJAGO_SOX4_TARGETS_UP 40 -2.794 0 0 0 

GRAHAM_CML_QUIESCENT_VS_NORMAL_DIVIDING_UP 42 -2.729 0 0 0 

SEKI_INFLAMMATORY_RESPONSE_LPS_UP 50 -2.654 0 0 0 

GALINDO_IMMUNE_RESPONSE_TO_ENTEROTOXIN 71 -2.628 0 0 0 

AMIT_EGF_RESPONSE_40_HELA 34 -2.626 0 0 0 

BURTON_ADIPOGENESIS_PEAK_AT_2HR 43 -2.616 0 0 0 

BURTON_ADIPOGENESIS_1 28 -2.590 0 0 0 

PODAR_RESPONSE_TO_ADAPHOSTIN_UP 113 -2.588 0 0 0 

DAUER_STAT3_TARGETS_UP 33 -2.566 0 0 0 

WIERENGA_STAT5A_TARGETS_GROUP2 42 -2.551 0 0 0 

AMIT_SERUM_RESPONSE_40_MCF10A 24 -2.537 0 0 0 

ZHANG_RESPONSE_TO_IKK_INHIBITOR_AND_TNF_UP 143 -2.524 0 0 0 

LINDSTEDT_DENDRITIC_CELL_MATURATION_B 37 -2.522 0 0 0 

ZWANG_CLASS_1_TRANSIENTLY_INDUCED_BY_EGF 287 -2.517 0 0 0 

MITSIADES_RESPONSE_TO_APLIDIN_UP 318 -2.514 0 0 0 

ZHOU_INFLAMMATORY_RESPONSE_LIVE_UP 228 -2.508 0 0 0 

JAATINEN_HEMATOPOIETIC_STEM_CELL_DN 159 -2.488 0 0 0 

VILIMAS_NOTCH1_TARGETS_UP 38 -2.481 0 0 0 

BILD_HRAS_ONCOGENIC_SIGNATURE 153 -2.477 0 0 0 

CHEN_HOXA5_TARGETS_9HR_UP 172 -2.472 0 0 0 

ALTEMEIER_RESPONSE_TO_LPS_WITH_MECHANICAL_VE

NTILATION 

88 -2.471 0 0 0 

GARGALOVIC_RESPONSE_TO_OXIDIZED_PHOSPHOLIPIDS_

BLUE_UP 

95 -2.469 0 0 0 

WINZEN_DEGRADED_VIA_KHSRP 49 -2.453 0 0 0 

CROONQUIST_STROMAL_STIMULATION_UP 34 -2.445 0 0 0 

AMIT_EGF_RESPONSE_60_MCF10A 29 -2.439 0 6E-05 0.001 

NOJIMA_SFRP2_TARGETS_UP 21 -2.437 0 5E-05 0.001 

BASSO_CD40_SIGNALING_UP 85 -2.436 0 5E-05 0.001 

OSWALD_HEMATOPOIETIC_STEM_CELL_IN_COLLAGEN_G

EL_UP 

165 -2.429 0 5E-05 0.001 

GESERICK_TERT_TARGETS_DN 16 -2.424 0 5E-05 0.001 

TIAN_TNF_SIGNALING_NOT_VIA_NFKB 18 -2.410 0 5E-05 0.001 

REACTOME_CHEMOKINE_RECEPTORS_BIND_CHEMOKINE

S 

22 -2.401 0 5E-05 0.001 

SCHOEN_NFKB_SIGNALING 17 -2.358 0 9E-05 0.002 

PID_AP1_PATHWAY 40 -2.349 0 9E-05 0.002 

GHANDHI_DIRECT_IRRADIATION_UP 52 -2.334 0 9E-05 0.002 

SMIRNOV_RESPONSE_TO_IR_2HR_UP 36 -2.328 0 8E-05 0.002 

VERHAAK_AML_WITH_NPM1_MUTATED_UP 137 -2.321 0 8E-05 0.002 

RHEIN_ALL_GLUCOCORTICOID_THERAPY_UP 55 -2.319 0 1E-04 0.003 

LEE_EARLY_T_LYMPHOCYTE_DN 41 -2.312 0 1E-04 0.003 

BROCKE_APOPTOSIS_REVERSED_BY_IL6 113 -2.307 0 1E-04 0.003 

ZHOU_INFLAMMATORY_RESPONSE_FIMA_UP 217 -2.294 0 2E-04 0.006 

SANA_TNF_SIGNALING_UP 52 -2.294 0 2E-04 0.006 

CHEN_LVAD_SUPPORT_OF_FAILING_HEART_UP 69 -2.287 0 2E-04 0.007 

DAZARD_UV_RESPONSE_CLUSTER_G2 20 -2.286 0 2E-04 0.007 

BLM & ATM/ATR checkpoint subgroup 

JAATINEN_HEMATOPOIETIC_STEM_CELL_DN 159 -3.756 0 0 0 

FARMER_BREAST_CANCER_CLUSTER_1 33 -3.166 0 0 0 

WALLACE_PROSTATE_CANCER_RACE_UP 193 -3.078 0 0 0 

BROWNE_INTERFERON_RESPONSIVE_GENES 54 -3.066 0 0 0 

HECKER_IFNB1_TARGETS 63 -3.035 0 0 0 

VALK_AML_CLUSTER_7 20 -3.008 0 0 0 
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REACTOME_IMMUNOREGULATORY_INTERACTIONS_BET

WEEN_A_LYMPHOID_AND_A_NON_LYMPHOID_CELL 

39 -2.971 0 0 0 

MCLACHLAN_DENTAL_CARIES_UP 173 -2.963 0 0 0 

WIELAND_UP_BY_HBV_INFECTION 88 -2.937 0 0 0 

MOSERLE_IFNA_RESPONSE 23 -2.842 0 0 0 

KEGG_GRAFT_VERSUS_HOST_DISEASE 27 -2.829 0 0 0 

VERHAAK_AML_WITH_NPM1_MUTATED_UP 137 -2.824 0 0 0 

ICHIBA_GRAFT_VERSUS_HOST_DISEASE_D7_UP 76 -2.823 0 0 0 

BOSCO_TH1_CYTOTOXIC_MODULE 58 -2.784 0 0 0 

GAURNIER_PSMD4_TARGETS 39 -2.779 0 0 0 

BOWIE_RESPONSE_TO_TAMOXIFEN 17 -2.745 0 0 0 

VILIMAS_NOTCH1_TARGETS_UP 38 -2.719 0 0 0 

HAHTOLA_SEZARY_SYNDROM_DN 27 -2.711 0 0 0 

BIOCARTA_CTLA4_PATHWAY 16 -2.700 0 0 0 

VALK_AML_CLUSTER_8 18 -2.689 0 0 0 

POOLA_INVASIVE_BREAST_CANCER_UP 189 -2.677 0 0 0 

LINDSTEDT_DENDRITIC_CELL_MATURATION_A 40 -2.651 0 0 0 

REACTOME_GENERATION_OF_SECOND_MESSENGER_MOL

ECULES 

22 -2.640 0 0 0 

REACTOME_INTERFERON_GAMMA_SIGNALING 46 -2.634 0 0 0 

KEGG_AUTOIMMUNE_THYROID_DISEASE 24 -2.611 0 0 0 

GRAHAM_CML_QUIESCENT_VS_NORMAL_QUIESCENT_UP 73 -2.595 0 0 0 

TAKEDA_TARGETS_OF_NUP98_HOXA9_FUSION_8D_UP 105 -2.584 0 0 0 

BENNETT_SYSTEMIC_LUPUS_ERYTHEMATOSUS 27 -2.584 0 0 0 

LIANG_SILENCED_BY_METHYLATION_2 30 -2.582 0 0 0 

MAHADEVAN_RESPONSE_TO_MP470_UP 15 -2.576 0 0 0 

BASSO_CD40_SIGNALING_UP 85 -2.555 0 0 0 

ALTEMEIER_RESPONSE_TO_LPS_WITH_MECHANICAL_VE

NTILATION 

88 -2.534 0 7E-05 0.001 

TAKEDA_TARGETS_OF_NUP98_HOXA9_FUSION_10D_UP 121 -2.524 0 7E-05 0.001 

QI_PLASMACYTOMA_UP 183 -2.522 0 7E-05 0.001 

REACTOME_TCR_SIGNALING 43 -2.504 0 6E-05 0.001 

ZHANG_INTERFERON_RESPONSE 21 -2.497 0 6E-05 0.001 

TAKEDA_TARGETS_OF_NUP98_HOXA9_FUSION_16D_UP 116 -2.487 0 6E-05 0.001 

REICHERT_MITOSIS_LIN9_TARGETS 23 -2.484 0 6E-05 0.001 

FLECHNER_BIOPSY_KIDNEY_TRANSPLANT_REJECTED_VS

_OK_UP 

80 -2.481 0 6E-05 0.001 

PID_CD8_TCR_PATHWAY 45 -2.461 0 6E-05 0.001 

KEGG_ALLOGRAFT_REJECTION 24 -2.449 0 6E-05 0.001 

WUNDER_INFLAMMATORY_RESPONSE_AND_CHOLESTER

OL_UP 

36 -2.444 0 5E-05 0.001 

TONKS_TARGETS_OF_RUNX1_RUNX1T1_FUSION_HSC_DN 148 -2.440 0 1E-04 0.002 

SMID_BREAST_CANCER_NORMAL_LIKE_UP 282 -2.423 0 2E-04 0.003 

VALK_AML_CLUSTER_5 19 -2.419 0 1E-04 0.003 

SMID_BREAST_CANCER_LUMINAL_B_DN 280 -2.404 0 1E-04 0.003 

UROSEVIC_RESPONSE_TO_IMIQUIMOD 19 -2.394 0 1E-04 0.003 

ROSS_AML_OF_FAB_M7_TYPE 57 -2.350 0 3E-04 0.006 

PID_IL12_2PATHWAY 49 -2.339 0 3E-04 0.006 

BOWIE_RESPONSE_TO_EXTRACELLULAR_MATRIX 16 -2.337 0 3E-04 0.006 

KEGG HRR subgroup 

JAATINEN_HEMATOPOIETIC_STEM_CELL_DN 159 -4.038 0 0 0 

MCLACHLAN_DENTAL_CARIES_UP 173 -3.608 0 0 0 

ALTEMEIER_RESPONSE_TO_LPS_WITH_MECHANICAL_VE

NTILATION 

88 -3.399 0 0 0 

WIELAND_UP_BY_HBV_INFECTION 88 -3.306 0 0 0 

WALLACE_PROSTATE_CANCER_RACE_UP 193 -3.255 0 0 0 

HECKER_IFNB1_TARGETS 63 -3.066 0 0 0 

GAURNIER_PSMD4_TARGETS 39 -3.056 0 0 0 

VERHAAK_AML_WITH_NPM1_MUTATED_UP 137 -3.012 0 0 0 

RUTELLA_RESPONSE_TO_CSF2RB_AND_IL4_DN 262 -2.988 0 0 0 
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FLECHNER_BIOPSY_KIDNEY_TRANSPLANT_REJECTED_VS

_OK_UP 

80 -2.973 0 0 0 

SMIRNOV_CIRCULATING_ENDOTHELIOCYTES_IN_CANCE

R_UP 

105 -2.933 0 0 0 

VALK_AML_CLUSTER_7 20 -2.918 0 0 0 

GAL_LEUKEMIC_STEM_CELL_DN 165 -2.908 0 0 0 

TAKEDA_TARGETS_OF_NUP98_HOXA9_FUSION_8D_DN 111 -2.903 0 0 0 

HESS_TARGETS_OF_HOXA9_AND_MEIS1_DN 54 -2.896 0 0 0 

VALK_AML_CLUSTER_5 19 -2.875 0 0 0 

KEGG_GRAFT_VERSUS_HOST_DISEASE 27 -2.873 0 0 0 

FARMER_BREAST_CANCER_CLUSTER_1 33 -2.872 0 0 0 

HALMOS_CEBPA_TARGETS_UP 30 -2.866 0 0 0 

IVANOVA_HEMATOPOIESIS_MATURE_CELL 211 -2.843 0 0 0 

PARK_APL_PATHOGENESIS_DN 41 -2.841 0 0 0 

ZHANG_RESPONSE_TO_IKK_INHIBITOR_AND_TNF_UP 143 -2.813 0 0 0 

HAHTOLA_MYCOSIS_FUNGOIDES_CD4_UP 53 -2.810 0 0 0 

SEKI_INFLAMMATORY_RESPONSE_LPS_UP 50 -2.809 0 0 0 

BASSO_CD40_SIGNALING_UP 85 -2.809 0 0 0 

GALINDO_IMMUNE_RESPONSE_TO_ENTEROTOXIN 71 -2.799 0 0 0 

BROWNE_INTERFERON_RESPONSIVE_GENES 54 -2.793 0 0 0 

POOLA_INVASIVE_BREAST_CANCER_UP 189 -2.788 0 0 0 

MARKEY_RB1_ACUTE_LOF_DN 169 -2.784 0 0 0 

RHEIN_ALL_GLUCOCORTICOID_THERAPY_UP 55 -2.760 0 0 0 

TAKEDA_TARGETS_OF_NUP98_HOXA9_FUSION_10D_DN 62 -2.760 0 0 0 

SCHUETZ_BREAST_CANCER_DUCTAL_INVASIVE_UP 182 -2.741 0 0 0 

LENAOUR_DENDRITIC_CELL_MATURATION_DN 105 -2.723 0 0 0 

SANA_TNF_SIGNALING_UP 52 -2.722 0 0 0 

GRAHAM_CML_QUIESCENT_VS_NORMAL_DIVIDING_UP 42 -2.720 0 0 0 

SEITZ_NEOPLASTIC_TRANSFORMATION_BY_8P_DELETIO

N_UP 

43 -2.718 0 0 0 

BROWN_MYELOID_CELL_DEVELOPMENT_UP 109 -2.700 0 0 0 

TONKS_TARGETS_OF_RUNX1_RUNX1T1_FUSION_HSC_DN 148 -2.690 0 0 0 

KEGG_AUTOIMMUNE_THYROID_DISEASE 24 -2.681 0 0 0 

LIAN_LIPA_TARGETS_6M 39 -2.678 0 0 0 

LINDSTEDT_DENDRITIC_CELL_MATURATION_A 40 -2.671 0 0 0 

ICHIBA_GRAFT_VERSUS_HOST_DISEASE_D7_UP 76 -2.662 0 0 0 

LIAN_LIPA_TARGETS_3M 34 -2.660 0 0 0 

KEGG_ALLOGRAFT_REJECTION 24 -2.657 0 0 0 

HELLER_SILENCED_BY_METHYLATION_UP 178 -2.652 0 0 0 

PICCALUGA_ANGIOIMMUNOBLASTIC_LYMPHOMA_DN 110 -2.636 0 0 0 

MOSERLE_IFNA_RESPONSE 23 -2.635 0 0 0 

NABA_MATRISOME_ASSOCIATED 211 -2.634 0 0 0 

FULCHER_INFLAMMATORY_RESPONSE_LECTIN_VS_LPS_

DN 

338 -2.633 0 0 0 

REACTOME_INTERFERON_GAMMA_SIGNALING 46 -2.632 0 0 0 



271 

 

Appendix Y. Rare FA/BRCA-HRR network variants unique to the control cohort.  

Chr Start End Gene Consequence Ref Seq *Exon Nucleotide 

change 

Amino acid 

change 

Controls with variant No. of reads 

(Ref, Alt) 

1D-C 

mutation 

CADD 

11 108115601 108115601 ATM Missense NM_000051 7 c.G749A p.R250Q AOGC-15-0030, S09-F44-P01 8,1; 8,5 - 13.35 

11 108141988 108141988 ATM Missense NM_000051 20 c.T2932C p.S978P S09-F12-P01 13,16 - 26.5 

11 108155038 108155038 ATM Missense NM_000051 26 c.G3831C p.E1277D AOGC-14-3234 13,11 - 16.5 

11 108160516 108160516 ATM Missense NM_000051 29 c.A4424G p.Y1475C S02-F07-P01, S09-F45-P01 3,4; 1,1 - 16.92 

11 108170506 108170506 ATM Missense NM_000051 34 c.A5071C p.S1691R S08-F09-P01 7,3 - 13.71 

11 108183194 108183194 ATM Missense NM_000051 40 c.A5975C p.K1992T AOGC-15-0098 11,8 - 18.49 

11 108186598 108186598 ATM Missense NM_000051 41 c.T6055C p.Y2019H AOGC-14-3376 39,31 - 21.7 

11 108196797 108196797 ATM Missense NM_000051 47 c.G6820A p.A2274T AOGC-14-4788 11,11 - 22.2 

11 108201023 108201023 ATM Missense NM_000051 50 c.T7390C p.C2464R S09-F43-P01 19,11 - 20.4 

11 108201083 108201083 ATM Missense NM_000051 50 c.G7450A p.V2484I S02-F13-P01 18,8 - 16.82 

3 142188205 142188205 ATR Missense NM_001184 38 c.A6526G p.M2176V AOGC-14-4224 10,11 - 21.4 

3 142261533 142261533 ATR Missense NM_001184 17 c.A3424G p.S1142G AOGC-14-4329 5,5 - 22.7 

3 142268421 142268421 ATR Missense NM_001184 15 c.A3071G p.N1024S AOGC-14-2976 16,12 - 14.62 

3 142272098 142272098 ATR Missense NM_001184 13 c.T2776C p.F926L AOGC-14-3553, S12-F06-P01 12,9; 3,2 - 25.3 

3 142274770 142274770 ATR Missense NM_001184 10 c.A2290G p.K764E S07-F23-P01, S09-F37-P01 4,8; 9,6 - 22.7 

3 142277468 142277468 ATR Missense NM_001184 8 c.A1883G p.Y628C AOGC-15-0028 5,4 - 22.8 

3 48491440 48491440 ATRIP Splicing NM_130384 2 c.248-3C>T - AOGC-14-3509 11,8 - 17.41 

3 48491568 48491568 ATRIP Missense NM_032166 2 c.A373C p.K125Q AOGC-14-4600 9,13 - 19.37 

3 48493268 48493268 ATRIP Missense NM_032166 3 c.A515G p.Q172R S11-F07-P01 14,18 - 17.19 

3 48495799 48495799 ATRIP Missense NM_032166 4 c.C652G p.P218A AOGC-14-3160 23,17 - 25.2 

3 48498706 48498706 ATRIP Missense NM_032166 5 c.C719T p.P240L AOGC-14-1504 10,13 - 26.5 

3 48501625 48501625 ATRIP Missense NM_032166 8 c.G1172A p.R391Q S09-F09-P01 12,10 - 19.41 

3 48506404 48506404 ATRIP Missense NM_032166 11 c.G2149T p.V717F AOGC-14-4663 19,12 - 22.2 

3 48506476 48506476 ATRIP Missense NM_032166 11 c.T2221G p.C741G AOGC-14-2385, AOGC-14-2747 12,13; 6,1 - 22.2 
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2 215595196 215595196 BARD1 Missense NM_001282549 4 c.A401G p.Q134R AOGC-14-1048 8,14 - 14.89 

2 215609859 215609859 BARD1 Missense NM_001282548 4 c.A425T p.D142V AOGC-14-2342 11,13 - 14.31 

2 215610538 215610538 BARD1 Missense NM_001282548 3 c.T308C p.I103T S09-F46-P01 13,14 - 25.5 

2 215632365 215632365 BARD1 Missense NM_000465 6 c.A1409G p.N470S AOGC-14-0782 21,14 - 10.31 

2 215645985 215645985 BARD1 Missense NM_000465 4 c.A613C p.K205Q AOGC-14-4329 14,9 - 22.5 

15 91298049 91298049 BLM Missense NM_000057 5 c.A968G p.K323R AOGC-14-4249, S09-F31-P03 22,14; 13,4 - 19.34 

15 91304466 91304466 BLM Missense NM_001287248 7 c.G738C p.E246D AOGC-14-2291 8,10 - 18.77 

15 91312417 91312417 BLM Missense NM_001287248 11 c.C1237A p.L413I S01-F02-P01 13,4 - 27.7 

15 91326134 91326134 BLM Missense NM_001287248 13 c.G1513C p.E505Q AOGC-14-2560 13,5 - 22.6 

17 41215926 41215926 BRCA1 Missense NM_007298 16 c.G1805C p.G602A S15-F03-P01 3,3 - 27.8 

17 41244252 41244252 BRCA1 Missense NM_007294 10 c.C3296T p.P1099L S09-F47-P01 21,21 - 22.5 

17 41245120 41245120 BRCA1 Missense NM_007294 10 c.A2428T p.N810Y AOGC-14-3610 21,18 - 10.5 

17 41245465 41245465 BRCA1 Missense NM_007294 10 c.G2083T p.D695Y S02-F06-P01 15,21 - 24 

17 41246062 41246062 BRCA1 Missense NM_007294 10 c.C1486T p.R496C S08-F02-P01 23,24 DM 14.2 

17 41256266 41256266 BRCA1 Missense NM_007298 5 c.A314G p.Y105C AOGC-14-4129 8,11 - 24.7 

13 32906766 32906766 BRCA2 Missense NM_000059 10 c.C1151T p.S384F S09-F08-P01 15,16 - 23 

13 32906973 32906973 BRCA2 Missense NM_000059 10 c.C1358A p.P453Q AOGC-14-1048 24,5 - 22.5 

13 32907000 32907000 BRCA2 Missense NM_000059 10 c.A1385G p.E462G S03-F01-P01 15,20 - 16.12 

13 32907075 32907075 BRCA2 Missense NM_000059 10 c.C1460A p.A487E S01-F21-P04 18,15 - 14.24 

13 32907129 32907129 BRCA2 Missense NM_000059 10 c.T1514C p.I505T AOGC-15-0075 11,10 - 12.53 

13 32907401 32907401 BRCA2 Missense NM_000059 10 c.G1786C p.D596H AOGC-14-1081, S09-F23-P01 3,7; 8,5 - 24.4 

13 32914707 32914707 BRCA2 Missense NM_000059 11 c.C6215G p.S2072C AOGC-14-2259 14,11 DM 28.4 

13 32931904 32931904 BRCA2 Missense NM_000059 16 c.A7643G p.H2548R S13-F07-P01 12,17 - 24.4 

13 32937333 32937333 BRCA2 Missense NM_000059 18 c.A7994G p.D2665G AOGC-14-1708 9,11 - 32 

13 32945172 32945172 BRCA2 Missense NM_000059 20 c.A8567C p.E2856A AOGC-14-2624, AOGC-14-2809 8,5; 16,9 - 26.6 

13 32953549 32953549 BRCA2 Missense NM_000059 22 c.G8850T p.K2950N S14-F22-P01 6,11 - 23.1 

17 59857686 59857686 BRIP1 Missense NM_032043 13 c.C1871T p.S624L AOGC-14-1569 31,15 - 34 
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17 59876546 59876546 BRIP1 Missense NM_032043 9 c.C1255T p.R419W AOGC-15-0028 12,10 - 32 

17 59885856 59885856 BRIP1 Missense NM_032043 7 c.A890G p.K297R AOGC-14-1130 10,5 - 18.95 

17 59926603 59926603 BRIP1 Missense NM_032043 5 c.A394T p.T132S S02-F05-P01 7,9 - 19 

17 79511073 79511073 C17orf70 Missense NM_025161 7 c.C2384G p.A795G AOGC-14-2111 11,8 - 23.3 

17 79516266 79516266 C17orf70 Missense NM_025161 4 c.G1369A p.E457K AOGC-14-1509 32,21 - 24.9 

17 79517700 79517700 C17orf70 Missense NM_025161 3 c.A820G p.I274V AOGC-15-0026 21,16 - 14.17 

19 33467575 33467575 C19orf40 Missense - - C>T - AOGC-14-1643 4,5 - 15.55 

11 125495891 125495891 CHEK1 Nonsense NM_001114122 
 

c.-773G>A - S09-F87-P01 2,2 - 15.5 

22 29091178 29091178 CHEK2 Missense NM_007194 12 c.G1312T p.D438Y AOGC-14-2342 18,6 - 34 

22 29091774 29091774 CHEK2 Missense NM_007194 11 c.G1183C p.V395L S07-F22-P01 9,17 - 23.6 

22 29121326 29121326 CHEK2 Missense NM_007194 3 c.A349G p.R117G AOGC-14-2821 32,35 - 26.2 

22 29121360 29121360 CHEK2 Splicing NM_145862 4 c.320-5T>A - AOGC-14-4261, S09-F41-P01, 

S13-F14-P01 

14,12; 17,16; 

11,13 

- 12.79 

22 29091857 29091857 CHEK2 FS del NM_007194 11 c.1100delC p.T367fs S09-F14-P01, S09-F77-P01, S09-

F86-P02, S14-F17-P01 

5,3; 7,7; 15,6; 

6,8 

- 37 

17 48452928 48452928 EME1 Missense NM_001166131 2 c.A359C p.K120T AOGC-14-1821 29,13 - 10.71 

17 48453487 48453487 EME1 Missense NM_001166131 3 c.G836A p.R279H AOGC-14-2111, S09-F48-P01 10,16; 10,11 - 19.09 

17 48457749 48457749 EME1 Missense NM_001166131 8 c.G1462A p.G488S AOGC-15-0070 10,9 - 19.68 

17 48457756 48457756 EME1 Missense NM_001166131 8 c.G1469A p.G490E S09-F16-P01 14,10 - 19.06 

16 1825067 1825067 EME2 Missense NM_001257370 4 c.C503T p.P168L AOGC-14-2342 7,4 - 15.6 

16 1825645 1825645 EME2 Missense NM_001257370 6 c.G739T p.V247L AOGC-14-5396 18,15 - 12.21 

16 14022028 14022028 ERCC4 Missense NM_005236 4 c.A728G p.H243R S14-F09-P01 12,8 - 21.9 

16 14029352 14029352 ERCC4 Missense NM_005236 8 c.C1563G p.S521R AOGC-14-2410 32,31 - 16.06 

16 14029516 14029516 ERCC4 Missense NM_005236 8 c.G1727C p.R576T AOGC-14-4046, AOGC-14-4314, 

S04-F31-P01 

3,7; 7,5; 7,9 - 21.8 

16 14041848 14041848 ERCC4 Missense NM_005236 11 c.C2395T p.R799W S04-F04-P01 15,17 - 35 

16 14041959 14041959 ERCC4 Missense NM_005236 11 c.G2506A p.E836K S13-F04-P01 20,19 - 23 

15 31197015 31197015 FAN1 Missense NM_001146094 2 c.T149G p.M50R AOGC-14-4249, S02-F07-P01 25,28; 26,35 - 22.3 
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15 31197602 31197602 FAN1 Missense NM_001146094 2 c.C736T p.R246W AOGC-15-0111 22,18 - 23.3 

15 31198050 31198050 FAN1 Missense NM_001146094 2 c.T1184C p.L395P AOGC-14-3463 11,11 - 17.66 

15 31200396 31200396 FAN1 Missense NM_001146094 3 c.A1310G p.E437G AOGC-14-2809 16,7 - 17.55 

15 31206263 31206263 FAN1 Missense NM_014967 5 c.C1780G p.H594D AOGC-14-2088 18,14 - 22.3 

15 31214555 31214555 FAN1 Missense NM_014967 8 c.C2170T p.P724S AOGC-14-4541 7,8 - 21.6 

15 31217412 31217412 FAN1 Missense NM_014967 9 c.G2255A p.R752H AOGC-14-4013 18,16 - 21.9 

16 89813075 89813075 FANCA Missense NM_000135 35 c.C3430T p.R1144W S04-F19-P01 20,20 FA 24 

16 89836314 89836314 FANCA Missense NM_000135 26 c.T2435G p.L812R S02-F14-P01 20,13 - 23 

16 89839745 89839745 FANCA Missense NM_000135 22 c.C1948G p.L650V AOGC-14-1504 13,10 - 15.01 

16 89842176 89842176 FANCA Missense NM_000135 21 c.G1874C p.C625S AOGC-15-0003 25,17 - 23 

16 89874721 89874721 FANCA Missense NM_001018112 6 c.C577G p.L193V AOGC-14-0460, AOGC-14-0719, 

AOGC-14-2410, AOGC-14-2762 

23,21; 29,20; 

31,23; 19,15 

- 14.12 

16 89877157 89877157 FANCA Missense NM_001018112 5 c.G480A p.M160I S09-F55-P01 13,6 - 13.81 

16 89807250 89807252 FANCA Del NM_000135 38 c.3788_3790del p.1263_1264del AOGC-14-1382 16,10 FA 18.82 

X 14862803 14862803 FANCB Missense NM_001018113 9 c.A1987G p.T663A AOGC-14-2259 7,8 - 14.69 

X 14863011 14863011 FANCB Missense NM_001018113 8 c.T1894G p.Y632D AOGC-14-3592 12,14 - 21.7 

9 97873764 97873764 FANCC Missense NM_001243743 13 c.A1310C p.Q437P AOGC-14-2345 4,7 - 13.87 

9 97897645 97897645 FANCC Missense NM_001243743 8 c.A826G p.I276V S09-F58-P01 13,7 - 13.02 

9 97897676 97897676 FANCC Missense NM_001243743 8 c.G795C p.E265D S09-F76-P01 9,12 - 19.56 

9 97912259 97912259 FANCC Missense NM_001243743 7 c.C632G p.P211R AOGC-14-4260, S09-F05-P01 10,22; 14,10 FA 23 

3 10080987 10080987 FANCD2 Missense NM_033084 8 c.A516G p.I172M AOGC-15-0096 14,17 - 18.76 

3 10089689 10089689 FANCD2 Missense NM_033084 16 c.T1367G p.L456R AOGC-15-0096 29,8 FA 24.1 

3 10105516 10105516 FANCD2 Missense NM_033084 21 c.A1868C p.Q623P AOGC-15-0096 19,10 - 23.8 

3 10119777 10119777 FANCD2 Missense NM_033084 30 c.G2872A p.V958M AOGC-15-0030 12,10 - 16.89 

6 35426216 35426216 FANCE Missense NM_021922 5 c.G1112A p.R371Q AOGC-14-4684, S09-F12-P01 29,13; 20,9 - 26.9 

6 35430683 35430683 FANCE Missense NM_021922 9 c.C1501G p.Q501E S09-F82-P01 15,5 - 22.4 

11 22646710 22646710 FANCF Missense NM_022725 1 c.G647C p.R216P S09-F75-P01 24,11 - 10.05 

9 35074173 35074173 FANCG Missense NM_004629 14 c.C1801T p.R601C S02-F03-P01 20,14 - 15.12 
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9 35074978 35074978 FANCG Missense NM_004629 12 c.G1582A p.G528S AOGC-14-3359 27,21 - 22.4 

9 35077292 35077292 FANCG Missense NM_004629 5 c.T615G p.D205E AOGC-14-1640 23,25 - 18.25 

15 89807200 89807200 FANCI Missense NM_018193 8 c.G612C p.K204N AOGC-15-0060 13,5 - 19.73 

15 89811698 89811698 FANCI Missense NM_018193 10 c.T824C p.I275T AOGC-14-3408 30,21 - 23 

15 89820093 89820093 FANCI Missense NM_018193 13 c.G1264A p.G422R AOGC-14-1421 16,14 FA 34 

15 89828438 89828438 FANCI Missense NM_018193 18 c.A1810G p.M604V S02-F07-P01 22,25 - 22.3 

15 89848640 89848640 FANCI Missense NM_018193 29 c.T3075G p.C1025W AOGC-14-4541 15,13 - 25.2 

15 89858561 89858561 FANCI Missense NM_018193 36 c.A3685G p.I1229V AOGC-14-3503 20,11 - 22.5 

2 58425760 58425760 FANCL Missense NM_018062 7 c.C509G p.P170R AOGC-14-2959 7,4 - 26 

14 45609863 45609863 FANCM Missense NM_020937 3 c.A710G p.N237S S09-F08-P01 9,19 - 14.84 

14 45623211 45623211 FANCM Missense NM_020937 6 c.G1139A p.R380K S11-F07-P01 9,1 - 24.5 

14 45623953 45623953 FANCM Missense NM_020937 7 c.T1237C p.Y413H AOGC-15-0011, S07-F21-P01 10,14; 12,6 - 23.5 

14 45633616 45633616 FANCM Missense NM_020937 10 c.G1636A p.G546S AOGC-14-3848 12,14 - 32 

14 45642364 45642364 FANCM Missense NM_020937 13 c.G2267A p.R756H S07-F10-P01 21,15 - 15.66 

14 45642408 45642408 FANCM Missense NM_020937 13 c.G2311A p.E771K AOGC-15-0053 12,13 - 34 

14 45644953 45644953 FANCM Missense NM_020937 14 c.C2996T p.P999L S15-F25-P01 17,11 - 28.8 

14 45645949 45645949 FANCM Missense NM_020937 14 c.C3992T p.P1331L AOGC-14-4782 22,15 - 21.9 

3 37035075 37035075 MLH1 Missense NM_001258271 1 c.G37A p.E13K AOGC-14-3553 21,14 - 23 

3 37059000 37059000 MLH1 Missense NM_001258274 11 c.G71A p.R24H AOGC-14-1569 25,20 - 22.5 

3 37059014 37059014 MLH1 Missense NM_001258274 11 c.A85G p.T29A S09-F58-P01 15,20 - 15.37 

3 37061929 37061929 MLH1 Missense NM_001258274 12 c.A290G p.N97S S07-F05-P01 4,9 - 22.2 

3 37067255 37067255 MLH1 Missense NM_001258274 13 c.G443A p.R148Q AOGC-14-2928 22,27 - 20.6 

3 37089131 37089131 MLH1 Missense NM_001258274 17 c.A1130G p.K377R S09-F43-P01 15,13 - 21.5 

3 37089154 37089154 MLH1 Missense NM_001258274 17 c.T1153C p.F385L AOGC-14-3965 17,18 - 22.3 

3 37090471 37090471 MLH1 Missense NM_001258274 19 c.A1343G p.Q448R AOGC-14-2063 12,14 - 22.2 

3 37092025 37092025 MLH1 Missense NM_001258274 20 c.C1429T p.H477Y S07-F13-P01 7,11 - 22.5 

14 75498858 75498858 MLH3 Nonsense NM_014381 7 c.A3668T p.Q1223L AOGC-15-0003 15,10 - 23.4 
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14 75498886 75498886 MLH3 Splicing NM_014381 8 c.3644-4A>G - AOGC-14-2063 8,8 - 12.7 

14 75506636 75506636 MLH3 Missense NM_014381 5 c.A3548G p.K1183R AOGC-08-0067, AOGC-15-0028 7,6; 7,1 - 28.1 

14 75513222 75513222 MLH3 Missense NM_014381 2 c.G3137A p.R1046Q AOGC-14-1821 16,10 - 16.54 

14 75515329 75515329 MLH3 Missense NM_014381 2 c.G1030A p.V344M AOGC-14-1095 16,12 - 19.14 

14 75515646 75515646 MLH3 Missense NM_014381 2 c.A713C p.Y238S AOGC-14-1118 5,6 - 19.85 

14 75513205 75513205 MLH3 FS del NM_014381 2 c.3154delC p.L1052fs AOGC-14-3408 28,23 - 22.1 

11 94180441 94180441 MRE11A Missense NM_005591 15 c.G1727A p.R576Q AOGC-14-2348 47,52 - 17.49 

11 94192594 94192594 MRE11A Missense NM_005591 13 c.G1480A p.E494K AOGC-14-0681 13,10 - 25.7 

11 94192608 94192608 MRE11A Missense NM_005591 13 c.A1466G p.H489R AOGC-14-5041 12,9 - 17.15 

11 94204878 94204878 MRE11A Missense NM_005591 8 c.A707C p.D236A S02-F24-P01 5,7 - 22.3 

11 65631344 65631344 MUS81 Missense NM_025128 10 c.T1031G p.I344S AOGC-14-0469 24,20 - 22 

8 90967510 90967510 NBN Missense NM_002485 11 c.1397+1->ACA) - S08-F03-P01 6,8 - 24.7 

8 90967766 90967766 NBN FS del NM_002485 10 c.1142delC p.P381fs AOGC-14-4093 7,9 - 35 

16 23632683 23632683 PALB2 Nonsense NM_024675 10 c.G3113A p.W1038X AOGC-14-1241 15,9 P 20.3 

16 23635370 23635370 PALB2 Missense NM_024675 8 c.G2794A p.V932M AOGC-14-2005, AOGC-14-5294, 

S14-F17-P01 

7,6; 0,29; 9,6 - 25.8 

16 23641346 23641346 PALB2 Missense NM_024675 5 c.C2129T p.T710M S07-F21-P01 26,20 - 23.4 

16 23649280 23649280 PALB2 Splicing - - G>T - S12-F06-P01 11,10 - 12.13 

16 23649405 23649405 PALB2 Missense NM_024675 2 c.C94G p.L32V AOGC-08-0067 8,10 - 16.88 

16 23649446 23649446 PALB2 Missense NM_024675 2 c.A53G p.K18R S15-F03-P01 7,6 - 21.8 

5 131923673 131923673 RAD50 Missense NM_005732 7 c.G943T p.V315L AOGC-14-0795, S09-F02-P01, 

S13-F02-P01 

12,12; 15,11; 

17,10 

- 24.4 

5 131923740 131923740 RAD50 Missense NM_005732 7 c.G1010A p.R337K AOGC-14-2345 11,11 - 22.3 

5 131925413 131925413 RAD50 Missense NM_005732 9 c.A1336G p.K446E S04-F19-P01 6,1 - 28.3 

5 131939072 131939072 RAD50 Missense NM_005732 14 c.G2288A p.R763H AOGC-15-0006 15,17 - 23.4 

5 131939128 131939128 RAD50 Missense NM_005732 14 c.G2344C p.E782Q S09-F41-P01 20,14 - 27.5 

5 131953890 131953890 RAD50 Missense NM_005732 21 c.G3293A p.R1098Q AOGC-14-1520 13,3 - 22.3 

5 131953924 131953924 RAD50 Missense NM_005732 21 c.T3327G p.I1109M S11-F05-P01 9,12 - 24.4 
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5 131972883 131972883 RAD50 Missense NM_005732 22 c.C3466T p.R1156C AOGC-14-3994 7,8 - 17.96 

5 131977906 131977906 RAD50 Missense NM_005732 25 c.G3789C p.Q1263H S02-F23-P01 8,9 - 26.7 

5 131977952 131977952 RAD50 Missense NM_005732 25 c.C3835T p.R1279C AOGC-02-0045 16,15 - 35 

5 131977953 131977953 RAD50 Missense NM_005732 25 c.G3836A p.R1279H AOGC-14-2938 10,14 - 27 

5 131978046 131978046 RAD50 Missense NM_005732 25 c.A3929G p.N1310S AOGC-14-3461 15,14 - 11.26 

14 68331840 68331840 RAD51B Missense NM_133510 5 c.G436A p.A146T S09-F59-P01 4,8 - 24.9 

14 68352672 68352672 RAD51B Missense NM_133510 6 c.A539G p.Y180C AOGC-14-0782, AOGC-14-3566, 

S06-F03-P01, S09-F44-P01 

8,6; 7,8; 10,7; 

3,2 

- 22.5 

14 68353925 68353925 RAD51B Splicing NM_133509 7 c.756+4A>C - S02-F01-P01 7,5 - 15.28 

17 56772429 56772429 RAD51C Missense NM_002876 2 c.C283T p.H95Y AOGC-14-4260 19,15 - 22.2 

17 33428058 33428058 RAD51D Splicing NM_001142571 11 c.964-3C>T - AOGC-14-4782, AOGC-14-5036, 

S02-F01-P01 

12,10; 10,11; 

9,4 

- 11.11 

17 33430511 33430511 RAD51D Missense NM_001142571 7 c.C689T p.A230V AOGC-14-1548 18,18 - 29.7 

11 67161081 67161081 RAD9A Missense NM_001243224 1 c.G121A p.G41R AOGC-14-4541 22,24 - 21 

11 67163780 67163780 RAD9A Missense NM_001243224 6 c.G553A p.V185I AOGC-14-3952 41,33 - 22.1 

11 67165007 67165007 RAD9A Missense NM_001243224 8 c.G925A p.E309K AOGC-14-5035 28,31 - 22 

11 67163284 67163286 RAD9A Del NM_001243224 3 c.319_321del p.107_107del S07-F10-P01 22,22 - 22.4 

18 20548849 20548849 RBBP8 Missense NM_002894 5 c.G329A p.R110Q AOGC-14-4046 12,5 - 24.7 

18 20569274 20569274 RBBP8 Missense NM_002894 9 c.A800G p.E267G S09-F25-P01 15,13 - 24.5 

18 20572775 20572775 RBBP8 Missense NM_002894 11 c.G985A p.V329I AOGC-03-0132 10,4 - 26.5 

18 20573157 20573157 RBBP8 Missense NM_002894 11 c.A1367G p.H456R AOGC-14-0782, AOGC-14-5036, 

S09-F86-P02 

14,15; 11,8; 

24,19 

- 13.4 

16 11444605 11444605 RMI2 Missense NM_152308 2 c.G402A p.M134I AOGC-14-4329 13,13 - 19.97 

16 11444630 11444630 RMI2 Missense NM_152308 2 c.C427T p.H143Y S14-F09-P01 11,14 - 22.3 

1 28223560 28223560 RPA2 Missense NM_002946 6 c.G481A p.E161K AOGC-14-4129 12,5 - 33 

1 28240593 28240593 RPA2 Missense NM_002946 2 c.C98T p.S33F S08-F09-P01 5,3 - 12.53 

16 3640271 3640271 SLX4 Missense NM_032444 12 c.C3368A p.S1123Y AOGC-14-3743 30,26 - 25.2 

16 3640985 3640985 SLX4 Missense NM_032444 12 c.C2654T p.P885L AOGC-14-3234 42,43 - 22.9 
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16 3641016 3641016 SLX4 Missense NM_032444 12 c.G2623A p.E875K AOGC-14-3553 18,31 - 22.4 

16 3641060 3641060 SLX4 Missense NM_032444 12 c.C2579T p.T860I AOGC-14-4246 18,19 - 27.2 

16 3644501 3644501 SLX4 Missense NM_032444 10 c.G2113A p.A705T AOGC-14-3566 12,16 - 26.7 

16 3647564 3647564 SLX4 Missense NM_032444 7 c.C1499T p.T500M AOGC-14-3853 19,15 - 24.9 

16 3647691 3647691 SLX4 Missense NM_032444 7 c.A1372G p.K458E S09-F32-P01 10,8 - 25.5 

16 3656493 3656493 SLX4 Missense NM_032444 3 c.G742A p.E248K S09-F23-P01 2,4 - 22.8 

17 18181592 18181592 TOP3A Missense NM_004618 18 c.G2224A p.D742N AOGC-14-0460, AOGC-14-1548, 

S04-F26-P01 

25,15; 13,5; 

11,9 

- 23 

17 18181601 18181601 TOP3A Missense NM_004618 18 c.G2215A p.G739R AOGC-14-4677 26,19 - 29.7 

17 18198068 18198068 TOP3A Missense NM_004618 10 c.G1022A p.R341K AOGC-03-0132, S01-F17-P01 15,5; 19,9 - 16.46 

17 18211737 18211737 TOP3A Missense NM_004618 3 c.A242G p.N81S AOGC-14-4454 10,18 - 21.2 

12 125397621 125397621 UBC Missense NM_021009 2 c.G697A p.V233M S02-F13-P01 87,83 - 21.8 

12 125397817 125397817 UBC Splicing NM_021009 2 c.C501T p.L167L AOGC-14-2169 76,72 - 16.53 

12 125397982 125397982 UBC Missense NM_021009 2 c.T336C p.I112I S09-F08-P01 57,77 - 14.73 

12 125397997 125397997 UBC Missense NM_021009 2 c.G321A p.Q107Q AOGC-14-1941 56,8 - 15.82 

12 125398015 125398015 UBC Missense NM_021009 2 c.C303T p.N101N AOGC-14-2169 69,13 - 14.34 

12 125398024 125398024 UBC Missense NM_021009 2 c.C294T p.T98T AOGC-14-1941 45,8 - 22.2 

12 125396390 125396393 UBC FS del NM_021009 2 c.1925_1928del p.E642fs AOGC-14-1270 30,43 - 22.3 

1 202304777 202304777 UBE2T Missense NM_014176 2 c.G106A p.A36T AOGC-14-3002 17,12 - 33 

1 62908939 62908939 USP1 Missense NM_001017416 5 c.A506G p.K169R AOGC-14-4616 16,11 - 24.4 

1 62910713 62910713 USP1 Missense NM_001017416 6 c.A862G p.K288E AOGC-14-2348 26,24 - 24.6 

1 62910957 62910957 USP1 Missense NM_001017416 6 c.G1106C p.G369A S09-F71-P01 41,18 - 16.49 

1 62910981 62910981 USP1 Missense NM_001017416 6 c.A1130T p.D377V S04-F18-P01 24,21 - 22.5 

1 62916503 62916503 USP1 Missense NM_001017416 9 c.G2209A p.V737M S07-F23-P01 6,10 - 19.53 

7 152357788 152357788 XRCC2 Missense NM_005431 2 c.A119G p.H40R AOGC-14-4161 2,3 - 22.3 

14 104169623 104169623 XRCC3 Missense NM_005432 7 c.C448T p.R150C AOGC-14-3194 7,7 - 13.56 
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*Splicing mutations where the exon is not annotated, the genomic coordinate of the variant were listed.  

1Disease-causing (D-C) mutations reported to cause Fanconi Anaemia  are represented as FA,  pathogenic  mutations reported in HGMD database are 

represented as DM, and breast cancer mutations are represented as P.    
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