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Abstract 

The process of malignant development involves the transformation from the normal 

cell-of-origin towards pre-invasive cells and eventually invasive cancer cells, which 

is facilitated by genomic alterations that are acquired during the accumulation of DNA 

replication errors. Faithful DNA replication is a key requirement for normal cell 

division which initiates from replication origins distributed throughout the genome, 

whereas unfaithful DNA replication results in replication errors and accelerates the 

malignant transformation. In this thesis, I endeavoured to decipher the phylogenies 

of malignant transformation between pre-invasive and invasive lung lesions, and 

further explored the role of perturbed DNA replication process from the cell-of-origin 

to cancer cell lines in remodelling the genomic landscape and contributing to 

malignant transformation. 

 

Pre-invasive lung diseases, including atypical adenomatous hyperplasia (AAH), 

adenocarcinoma in situ (AIS), minimally invasive carcinoma (MIA) and squamous 

CIS (carcinoma in situ), are considered to be precursors to lung adenocarcinoma 

(LUAD) and squamous cell carcinoma (LUSC), respectively. However, the 

evolutionary relationship between pre-invasive and invasive lung disease remains 

largely elusive, due to the lack of matched samples within the same patient. Using 

the TRACERx study, I identified two types of phylogenetic relationships between the 

pre-invasive and invasive lesions, according to whether the two shared a somatic 

common ancestor (the SCA group) or not (the non-SCA group). Compared to the 

non-SCA lesions, SCA pre-invasive lesions harboured elevated mutational burden, 

increased apolipoprotein B mRNA-editing enzyme catalytic polypeptide-like 

(APOBEC) mutational signature and exhibited chromosomal instability featured by 

increased loss of heterozygosity and somatic copy number alterations (SCNAs). 

 

Next, I explored how the genomic landscape was reshaped during the malignant 

transformation by investigating the perturbed DNA replication process. Even during 

the process of faithful DNA replication, not all replication origins initiate DNA 

replication at the same time, generating a conserved temporal order of DNA 

replication (termed the replication timing program) which is cell and tissue type 

specific. The extent to which replication timing alters during malignant transformation 
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and the resultant impacts on the genomic landscape in cancer remain unclear. Thus, 

I investigated the landscape of altered replication timing (ART) in lung and breast 

cancer compared to their matched cell-of-origin and demonstrated the interplay 

between ART and genomic and transcriptomic cancer evolution. 

 

A systematic shift in replication timing from the cell-of-origin to cancer cell lines was 

identified in 6%-17% of the genome, half of which were classified as earlier (late-to-

early switch), and half later (early-to-late switch) replicated. An increase in mutation 

load was identified in later replicating regions in comparison to non-altered early 

replicating regions, whereas the opposite was true for earlier replicating regions 

showing decreased mutation load. I observed a more prevalent shift in the mutational 

landscape in breast compared to lung cancer, suggesting that most mutations in 

breast cancer were accumulated after the alteration in replication timing. Further 

mutational signature analysis revealed distinct mutational processes related to 

different DNA mismatch repair (MMR) pathways in lung cancer compared to breast 

cancer. DNA homologous recombination was prominent in earlier and early 

replicating regions in breast cancer, whilst in lung cancer, activated DNA MMR 

pathway were prominent in earlier and later replicating regions. A particular pattern 

of clustered APOBEC3 mutations (known as APOBEC3 omikli events) was found to 

be increasingly accumulated in early and earlier replicating regions compared to 

late/later ones. Finally, earlier (late-to-early switch) replicating genes exhibited an 

increase in expression in cancer relative to normal tissues, whereas later (early-to-

late switch) replicating genes exhibited a decrease in expression. Cancer type-

specific driver genes were enriched in earlier replicating regions compared with other 

non-altered late replicating regions. However, essential genes, which maintained 

high expression level, tended not to change their replication timing during malignant 

transformation. 

 

Together, the interplay between early/earlier replication timing and the APOBEC3 

mutational process sheds lights on the positive selection of cancer-associated genes 

and thus the malignant transformation of lung and breast cancer. Accumulation of 

somatic mutations in late/later replicating regions due to their vulnerabilities to other 

mutagenic insults, contributes to the overall elevated mutation burden in cancer. 
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Impact Statement 

 

The data and knowledge presented in this thesis are impactful both inside and 

outside academia. The research conducted in this work has been applied to an 

extensive cohort and two main manuscripts on the basis of the projects presented 

here are in preparation for submission by the PhD candidate. 

 

The academic impact of this work relates to the main results, which highlight the 

process of malignant development from the normal cells towards pre-malignant 

(described as pre-invasive in this thesis) cells and eventually malignant cancer cells. 

These findings can contribute to other research in the field of tumour evolution in 

several ways. First, with the study of matched pre-invasive and invasive lung 

diseases within the same patient, the phylogenetic evolutionary patterns from pre-

invasive to invasive lung diseases are deciphered in detail. A handful of pre-invasive 

lung diseases originate from the same clonal common ancestor with the invasive 

lung cancer, which are characterized by increased mutation burden, the activation of 

particular mutational processes and increased frequency of somatic copy number 

alterations and genome doubling. Second, the unfaithful DNA replication, which is 

the perturbed temporal order of DNA replication in each cell cycle in cancer cells 

compared to normal cells, is quite pervasive. Third, this perturbed temporal order of 

DNA replication (i.e., perturbed or altered replication timing) results in replication 

errors, accelerates the accumulation of genomic alterations and thus malignant 

transformation. Later replicating genome regions in cancer relates to increased 

mutation burden, whereas earlier replicating genome regions are enriched with 

cancer driver genes and highly expressed genes. 

 

The clinical impact of this work contributes to three major fields. The first is to refine 

strategies of following up patients diagnosed with cancer. Although patients with pre-

invasive lung diseases who receive radical surgery to remove the entire lesion can 

expect to have 100% disease-specific 10-year survival, pre-invasive lesions 

presenting high mutation burden, the activation of particular mutational processes or 

whole genome doubling, may be more progressive than other lesions which do not. 
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This is therefore useful for oncologists to identify patients with at greatest risk of 

developing malignancies for further treatment. This specific impact of this work will 

be validated in a larger patient cohort in the lab. What’s more, the altered replication 

timing of genome regions and genes in lung and breast cancer can contribute to 

identify cancer driver genes and novel mutational signatures. In addition, the 

methodology of replication timing protocol optimized in this work has been applied to 

other fields in the lab to explore the role of altered replication timing under different 

conditions during tumour evolution.  
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Chapter 1. Literature review 

1.1 Introduction 

Lung cancer is the leading cause of cancer-related mortality worldwide. Only 17% of 

patients are diagnosed with localised lung cancer that is amenable to curative 

surgery, whereas the majority of lung cancer patients (57%) present with distant 

metastatic disease and 22% with regional metastatic disease (Siegel et al., 2021). 

Patient survival depends on the histology and staging of the tumour, including 

involved lymph nodes and presence of metastases (TNM staging) (Travis et al., 

2015), as well as select molecular characteristics. In order to improve patient survival 

through curative surgery as an early point of intervention, early diagnosis is 

imperative.  

 

Lung cancer comprises a heterogeneous group of histological subtypes in which 

almost 85% of cases are non-small cell lung cancer (NSCLC) and another 15% are 

small cell lung cancer (SCLC) (Travis et al., 2015). Pre-invasive lung disease that 

precedes NSCLC can be classified into lesions characterised by specific histological 

features. The underlying processes involved in malignant transformation from 

precursor cells and pre-invasive lesions towards invasive tumours are largely 

unknown. Therefore, it is key to identify the genetic and molecular alterations within 

pre-invasive lesions and during malignant transformation from pre-invasive to 

invasive tumours. 

 

Moreover, how the genomic landscape has been remodelled during the malignant 

transformation remains elusive. The replication timing (RT) programme, which 

concerns the temporal order of genome replication during S phase (Rhind and Gilbert, 

2013), has been reported to relate with a skewed distribution of mutations in late RT 

(Koren et al., 2012; Tomkova et al., 2018) and different preferences for amplification 

or deletion in early or late S phase (Donley and Thayer, 2013). The perturbed 

replication timing in cancer compared to normal cells may contribute to genome 

instability and thus tumour evolution (Macheret and Halazonetis, 2018).  
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In this chapter, I will summarise the current understanding in the literature about the 

histological and genetic findings in pre-invasive disease, the altered replication timing 

patterns in cancer and how replication timing alterations contribute to remodelling 

the genetic and epigenetic landscape in cancer. These findings could assist further 

exploration of malignant transformation and improve early diagnoses and early 

interference in clinical routine. 

1.2 Histological evolution of pre-invasive lung lesions to 

invasive NSCLC 

As described previously, non-small cell lung cancer (NSCLC) is the most 

predominant type of lung cancer (Travis et al., 2015). NSCLC consists of two major 

subtypes including lung adenocarcinoma (LUAD) and lung squamous cell carcinoma 

(LUSC), and some other various rarer subtypes such as large-cell lung carcinoma. 

Lung tissues consist of distinct anatomical compartments, from which different 

subtypes of lung cancers can originate (Sun et al., 2007). Therefore, pre-invasive 

lung lesions can derive from distinct precursors and evolve into equivalently invasive 

LUSC (Nicholson et al., 2001) or LUAD (Noguchi, 2010; Travis et al., 2015; Weichert 

and Warth, 2014). In this and the next section, I will discuss what is currently known 

in the literature regarding the histological and genetic landscape of pre-invasive 

lesions associated with LUAD and LUSC. 

1.2.1 AAH, AIS, MIA and invasive lung adenocarcinoma 

Pre-invasive lesions of LUAD can be classified into lesions characterised by specific 

histological features. Atypical adenomatous hyperplasia (AAH), adenocarcinoma in 

situ (AIS) and minimally invasive adenocarcinoma (MIA) are considered to be 

involved in a multistep histological progression towards LUAD (Noguchi, 2010; Travis 

et al., 2015). 

 

AAH is small (≤0.5 cm) and consists of atypical cuboidal or low columnar 

pneumocytes lining the alveolar walls. Gaps between cells in AAH are obvious and 

exhibit pure in-situ growth patterns. AAH shows histological and genomic alterations 

which indicate that these are likely precursors of LUAD. However, the temporal 

relationship between AAH and LUAD has been difficult to study, as AAHs are 
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typically only ever caught in a snapshot of background lung at the time of a surgical 

resection. Besides, most AAHs are too small to be visible on thin-layer and high-

resolution computerised tomography (CT) scans, and thus are mostly incidentally 

identified under the microscope in resected lung parenchyma, making it more difficult 

to prospectively explore the genetic landscape of AAHs. Nevertheless, the frequency 

of AAHs in the lung tissue of some individuals suggests that a large proportion of 

AAHs remain indolent and do not progress over the lifetime of the patient (Mainardi 

et al., 2014). 

 

By contrast, AIS is larger (≤3 cm), but share a similar in-situ pattern of growth with 

AAH, and a minority of AIS lesions are of mucinous differentiation. There is a 

continuum of appearances from AAH to AIS, MIA and LUAD, and in some cases it 

may be challenging to differentiate AAH from AIS (Noguchi, 2010; Travis et al., 2011). 

Patients diagnosed with AIS who receive radical surgery to remove the entire lesion 

can expect to have 100% disease-specific 10-year survival (Boland et al., 2016). 

 

MIA is a solitary LUAD (≤3 cm) with a predominantly lepidic growth pattern and ≤5 

mm invasion in the greatest dimension of any focus (Travis et al., 2011; Weichert 

and Warth, 2014). The criteria for the invasive components in MIA include any 

invasive growth patterns (such as acinar, papillary, micropapillary or solid LUAD), 

and/or the infiltration of myofibroblastic stroma. Therefore, MIA is considered to 

represent the transition from in-situ to invasive disease. Since MIA consists of mainly 

in-situ components and merely a small focus of an invasive component, MIA is 

considered to be a further step of progression from AAH/AIS towards an invasive 

tumour and thus included in the analyses in Chapter 3 of this thesis. Patients with 

MIA have 97.5% disease-specific 10-year survival (Boland et al., 2016). 

 

The progression of AAH towards LUAD has not been fully elucidated (Kim et al., 

2005; Desai et al., 2014; Mainardi et al., 2014). Although not all AAH lesions develop 

into invasive LUAD and some may regress or resolve without further malignant 

transformation, due to challenges in the follow up of AAH lesions, little is known 

regarding whether AAH progresses with a gradual accumulation of invasion or 

follows a punctuated equilibrium model (Noguchi, 2010; Yatabe, 2010; Yatabe et al., 

2011). Unlike lung squamous carcinoma in situ (CIS) lesions which mostly reside in 
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the upper airway and can be sampled by bronchoscopy to monitor their progression 

over time, AAH, AIS and MIA lesions are frequently located in the peripheral lung 

parenchyma where bronchoscopy is not feasible for sampling. In addition, the 

diagnoses of AAH, AIS and MIA must be made after surgical resection rather than 

through biopsies, to exclude any possible invasion under microscopy (Travis et al., 

2015). However, most pre-invasive LUAD lesions are not candidates for surgical 

resection, because they appear as ground glass opacities (GGOs) on imaging scans 

(Lococo et al., 2018; Robbins et al., 2019) and are considered for surgical resection 

when solid components develop within GGO components during long-term follow-up. 

Therefore, it is quite rare to surgically resect pre-invasive LUAD lesions for diagnosis 

or for further exploration of their genetic alterations. Most AAH and some AIS lesions 

are identified incidentally in the normal lung parenchyma of surgical specimens, such 

as synchronous invasive lung tumours (Kadara et al., 2016). Therefore, there is an 

overall underestimation of the prevalence of pre-invasive lesions. In order to explore 

the evolutionary patterns of AAH, AIS and MIA towards LUAD, extensive sampling 

of lung parenchyma from a large cohort of patients is warranted. 

1.2.2 Squamous hyperplasia, dysplasia, carcinoma in situ and invasive lung 

squamous cell carcinoma 

A consecutive progression pattern is also identified from squamous pre-invasive 

lesions (Kerr, 2001), similar to the continuum of progression from AAH to AIS, MIA 

and LUAD. Mucosal changes have developed in a gradual and stepwise fashion from 

normal epithelium to hyperplasia, metaplasia, dysplasia, and squamous carcinoma 

in situ (CIS), towards invasive LUSC (Breuer et al., 2005; Kerr, 2001; Klebe and 

Henderson, 2013). According to the WHO criteria (Travis et al., 1999), squamous 

dysplasia and CIS exhibit cytological aberrations and thickening in the bronchial 

epithelium, which are described as precursors of LUSC. Some squamous dysplasia 

or CIS could be spatially in continuum with LUSC alongside the bronchial epithelium. 

Squamous dysplasia is classified into three grades (mild, moderate and severe 

dysplasia), based on whether cytological irregularity and mitoses extend to the lower, 

middle, or upper thirds of the metaplastic bronchial epithelium (Travis et al., 1999). 

CIS tends to invade the upper third of the bronchial epithelium with extensive cellular 
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pleomorphism and mitoses, without stromal invasion beyond the epithelial basement 

membrane. 

 

According to current understanding, squamous pre-invasive lesions are mostly 

located in central airways which are lined by a pseudostratified epithelium where 

basal cells, neuroendocrine cells, luminal tall ciliated cells and mucous secreting 

cells reside (Lynch and Engelhardt, 2014). The precursor cells to squamous pre-

invasive lesions have not been fully elucidated. They are presumed to be the basal 

cells, which are multipotent adult tissue stem cells in the bronchial epithelium that 

become metaplastic prior to the development of dysplasia and CIS (Lynch and 

Engelhardt, 2014; Rock et al., 2010). Unlike AAH and AIS lesions which are mostly 

located in peripheral lung parenchyma, squamous dysplasia and CIS mostly reside 

in the central airways, making it feasible to perform a bronchoscopy for biopsies.  A 

few studies have been conducted to follow up the development of pre-invasive LUSC 

lesions classified as progressive or regressive. The overall regression rate of all 

squamous pre-invasive lesions was reported as 54% (Breuer et al., 2005). Severe 

dysplasia has a higher chance of progressing into CIS and/or LUSC (32%), 

compared to mild and moderate dysplasia (2.5%-9%) (Hirsch et al., 2001), even 

though the time to progression is not significantly different between these groups. 

The next step of progression from CIS towards LUSC happens in around 50%-87.5% 

of CIS (Bota et al., 2001), which is higher than the progression rate in severe 

dysplasia (32%) (Hirsch et al., 2001). Overall, the persistence of severe dysplasia 

and CIS raises the risk of developing LUSC 7.84-fold (95% CI, 1.56–39.39) (Merrick 

et al., 2016).  

 

However, the data in the literature suggest that the progression rate of mild and 

moderate dysplasia to CIS/LUSC should not be ignored. Among patients diagnosed 

with low-grade dysplasia, no significant difference in progression rates was observed 

between patients with or without additional severe dysplasia (39% vs. 26%) (Breuer 

et al., 2005). These data suggest that the progression from lower grade dysplasia to 

CIS or LUSC does not always conform to the model of a stepwise histological 

transformation. Besides, the grading of dysplasia is mostly reliant on the pathologists’ 

call, which can be very subjective. Nevertheless, this potential non-stepwise manner 

of progression to LUSC over time implies a possibility that there are squamous pre-
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invasive lesions that are “born to be bad”. Therefore, it may not be reliable to predict 

the outcomes of squamous pre-invasive lesions merely depending on the current 

histological classification or the degree of invasion in the bronchial epithelium. 

1.3 Evolutionary patterns in pre-invasive lesions 

Pre-invasive lung lesions can originate from distinct precursors and thus present 

different genetic alterations evolving into either LUAD or LUSC. However, an 

understanding of the genetic landscape and biological properties of these precursors 

remains elusive. As opposed to the extensive work which has been done in 

genetically profiling invasive tumours, very few studies have been able to decipher 

the genomic alterations tracking pre-invasive to invasive lesions. To date, little is 

known about how to predict the potential outcomes of pre-invasive lesions in terms 

of whether they are likely to lead to progressive or regressive disease. Therefore, in 

order to explore the malignant transformation from pre-invasive to invasive disease 

and the evolutionary relationship between the two, it is imperative to study the degree 

of diversity in cellular clones within pre-invasive lesions and the extent to which these 

diversified clones contribute to intra-tumour heterogeneity (ITH) and tumour 

evolution, which could in turn have clinical implications in risk stratification to guide 

early disease follow-up and treatment. 

 

Pre-invasive lesions have also been identified as precursors to other types of solid 

tumours, including ductal carcinoma in situ (DCIS) for breast cancer (Casasent et al., 

2017; Kader et al., 2019; Wallace et al., 2014), Barrett’s oesophagus (BE) for 

oesophageal carcinoma (for the Oesophageal Cancer Clinical and Molecular 

Stratification (OCCAMS) Study Group et al., 2015; Stachler et al., 2015, 2021; the 

OCCAMS Consortium et al., 2014), pancreatic intraepithelial neoplasia (PanIN) for 

pancreatic carcinoma (Makohon-Moore et al., 2018b), prostatic intraepithelial 

neoplasia (ProIN) for prostate carcinoma (Bostwick and Cheng, 2012), and 

melanoma in situ for melanoma (Shain et al., 2015). To study evolution from pre-

invasive to invasive disease, we need to investigate both somatic mutations and 

somatic copy number alterations (SCNAs) which have been documented to exhibit 

a branched evolution mode with the advent of phylogenetic construction using multi-

region sequencing data.  



Chapter 1. Literature review 

27 

 

 

In this section, to draw a framework of tumorigenesis, I will discuss our current 

understanding of evolutionary patterns from pre-invasive to invasive disease in lung 

and other tissue types, regarding their somatic mutations, SCNAs, and other features 

relating to chromosomal instability. Furthermore, potential mechanisms of 

evolutionary trajectories will be summarised from the current literature. 

1.3.1 Somatic mutations 

1.3.1.1 Gradual increase of somatic mutations in pre-invasive lesions 

Considering the stepwise pathological changes of pre-invasive lesions towards 

invasive tumours, it is vital to explore whether there is a similar trend of multi-staged 

accumulation of molecular alterations through a gradual evolution model, which acts 

as a mirror reflecting pathological changes at each step of progression. Furthermore, 

it remains unknown whether mutations in regressive pre-invasive lesions could be 

entirely repaired, and if not, whether the mutations maintained in pre-invasive lesions 

contribute to a rapid burst of invasive clones after a latency period of decades. 

Previously, an increased mutation burden has been detected from lower to higher 

grade pre-invasive lesions, for example from AAH/AIS to MIA and LUAD lesions, 

using target region sequencing data (Izumchenko et al., 2015) or WES/WGS (Chen 

et al., 2019a; Dong et al., 2021; Sivakumar et al., 2017; Vinayanuwattikun et al., 

2016; Zhang et al., 2019a). Progressive pre-invasive lesions exhibit increased 

mutation burden compared to regressive ones (Teixeira et al., 2019). Nevertheless, 

some pre-invasive lesions might also present higher mutation burden than some 

invasive tumours, suggesting that increased genetic alterations do not always lead 

to malignant transformation (Hu et al., 2019a). 

1.3.1.2 APOBEC mediated mutagenesis fuelling genomic evolution 

A further fundamental question relates to the mechanisms that promote the gradual 

accumulation of mutations during tumour initiation and evolution. First, the C>T 

mutation type is predominant in pre-invasive lung lesions (Ma et al., 2017; 

Vinayanuwattikun et al., 2016; Zhang et al., 2019a), similar to invasive tumours 

(Alexandrov et al., 2013, 2020). Secondly, the smoking signature characterised by 

C>A mutations is present in most AIS/MIA (Hu et al., 2019a) and CIS lesions 



Chapter 1. Literature review 

28 

 

(Teixeira et al., 2019), similar to invasive tumours (Alexandrov et al., 2013, 2020). 

Besides, the smoking signature is more active in progressive CIS lesions than 

regressive ones (Teixeira et al., 2019), implying that tobacco carcinogens play a 

pivotal role in early initiation of pre-invasive lesions and in the development of 

invasiveness. 

 

APOBEC (apolipoprotein B mRNA-editing enzyme, catalytic polypeptide-like) is a 

family of enzymes deaminating cytosine to uracil to edit mRNA species (Smith et al., 

2012). APOBEC-mediated mutagenesis (including mutational signature 2 and 13) is 

characterised by C>T or C>G point mutations in a stringent TCT or TCA trinucleotide 

motif (Roberts et al., 2013), and shows a trend of gradually increasing activity from 

AIS to MIA and invasive LUAD (Chen et al., 2019a; Hu et al., 2019a). A trend of 

increased APOBEC mutational signatures has been detected in progressive CIS, 

compared with regressive CIS (Teixeira et al., 2019). Coupled with the findings that 

increased levels of APOBEC mutational signatures have been identified in invasive 

tumours with high mutation burdens (Jamal-Hanjani et al., 2017), this suggests that 

APOBEC-mediated mutagenesis may contribute to genetic diversity and branched 

tumour evolution. Additionally, increased expression of APOBEC3B, one of the 

APOBEC family members, was detected in CIS and LUSC lesions compared to 

squamous dysplasia and normal epithelium tissues (Venkatesan et al., 2021). Taken 

together, APOBEC-mediated mutagenesis may promote genetic diversification and 

positive selection of pre-invasive lesions evolving into invasive tumours. 

1.3.1.3 Driver mutations as early events 

It is unknown whether distinct driver gene mutations act as the initiators of early 

tumorigenesis and relate to distinct outcomes in pre-invasive disease. Different 

levels of mutation burden and mutational processes have been documented between 

AAH/AIS/MIA and LUAD or between CIS and LUSC (Chen et al., 2019a; Hu et al., 

2019a). 

 

In some small cohort studies, the sequencing data of AAH shows that the most 

frequently mutated driver genes are BRAF (16%-23%) (Izumchenko et al., 2015; 

Sivakumar et al., 2017) and KRAS (14%-18%) (Hu et al., 2019a; Sivakumar et al., 
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2017). Other driver genes involved are growth factor receptors (such as EGFR, 

ERBB2 and FGFR), TP53, and those related to DNA repair and chromatin 

remodelling (such as ATRX, ARID1A and ASXL1). Mutually exclusive mutations of 

BRAF and KRAS in AAH lesions were detected in 22 matched normal lung 

parenchyma, AAH and LUAD lesions (Sivakumar et al., 2017). In this small patient 

cohort, BRAF-mutant AAHs accompanied EGFR-mutant LUAD, all of which were 

found from never-smokers or ex-smokers. Conversely, KRAS-driven AAHs tended 

to occur in ex-smokers diagnosed with TP53 or KRAS driven LUAD. This suggests 

that distinct oncogenic pathways could play different roles in pre-invasive lesions 

distinguishable between non-smokers and smokers (Figure 1). However, it remains 

unknown whether these distinctly activated oncogenic pathways could lead to high 

or low risk of developing invasive LUAD.  

 

 

Figure 1. Two distinct oncogenic pathways proposed for progression of AAH 

towards LUAD from non-smokers and smokers. 

(Abbreviations: AAH, atypical adenomatous hyperplasia; AIS, adenocarcinoma in 
situ; LUAD, lung adenocarcinoma; mut, mutations.) 
 
Moreover, the frequency of TP53 mutations tends to be lower in AAH/AIS (1/33, 

3.03%) and MIA (2/30, 6.67%), compared with LUAD (17/91, 18.68%) (Li et al., 2020). 

One possible explanation for this observation is that TP53 could be a later event 

compared to BRAF, EGFR or KRAS mutations, contributing to maintenance of 

invasiveness in tumours. Another possibility is that pre-invasive lesions with TP53 

mutations could evolve rapidly presumably in punctuated bursts of genetic alterations, 

which likely leads to non-stepwise morphological changes from normal to invasive 
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stages. Further confirmatory studies with a larger cohort using longitudinal samples 

are warranted. 

 

The profiles of driver gene mutations between squamous dysplasia/CIS and LUSC 

are quite similar, which frequently involve TP53, CDKN2A, KEAP, STK11, KMT2D 

and other genes (Pennycuick et al., 2020; Teixeira et al., 2019). It has not been well 

documented which driver gene mutations are significantly enriched in invasive LUSC 

compared to CIS. This could be attributed to the fact that both CIS and LUSC 

originate from the bronchial epithelium and are faced with similar amounts of 

carcinogen insults, such as tobacco smoking, occupational exposure, and air 

pollution. 

1.3.2 Chromosomal instability characterised by SCNAs, chromothripsis and 

whole genome doubling 

1.3.2.1 Increased somatic copy number alterations  

Macro-evolution characterised by large-scale SCNAs and rapid bursts of somatic 

mutations has been described in invasive tumours (Gerlinger et al., 2014a). Whether 

macro-evolution exists in pre-invasive lesions is unknown. AAH lesions exhibit few 

SCNAs compared to AIS/MIA and LUAD (Hu et al., 2019a). Sivakumar and 

colleagues compared allelic imbalance (AIB) between matched normal lung 

parenchyma, AAH and higher grade lung lesions (stage-I LUAD, AIS or MIA) from 

16 patients (Sivakumar et al., 2019). Zero somatic mutations were shared between 

AAH and their matched AIS/MIA/LUAD. Instead, there were more shared SCNA 

events (7/9 AAH exhibiting AIB), such as losses of 17p (encompassing TP53, NF1 

and ERBB2), 9p (CDKN2A) and 19p (encompassing STK11, KEAP1 and 

SMARCA4), and gains of 8q (MYC), 12p (KRAS and CDKN1B) and 1q (ABL2).  

 

In another cohort consisting of Asian patients, similar SCNA profiles between 

AIS/MIA and LUAD were reported, including chromosomal gains at 6p21.1 (NFKBIE), 

12p12.1 (KRAS), 12q15 (MDM2 and PTPRB) and chromosomal losses at 17p13.3 

(MNT) and 19p13.3 (encompassing MAP2K2, STK11,TLE2 and CRB3) (Hu et al., 

2019a). STK11 and CDKN2A were the most common tumour suppressor genes 
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(TSGs) involved in SCNA losses, and MDM2, MYC and TERT were the most 

common oncogenes involved in SCNA gains (Chen et al., 2019a).  

 

Chen and colleagues (Chen et al., 2019a) found that there was an increased 

frequency of human leukocyte antigen (HLA) loss of heterozygosity (LOH) in LUAD 

compared to AIS/MIA (16.7% vs. 3.1%) and that 60% of HLA LOH in these LUADs 

were accompanied by chromosome 6p loss, which none of the AIS/MIA lesions 

exhibited. Furthermore, decreased abundance of T cell or leukocyte infiltration was 

correlated with 6p gains/losses, 1q gains and 19p losses, all of which had higher 

frequencies in LUAD than AIS/MIA (Chen et al., 2019a). Therefore, it has been 

speculated that SCNA gains or losses could affect infiltration of immune cells and 

play a pivotal role in the development of invasive tumours. 

 

Although few studies have analysed sequencing data of squamous dysplasia or CIS 

lesions, one group reported a study of a cohort with CIS lesions sampled with 

longitudinal follow-up and reported the genetic and epigenetic landscape between 

progressive and regressive CIS lesions (Teixeira et al., 2019). Progressive CIS 

lesions carried more structural variants and SCNAs than regressive ones. The most 

frequent SCNAs in progressive CIS lesions included gains of 3q, 5p, 8q and 19q, 

and losses of 3p, 4q, 5q, 8p, 9p and 13q, which were common in invasive LUSC too 

(Teixeira et al., 2019). 

 

Taken together, current evidence suggests that SCNA events occur early even in 

pre-invasive lesions and promote the development of invasive tumours by 

cooperating with mechanisms of immune escape. Therefore, pre-invasive lesions 

exhibiting extensive SCNAs exhibit genetic diversity and increased potential of 

malignant transformation. 

1.3.2.2 Whole genome doubling and chromothripsis  

There have been debates around whether any early genetic alterations can be 

attributed to ongoing chromosomal instability (CIN) and SCNAs to promote genetic 

diversity and malignant transformation. Cancer cells surviving from a whole genome 

doubling (WGD) event might be more able to adapt under selection pressure 
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compared to those without WGD (Dewhurst et al., 2014; López et al., 2020). 

However, few studies have analysed genome doubling status in pre-invasive lung 

diseases as will be shown in Chapter 3 in this thesis. Therefore, in this section, I will 

summarise our understanding of WGD in precursors for other cancer types which 

could shed light on its role in malignant transformation. 

 

Pancreatic intraepithelial neoplasm (PanINs) lesions, the precursor to pancreatic 

carcinomas, can remain non-cancerous even after harbouring somatic mutations 

(Notta et al., 2016). But in certain genetic contexts such as TP53 and CDKN2A 

mutation, some PanINs can transform to invasive tumours, most of which exhibit 

chromothripsis and WGD (Notta et al., 2016). Chromothripsis has been described as 

a single catastrophic event which leads to massive numbers of genomic 

rearrangements involving one or two chromosomes as a result of mitotic segregation 

errors (Stephens et al., 2011). Chromothripsis has been detected in 65.4% of 

pancreatic carcinomas, 60% of which occurred before polyploidization, suggesting 

chromothripsis is an early event induced by mitotic segregation errors (Notta et al., 

2016). Further, chromothripsis has been identified to frequently involve gains of 

chromosome 18 and 12 which encompass oncogenes such as GATA6 and KRAS 

(Notta et al., 2016).  

 

In addition, pre-invasive and invasive lesions exhibiting TP53 mutations as an early 

event may harbour increased risk of chromothripsis and WGD. In Barrett’s 

esophagus (BE), which is considered to be the precursor to oesophageal carcinomas 

(Stachler et al., 2021), researchers identified that TP53 mutations may function as 

the first hit to facilitate sequential chromothripsis and WGD events, leading to 

chromosomal instability in BE samples. Among 60 tumours with co-occurrence of 

TP53 mutations and WGD, 54 (90%) harboured TP53 mutations before WGD, 

suggesting that TP53 mutation may be an early event occurring prior to 

chromothripsis and WGD (Stachler et al., 2015). 

1.3.3 Intra-tumour heterogeneity and branched evolution 

Spatial and temporal ITH have been studied extensively by analysing multi-regional 

sequencing data from invasive tumours (Jamal-Hanjani et al., 2017; Killcoyne et al., 
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2020; Turajlic et al., 2018b, 2018a; Zhang et al., 2019b) or between primary tumours 

and metastases (De Mattos-Arruda et al., 2019). Pre-invasive lesions exhibit ITH 

also, even though the evidence is limited since few studies have performed multi-

regional sequencing of pre-invasive lesions. In this section, I summarise our current 

understanding of ITH in invasive tumours and then in pre-invasive lesions. 

1.3.3.1 Applying ITH to time phylogenetic divergence in invasive tumours 

ITH based analyses could provide footprints of genetic alterations over the course of 

time during tumour evolution. To explore the genetic heterogeneity among different 

cellular populations, Navin and colleagues performed macro-dissection of multiple 

subpopulations from breast carcinomas and applied flow-sorting to cells into different 

ploidy status groups for further genomic profiling (Navin et al., 2010). Phylogenetic 

relationships between heterogeneous cellular subpopulations were constructed. The 

shared chromosomal breakpoints in all subpopulations were used to infer their 

common genetic ancestor and the proportions of other private genetic events 

between distinct subpopulations were used to infer the order of genetic alterations 

(Navin et al., 2010). With the application of this method, Navin and colleagues 

identified multiple tumour subpopulations with intermixed karyotypes and concluded 

that the biopsy of a single tumour region will underestimate the intra-tumour 

heterogeneity (Navin et al., 2010, 2011). 

 

Similarly, based on the assumption that a lineage which had evolved into malignancy 

could not reverse into normal status again (Navin et al., 2010), clonal genetic 

alterations are maintained during genetic diversification. Meanwhile, subclones 

exhibiting distinct genetic alterations could co-exist, among which those with high 

growth fitness could expand and outcompete other subclones which were less fit for 

proliferation (Gerlinger et al., 2014a). Phylogenetic construction of these genetic 

events could show the clonal and subclonal expansion within each tumour, which is 

mostly in a branched evolution model, rather than a linear evolution model (Figure 

2). With the application of multi-region sequencing data, the branched model of 

tumour growth during progression has been explored in various cancer types, such 

as lung (de Bruin et al., 2014; Jamal-Hanjani et al., 2017; Mattsson et al., 2012; 

Zhang et al., 2014), kidney (Gerlinger et al., 2014b; Mitchell et al., 2018; Turajlic et 
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al., 2018b, 2018a), brain (Suzuki et al., 2015), thyroid (Masoodi et al., 2019), 

oesophageal (Chen et al., 2017; von Loga et al., 2020; Murugaesu et al., 2015; Yan 

et al., 2019), pancreatic (Feng et al., 2021; Lomberk et al., 2018), liver (Dong et al., 

2018), colorectal (Liu et al., 2017), prostate (Espiritu et al., 2018; Woodcock et al., 

2020) and blood malignancies (Anderson et al., 2011; Corces et al., 2016; Li et al., 

2016). 

 

 

Figure 2. Branched and linear evolution models deciphered by phylogenetic 

construction. 

A. Branched evolution model. B. Linear evolution model. 
 

1.3.3.2 ITH in pre-invasive lung lesions 

There are challenges to performing multi-region sequencing in pre-invasive lung 

lesions, because they are quite small, making it difficult to yield enough DNA for next 

generation sequencing. Only a few studies have taken ITH in pre-invasive lung 

lesions into consideration.  
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Izumchenko and colleagues performed a study analysing targeted DNA sequencing 

data of 25 multifocal AAHs and multiple regions of their matched LUAD (N=6), AIS 

(N=5) or MIA (N=5) lesions (Izumchenko et al., 2015). Similar to LUADs, 

multiregional AIS or MIA were detected to exhibit private driver gene mutations (such 

as ATRX, PTEN and ARID1A). Besides, some AAH lesions carried mutations of the 

same driver genes (such as EGFR, TP53 and KRAS) as LUAD or AIS/MIA. 

Nevertheless, target region sequencing data in this study may not be applicable to 

identifying genome wide phylogenetic relationships between AAH and AIS/MIA/ 

LUAD. Another study explored branched evolution in pre-invasive lung lesions and 

LUAD by analysing multi-region WES data from 116 surgically resected lung nodules 

from 53 patients (Hu et al., 2019a), including 22 AAH, 27 AIS, 54 MIA and 13 LUAD 

lesions. The proportions of clonal mutations increased remarkably from AAH to 

AIS/MIA/LUAD, suggesting an ongoing clonal selection process where AAH evolved 

towards higher grades of pre-invasive and invasive lesions. 

1.3.4 Dynamic evolution of immune microenvironment in pre-invasive lesions 

The tumour microenvironment (TME), consisting of stromal and immune cells and 

extracellular components, is also involved in the progression process from pre-

invasive to invasive lesions. Although the biological and genetic mechanisms 

promoting progression or regression have not yet been clearly elucidated, 

mechanisms of immune surveillance and immune escape have been explored 

throughout the multiple stages between squamous dysplasia and CIS.  

 

First, mechanisms of immune surveillance involving innate and adaptive immune 

responses are found to be disrupted in progressive squamous dysplasia compared 

to regressive ones. Beane and colleagues analysed RNA-seq data of squamous pre-

invasive lesions sampled from heavy smokers and identified four molecular 

subtypes: Proliferative (N=52, 27.4%), Inflammatory (N=37, 19.5%), Secretory 

(N=61, 32.1%) and Normal-like (N=40, 21.1%) (Beane et al., 2019). In the 

Proliferative subgroup, which resembles LUSC lesions, genes involved in immune 

regulation and antigen processing pathways were decreasingly expressed in 

progressive or persistent pre-invasive lesions, compared with regressive ones 



Chapter 1. Literature review 

36 

 

(Beane et al., 2019). Consistent results were reported in another cohort (Teixeira et 

al., 2019). 

 

Secondly, immune escape and epithelial-mesenchymal transformation (EMT) are 

activated in severe dysplasia, CIS and LUSC (Mascaux et al., 2019). Mascaux and 

colleagues have explored the gene expression of 122 bronchial epithelial biopsies 

from 77 patients, including normal bronchial epithelium, hyperplasia, metaplasia, 

dysplasia, CIS and LUSC (Mascaux et al., 2019). Genes related to immune escape 

were increasingly highly expressed in severe dysplasia and CIS towards LUSC, 

compared to normal bronchial epithelium and lower grade dysplasia. Moreover, EMT 

was remarkably activated in LUSC, compared with other types of pre-invasive 

squamous lesions. It suggests that the activation of immune escape and the 

remodelling of the stromal TME in higher grade pre-invasive lesions are important 

for malignant transformation. Besides, genes related to proliferation were 

incrementally expressed from lower to higher grade squamous hyperplasia and 

invasive LUSC, as opposed to decreasingly expressed genes related to DNA 

damage responses, implying the necessity of an interplay between immune escape 

and genetic alterations (Mascaux et al., 2019), consistent with conclusions in another 

study (Denisov et al., 2019a).  

 

Similar mechanisms of interplay between the TME and genetic alterations have also 

been identified in AIS/MIA. As aforementioned, the decreased abundance of T cell 

infiltration and leukocytes were significantly related with chromosomal 6p changes, 

which occurred more frequently in LUAD than in AIS/MIA (Chen et al., 2019a), 

facilitating immune escape during development of invasive tumours. 

1.3.5 Clinical implications of exploring the genomic landscape of pre-invasive 

lesions 

Given that both stepwise and non-stepwise pathological changes are identified in 

pre-invasive lesions as precursors of LUAD and LUSC, it is challenging to predict 

whether a pre-invasive lesion progresses into an invasive tumour or not. A better 

understanding of the biological features of pre-invasive lesions could help identify 

subpopulations of “born-to-be-bad” cells within these lesions and genomic features 
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which could predict potential malignant transformation. These features could guide 

clinical strategy through identifying which patients are at high risk of malignancy and 

should be followed up more closely than other patients, which could change clinical 

practice through closer follow up/screening and also through changing treatments 

(such as by recommending surgery to someone who is at high risk). Therefore, 

further detailed characterisation of these pre-invasive lesions should shed light on 

how to differentiate progressive lesions from regressive ones, how to leverage 

survival benefits and surgical risks, and how to improve the decision tree for follow-

up strategies and early intervention. 

1.4 Tumour evolution relating to perturbed replication timing in 

cancer compared with normal cells 

As discussed above, there are different features leading to malignant transformation 

and tumour evolution, which include the accumulation of somatic mutations, positive 

selection of driver gene mutations, mutational processes, SCNAs, and changes in 

the immune microenvironment. However, little is known about what changes 

influence the remodelling of the genomic landscape and thus promote tumour 

development from the cell-of-origin through, the pre-invasive state and then to 

cancer.  

To ensure the genetic information is precisely passed on to two daughter cells in 

each cell cycle, DNA replication during the synthesis phase (S phase) is highly 

organised and temporally coordinated following a rigorous programme termed 

replication timing (RT), which describes the highly regulated temporal order of DNA 

replication during DNA synthesis (S phase), has been reported to relate to genomic 

(Kenigsberg et al., 2016; Koren et al., 2012; Woo and Li, 2012), transcriptomic 

(Müller and Nieduszynski, 2017; Siefert et al., 2017), and epigenetic (Du et al., 2019) 

alterations in cancer. Once replication error occurs in one cell cycle, it will be 

magnified by DNA replication in the following cell cycles, leading to the acquisition of 

somatic mutations. Although in normal cells replication timing is mostly conserved in 

around 50%-70% of the genome and dynamic in another 30% of the genome during 

the normal cellular development (Ryba et al., 2010), replication timing in cancer cells 

differs from their matched normal cell-or-origin (Rivera-Mulia et al., 2019). 

Perturbations of replication timing from the normal cell-of-origin towards cancer cells 
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are associated with genomic alterations and genome instability in cancer, which are 

hallmarks of tumour evolution (Donley and Thayer, 2013). 

 

Given that only a small fraction of the genome exhibits changes of replication timing 

during cellular development (Blumenfeld et al., 2017; Rhind and Gilbert, 2013) or 

during the malignant transformation from normal cell-of-origin to cancer (Rivera-

Mulia et al., 2019), it has been tempting to speculate whether these replication timing 

changes contribute to reshaping the genomic alterations in cancer and thus tumour 

evolution. 

 

Therefore, in the following sections, I summarise the current understanding of 

replication timing in normal and cancer cells, which could lay a foundation to explore 

the relationship between replication timing changes and genomic alterations in 

cancer. 

1.5 Replication timing programme in normal and cancer cells 

1.5.1 Replication timing in normal cells 

To ensure genetic information is precisely passed on to two daughter cells in each 

cell cycle, DNA replication during S phase is highly regulated and temporally 

coordinated following a rigorous programme, which is called the replication timing 

(RT) programme (Rhind and Gilbert, 2013). In the RT programme, genomic regions 

are replicated either in early or in late S phase. DNA replication consists of multiple 

stages which could be summarised as two major processes in G1 and S phase: DNA 

replication initiation and DNA elongation (Figure 3). The former is considered to be 

the bottleneck of replication timing (Figure 3).  

 



Chapter 1. Literature review 

39 

 

 

Figure 3. Major steps during DNA replication initiation in G1 and S phase. 

T0. G1 phase before the DNA replication initiation starts. To better elucidate the 
differences between early and late replicating regions, although the DNA replication 
has not started, the genome regions which are replicated in early or late S phase are 
labelled in pink or green. There are three types of replication origins. 1. The 
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constitutive origins, all of which are activated in S phase in all cells, are mainly 
located at early replicating regions. 2. The flexible origins, all of which are licenced 
but only a small fraction (around 20%-30%) of which are activated in S phase (with 
flexible origin activation being tissue-specific and cell-type specific), are located 
either at early or late replicating regions. 3. The dormant origins, all of which are 
licensed but only a few of which are activated only under the situation of DNA 
damage, are mainly located at early replicating regions. 
T1. Origin licensing in G1 phase. The formation of pre-RC consists of ORC loading, 
CDC6 binding and MCM helicase complex (i.e., MCM2-7) loading. At this step, all 
replication origins are licensed. 
Two processes (T2 and T3) are involved during the origin firing. 
T2. Pre-IC assembly in G1-S phase. CDKs and DDK promote the binding of 
replication factors (such as MCM10, CDC45, Pol ε, etc.) to pre-RC and thus the 
formation of pre-IC. At this step, all constitutive origins and a small fraction of 
selected flexible origins harbour the pre-IC assembly. 
T3. Origin firing in S phase. CDKs and DDK activate the helicase complex and 
promote DNA unwinding. The pre-IC is converted into two replication forks (by 
replication factor C and some other DNA polymerases). At this step, only replication 
origins with pre-IC assembled are fired. Other adjacent replication origins which are 
not fired are silenced probably by the checkpoint kinase 1 and 2, but the mechanisms 
of silencing adjacent origins have not been fully understood. 
Replication elongation after T3. Two replication forks move towards opposite 
directions to complete the DNA replication in S phase before the entry to mitosis. 
T4. Rescuing DNA replication in S phase under DNA damage. If DNA damage 
occurs at early S phase, the dormant origins are activated to complete the DNA 
replication. Besides, due to the high efficiency of DNA damage response (DDR) in 
early S phase, high fidelity of DNA replication is achieved after DDR. However, there 
is a lack of dormant origins in late replicating regions and the DDR efficiency is quite 
poor in late S phase. When DNA damage occurs at late S phase, it takes longer to 
restart DNA replication and the replication is error prone. 
This figure is modified from a published paper (Fragkos et al., 2015). Moreover, more 
details about the differences between early and late replicating regions are also 
demonstrated in this figure. 
(Abbreviations: pre-RC, pre-replication complex; ORC, origin recognition complex; 
MCM, mini-chromosome maintenance helicase complex; DDK, DBF4-dependent 
kinase; CDKs, cyclin-dependent kinases; pre-IC, pre-initiation complex; Pol ε, DNA 
polymerase ε; DDR, DNA damage response.) 
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There are two major steps during DNA replication initiation (Fragkos et al., 2015) 

(Figure 3). The first step is to load the pre-replication complex (pre‑RC) proteins 

sequentially after recognising all potential replication origins across the whole 

genome, which is known as origin licensing in the G1 phase (T1 in Figure 3). The 

second step is to assemble the pre-initiation complex (pre‑IC) and activate the mini-

chromosome maintenance (MCM) complex to activate a small fraction of licensed 

replication origins, which is known as origin firing in G1 and S phase (T2 and T3 in 

Figure 3). The replication origins that are activated during the second step are called 

active origins (Fragkos et al., 2015). Unlike yeast, mammalian cells do not have fixed 

replication origins (Massip et al., 2019). The activation of flexible origins in 

mammalian cells is tissue specific and cell-type specific (Fragkos et al., 2015). 

 

The replication unit which is regulated by each active origin is called a replicon 

(Figure 4A). The size of each replicon ranges from 50kb to 120kb (Fragkos et al., 

2015). Several replication origins in close spatial proximity in the 3D chromosome 

structure can cluster together and be fired synchronously to initiate the replication of 

several replicons at the same time. These replicons that are being replicated 

synchronously due to the firing of replication origins in 3D proximity form a replicon 

cluster called a replication domain (Figure 4B), the size of which ranges from 0.4Mb 

to 1Mb (Renard-Guillet et al., 2014; Rhind and Gilbert, 2013). The replication domain 

has been described as a megabase-sized U-shaped structure (Baker et al., 2012). 

The temporal order of replication for each chromosomal region within the replicon is 

determined by when the closest replication origin is activated and how far this region 

is from this activated replication origin.  
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Figure 4. The distinct compositions of replication domains in early and late 

replicating regions. 

A. Each genome region being regulated by an activated origin is a replication unit, 
known as a replicon. Within each replicon, there may be another two or three 
silenced origins which could be either dormant or flexible origins. More replication 
origins are distributed in early than in late replicating regions. 
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B. Several activated origins in 3D proximity are fired synchronously, leading to the 
replication of several replicons at the same time (the replicon cluster, known as a 
replication domain). The chromatin structure of early replicated domains is more 
accessible than that of late ones. 
C. The spatial localisation of early and late replicating domains in the nucleus is 
distinct. The early replicating regions are mostly located in the interior of the nucleus, 
which mainly constitute the euchromatin. Conversely, the late replicating regions are 
mainly located in the periphery of the nucleus, constituting the heterochromatin. 
D. Several genomic and epigenetic features of early and late replicating regions are 
quite distinct. From early towards late replicating regions, there is a decrease in gene 
density, replication origins, GC content, chromatin accessibility and gene 
transcription level. Besides, the DDR is more efficient in early than in late S phase. 
The overall mutation burden is higher in later than in early replicating regions, 
whereas APOBEC-mediated mutagenesis is enriched in early rather in late 
replicating regions. 
(Abbreviations: RT, replication timing; APOBEC, Apolipoprotein B mRNA-editing 
enzyme catalytic polypeptide-like; GC content, guanine-cytosine content; DDR, DNA 
damage response.) 
 
 
This RT programme is reproducible and inheritable, leading to the high fidelity of 

temporally coordinated DNA replication in daughter cells. Around 50%-70% of the 

genome in different cells is replicated in a similar order, despite the fact that slight 

changes of replication timing in different tissue types occur during developmental 

processes (Ryba et al., 2010), which is known as tissue specific replication timing. 

Evolutionary dynamics of replication timing profiles could differentiate tissue specific 

cell types (Ryba et al., 2010). A large proportion (about 70%) of chromosome regions 

have highly conserved replication timing (known as constant replication timing 

regions) and another 30% of chromosome regions may exhibit different replication 

timing, presenting a developmental switching pattern between early and late S phase 

under developmental control (Blumenfeld et al., 2017; Rhind and Gilbert, 2013), in 

part due to the tissue specific activation of flexible replication origins (T0 to T2 in 

Figure 3). The genome consists of early and late replicating regions, and transition 

timing regions located between the two which might switch timing during normal 

cellular development. However, the biological mechanisms regulating replication 

timing remains largely unclear. It is considered that the relatively conserved temporal 

order of DNA replication is vital to maintain genome stability, and meanwhile 

replication timing changes may relate to genome instability. 
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1.5.2 Replication timing in cancer cells 

Recent studies have revealed that perturbations of replication timing in cells 

associate not only with the genetic mutational landscape (Fritz et al., 2013; Koren et 

al., 2012; Woo and Li, 2012) and chromosomal rearrangements (Blumenfeld et al., 

2017; Koren et al., 2014; Wei et al., 2018) in cancer (Figure 4D), but also with 

alterations of gene expression (Müller and Nieduszynski, 2017) and epigenetic 

alterations (Du et al., 2019). Accumulating evidence suggests that replication timing 

changes can result in the emergence of abnormal cells and facilitate tumour 

development. 

1.5.3 DNA sequence composition in early and late replicating regions 

The DNA sequence composition is distinct between early and late replicating 

genome regions (Figure 4). First of all, replication origins are enriched in early 

replicating regions compared to late ones. Replication origins being licensed in G1 

phase are far more abundant than required to accomplish DNA replication (Boos and 

Ferreira, 2019; Fragkos et al., 2015). Thus, not all licensed origins are activated to 

initiate DNA synthesis in S phase. As aforementioned, dormant origins are usually 

inactive and are activated only when the active origins nearby are compromised and 

fail to complete the replication of a replicon. There are more active origins distributed 

in early than in late replicating regions (Courtot et al., 2018). The distinct distributions 

of replication origins might be related to the higher density of genes in early 

replicating regions and lower gene density in late replicating regions.  

 

Secondly, the density and the function of genes distributed in early or late replicating 

regions are also distinct (Koren et al., 2012). Most cellular growth or development 

related genes are located in early replicating regions, the amplification of which could 

lead to overgrowth of cells. On the contrary, tissue specific genes, which may be 

essential only to specific tissue types, mostly reside in late replicating regions, such 

that mutations of genes in late S phase may be more tolerable (Macheret and 

Halazonetis, 2018). Also, more than half of all genes reside in GC-rich regions which 

are mostly located in early rather than late replicating regions (Kenigsberg et al., 

2016; Watanabe et al., 2009). Previous researchers have found that cancer-

associated genes are enriched in GC-rich isochores which have features resembling 
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those of transition timing regions, suggesting that these cancer-associated genes 

may highly possibly go through replication timing changes from normal to cancer 

cells (Watanabe et al., 2009). 

 

Thirdly, genes with early or late replication timing exhibit different expression levels 

(Figure 4D). Almost 75% of transcribed genes are replicated in early S phase 

(Rivera-Mulia and Gilbert, 2016). This suggests that early replication timing may 

relate to the increased expression levels of genes which are necessary to support 

cellular functions during S phase. Furthermore, early S phase is characterised by 

sufficient dNTP pools as substrates for DNA replication and efficient DNA damage 

repair pathways, in order to diminish potential replication errors of transcribed genes.  

 

Additionally, centromeres and telomeres - DNA sequences characterised by 

repetitive elements - have been identified as hotpots for the generation of common 

fragile sites (CFS). Most of these difficult-to-replicate regions are distributed in late 

replicating regions  (Debatisse et al., 2006; Maccaroni et al., 2020a; Smith et al., 

2001), and some in early replicating regions (Barlow et al., 2013). 

1.5.4 Chromatin structure and spatial organization of the genome in early and 

late replicating regions 

Early replicating regions, which mostly constitute euchromatin, are more accessible 

and mostly located in the interior of the nucleus (Figure 4C-D). Conversely, the late 

ones constituting heterochromatin are mostly located in the periphery of the nucleus. 

The High-resolution Chromosome conformation capture (Hi-C) technique has been 

applied to map the 3D structure of the genome, by which substructures of 

chromosome compartments are identified as topologically associating domains 

(TADs) (Oluwadare et al., 2019). When replication timing profiles are mapped to Hi-

C outputs, these TADs are well reconciled with replication domains (Dileep et al., 

2015a; Pope et al., 2014), suggesting an interplay between chromatin structure and 

replication timing. Early replicating regions consist mostly of open chromatin which 

carries highly transcribed genes, whereas late replicating regions are more 

associated with condensed heterochromatic regions which are transcriptionally 

inactive (Dileep et al., 2015a; Pope et al., 2014). The Assay for Transposase-
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Accessible Chromatin with high-throughput sequencing (ATAC-seq), which is 

applied to quantify chromosomal accessibility, further validates this observation 

(Heide et al., 2021). It also implies that replication timing could reflect the spatial 

organisation of the genome in the interphase nucleus. Early replicating regions are 

located in the interior of the nucleus, compared to late replicating regions which 

mostly reside at the periphery of the nucleus (Fu et al., 2018). The correlation 

between replication timing and nuclear localisation may contribute to the bodyguard 

protection hypothesis (Qiu, 2016). In this hypothesis, late replicating regions which 

are located at the peripheral nucleus function as a physical barrier like a bodyguard 

to protect early replicating regions located in the central nucleus from exogenous 

carcinogen insults (Qiu, 2016).  

 

However, despite the close relationship between chromatin structure and replication 

timing, changes in chromosomal accessibility do not always lead to replication timing 

changes. For instance, although chromosomal accessibility in cancer is found to be 

generally increased compared to normal cells (Heide et al., 2021), the genome 

regions with a more open chromatin structure are not always replicated in early S 

phase. The mechanisms coordinating chromatin structure and replication timing 

remain largely elusive. 

1.5.5 Methods to quantify genome-scale replication timing 

There are several methods to quantify replication timing. Here, I will only focus on 

methods which quantify genome-scale replication timing with the application of high 

throughput sequencing, known as the Repli-seq protocol. The most widely used 

protocol is to sequence BrdU (bromodeoxyuridine) labelled, newly replicated DNA 

fragments (Marchal et al., 2018; Ryba et al., 2011), which is also the one applied in 

this thesis (Figure 10 in Chapter 2). Newly replicated DNA fragments from flow-

sorted cells in early or late S phase are sequenced. Then the ratio of early to late 

reads across the whole genome is calculated to quantify genome-scale replication 

timing. In another protocol, asynchronized growing cells are sorted into G1 and S 

phase for WGS (Yehuda et al., 2018). The ratio of S/G1 reads is calculated for 

replication timing. Both methods can generate high resolution maps of genome-scale 

replication timing. 
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Alternatively, a single cell Repli-seq (scRepli-seq) protocol has been reported to 

evaluate cell-to-cell diversity of replication timing (Miura et al., 2020; Takahashi et 

al., 2019). In brief, single cells in G1 or mid-S phase are sorted by FACS and applied 

to whole genome amplification and sequencing. Mid-S read counts normalised by 

G1 read counts are divided by median genome-wide read counts, the value of which 

is defined as the mid-S RT score. 

 

Given the conserved replication timing in most of the genome, replication timing 

profiles generated by these three Repli-seq protocols are generally consistent with 

each other. As this thesis focuses on replication timing changes between cancer and 

normal cells (which could be considered to be two different cell populations), the bulk 

Repli-seq protocol, instead of the single cell Repli-seq protocol, has been applied to 

calculate the ratio of early- and late-S read counts (details in Section 2.6.2 in Chapter 

2). 

1.6 Relationship between replication timing and genomic 

alterations in cancer 

 Mounting evidence has revealed the role of replication timing not only in the 

development of normal tissues (Rivera-Mulia et al., 2015, 2017; Takahashi et al., 

2019), but also in genetic alterations in cancer (Liu et al., 2013; Woo and Li, 2012). 

However, how the replication timing programme is changed during malignant 

transformation remains elusive, mainly due to the lack of the matched cell-of-origin 

for each cancer type to elucidate the replication timing changes properly. To further 

explore the role of replication timing changes during tumour evolution, it is vital to 

figure out whether and how the genetic landscape in cancers is remodelled by RT 

changes. In following sections, I will summarise our current understanding of the 

connection between replication timing and genomic alterations in cancer and explain 

the potential biological mechanisms behind these connections. 

1.6.1 Increased somatic mutation rates in late replicating regions 

Increasing accumulation of single nucleotide polymorphism (SNPs) in late replicating 

regions in the genome of normal human cells has been revealed, independent of the 
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type of substitutions and GC content (Stamatoyannopoulos et al., 2009) (Figure 4D). 

Replication timing profiles of six human lymphoblastoid cell lines further validated 

that this tendency of higher mutations rates in late replicating regions was not 

affected by whether these regions were transcribed or non-transcribed (Koren, 2014). 

Moreover, somatic mutation rates in cancer are increased not only in late replicating 

regions (Liu et al., 2013; Woo and Li, 2012), but also in genome regions which are 

in spatial proximity to these late replicating regions (Liu et al., 2013). This suggests 

a role for replication timing in remodelling the genomic mutation landscape in cancer 

cells. Mutation rates are also related to the 3D genome localisation in the nucleus 

(Akdemir et al., 2020), with higher rates in heterochromatin residing in the nuclear 

periphery but lower rates in euchromatin located in the central nucleus. Whether the 

crosstalk between replication timing and chromatin structure contributes to the 

disparities of mutation rates in early and late replicating regions remains 

undetermined. 

 

Mechanisms leading to increasing mutation rates in late S phase have not been fully 

understood. There are some hypotheses proposed in the literature. First, 

deoxynucleotide triphosphate (dNTP) pools which are the building blocks for DNA 

replication are significantly consumed in early S phase, resulting in a lack of free 

dNTPs in late S phase, thus increasing the chance of inducing error-prone replication 

(Malínský et al., 2001). This could happen in normal and cancer cells, but cancer 

cells which proliferate fast may suffer more from the depletion of free dNTPs in late 

S phase. Secondly, the depletion of dNTPs in late S phase limits the efficiency of 

DNA damage repair (Chen et al., 2019b; Gómez-González and Aguilera, 2019; 

Hamperl et al., 2017). This also leads to error-prone repair and thus increased 

mutation rates in late replicating regions. Third, late replicating regions are mostly 

located in heterochromatin, which is more condensed and less accessible by DNA 

damage repair proteins compared to early replicating ones. This also results in the 

poor efficiency of DNA damage repair in late S phase (Dileep et al., 2015b). Other 

reasons resulting in under-replication of the genome in late S phase are also 

responsible for the increased mutation rates, such as the rarity of active replication 

origins and the limited time available for late replicating chromosome regions to be 

synthesised entirely before entry into mitosis (Stamatoyannopoulos et al., 2009). 

Furthermore, late replicating regions are located in the nuclear periphery and thus 
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are thought to be vulnerable to exogeneous carcinogen insults causing DNA damage. 

These different mechanisms may also co-operate with each other to reshape the 

genomic landscape in cancer. 

1.6.2 Replication timing of somatic copy number alterations  

SCNAs are not randomly distributed in the genome either, similar to the skewed 

distribution of somatic mutations as discussed above. However, unlike the clear 

correlation of increased mutation rates with late replicating regions, the connection 

between SCNAs and replication timing does not follow specific rules in cancer. 

Considering that SCNAs are the hallmark of tumorigenesis (Hanahan and Weinberg, 

2011), understanding whether and how replication timing changes in the genome 

remodel the SCNA landscape are key questions to explore. The distribution of 

genomic breakpoints varies across different cancer types, among which higher 

incidences of insertions are identified in early rather than late replicating regions in 

breast cancers and neuroblastomas, whilst more breakpoints have been observed 

in late rather than early replicating regions in colorectal cancers and melanoma (Drier 

et al., 2013). Although there is an overall increased rate of SCNAs in late replicating 

regions, SCNA losses preferentially occur in late replicating regions, whereas gains 

or amplifications tend to be enriched in early replicating regions (De and Michor, 

2011). Furthermore, loss of heterozygosity (LOH) events are mostly detected in early 

replicating regions, which might be because homologous recombination is more 

active in early S phase, where it is necessary to rescue stalled replication forks and 

could incidentally induce LOH when the homologous chromosome is used as a 

template to complete DNA replication (Pedersen and De, 2013). 

 

The mechanistic relationship between SCNAs and replication timing is still a matter 

of speculation and debate. Different activities of DNA damage repair mechanisms in 

early or late S phase may be responsible for the distinct SCNA profiles in early or 

late replicating regions, especially when DNA damage is caused by compact 

chromatin structure, exogeneous carcinogens or other sources of replication stress 

(Fudenberg et al., 2011). One study revealed that homologous recombination (HR) 

mediated SCNAs were more than 4-fold enriched in early replicating regions (Koren 

et al., 2012). This may be because HR mechanisms mostly either involve DNA 
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synthesis and replicative repair which lead to SCNAs and LOH, or associate with 

junctions which leads to translocations in early S phase (Hastings et al., 2009). The 

activation of HR mechanisms is mostly related to increased levels of double strand 

breaks (DSB) which could result from collisions between replication and transcription 

machineries in early S phase. In addition, compared to the rarity of replication origins 

in late replicating regions, there are more active and dormant replication origins in 

early replicating regions which could be sources of excessive origin firing in the case 

of their dysregulation (Courtot et al., 2018). Increased risk of excessive origin firing 

results in re-replication of genomic regions and thus SCNA gains in early S phase 

compared with late S phase.  

 

On the contrary, non-homologous mechanisms are about 2-fold enriched in late 

replicating regions, compared to early replicating regions (Koren et al., 2012). Thus, 

SCNA losses related to non-homologous mechanisms are predominant in late 

replicating regions, whilst SCNA losses related to HR mechanisms are more 

enriched in early replicating regions (Koren et al., 2012). This implies that the 

mechanisms causing specific SCNA events, instead of merely SCNA gains or losses, 

makes a difference to the relationship between SCNAs and replication timing. 

1.6.3 Replication timing of cancer-associated genes 

The relationship between cancer-associated genes and replication timing is distinct 

in different cancer types, which might be due to their tissue specific replication timing. 

A subset of cancer-associated genes, such as TP53, RAD51, ATM, PTEN and MYC, 

have been identified to exhibit earlier replication timing in breast cancer cells 

compared to normal breast cells (Fritz et al., 2013). Although recurrently mutated 

genes are mostly enriched in late replicating regions, late replicating regions are 

known to lack cancer driver genes, compared with early replicating regions which 

exhibit a higher fraction of cancer driver genes in relation to all genes (Woo and Li, 

2012). Other studies have analysed a set of oncogenes (OGs) and tumour 

suppressor genes (TSGs) which are frequently amplified or deleted across several 

cancer types (De and Michor, 2011). It was identified that most cancer-associated 

genes constantly exhibit early replication timing, even though the boundaries of 
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SCNAs are more frequently located in regions with similar replication timing (De and 

Michor, 2011).  

 

In addition to early and late timing regions, a third category of replication timing region 

constituting timing transition regions (TTR) exists. TTRs are distributed between 

early and late replicating regions during S phase (Watanabe et al., 2002, 2004). 

These TTRs, which are found to be enriched with fusion genes, oncogenes and 

TSGs (Donley and Thayer, 2013; Watanabe and Maekawa, 2010), are susceptible 

to replication fork stalling, error-prone replication and replication timing changes 

(Watanabe and Maekawa, 2010). This suggests that replication timing changes of 

TTRs could affect genetic alterations of these cancer-associated genes and thus 

reshape the genetic landscape of cancers. 

 

Nevertheless, some major questions about the connection between replication 

timing changes and cancer-associated genes remain elusive. For instance, 

questions remain around whether the early replication timing of cancer-associated 

genes is a protective mechanism preventing these genes from being mutated, 

whether the replication timing of these cancer-associated genes is changed between 

normal and cancer cells to promote tumour initiation, and whether replication timing 

changes will increase the frequency of mutations or SCNAs and contribute to the 

emergence of a malignant tumour. These poorly explored questions warrant further 

study. 

1.7 Causes of replication timing changes in cancer 

Although extensive work has been done to explore the causes of replication timing 

changes in cancer, little is known about the underlying mechanisms. Factors 

affecting the two major steps of the DNA replication process - the licensing and firing 

of replication origins and the elongation of DNA replication - could induce fork stalling 

and replication stress (Briu et al., 2021; Gaillard et al., 2015). Increased replication 

stress induces replication timing changes in different scenarios (Macheret and 

Halazonetis, 2018; Schmidt et al., 2021). First, replication timing could be advanced 

in some genome regions (Macheret and Halazonetis, 2018) when replication origins 

are excessively fired and MCM proteins are over loaded, or in the situation where 
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entry to S phase from G1 has become earlier, or when there is a more open 

chromatin structure. In these early replicating regions, the chance of collisions 

between replication and transcription machineries is increased, which in turn leads 

to under-replication and the delay of replication timing (Meryet-Figuiere et al., 2014; 

Müller and Nieduszynski, 2017; Siefert et al., 2017).  

 

On the other hand, replication timing could be delayed in the case of insufficient firing 

of replication origins, deletions of MCM, condensed chromatin structure, or earlier 

entry to mitosis from late S phase. Replication stress could alter replication timing 

which is then inherited from the parent to daughter cells (Courtot et al., 2021). 

Meanwhile, replication timing changes could also exacerbate replication stress 

(Macheret and Halazonetis, 2018). Cells with excessive replication stress end up 

undergoing either senescence and cell death, or survival and outgrowth to initiate 

the emergence of tumours with accelerated chromosome instability (Gaillard et al., 

2015; Macheret and Halazonetis, 2015). 

 

In this section (Figure 5A), I will summarise the causes of replication stress resulting 

in altered replication timing, and the mechanisms of replication timing changes which 

are closely related to genomic instability and tumorigenesis. In the following sections 

(Figure 5B-D), I will elucidate the consequences of altered replication timing and how 

it may contribute to malignant transformation. 
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Figure 5. Causes and effects of altered replication timing relating to genomic 

landscape and malignant transformation in cancer cells. 

A. Causes of altered replication timing. 
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B. The altered replication timing (ART) between the normal and cancer cell, i.e., 
earlier (Late-to-Early switch) or later RT (Early-to-Late switch) in cancer cell. 
C. The altered chromatin accessibility and spatial localisation in the nucleus 
occurring in earlier or later replicating regions. 
D. Effects of earlier and later RT relating to genomic and transcriptomic alterations. 
E. Earlier and later RT regions relate to the malignant transformation from normal 
cell-of-origin towards cancer. 
(Abbreviations: RT, replication timing; RS, replication stress; DDR, DNA damage 
response; CIN, chromosome instability.) 
 

1.7.1 Alterations of genes involved in DNA replication process 

Many genes co-ordinate with each other during the multi-step process of DNA 

replication to ensure a high fidelity of genome duplication. Genes involved in the 

licensing or firing of replication origins (Fragkos et al., 2015), such as mini-

chromosome maintenance (MCM) genes (Ishimi, 2018) and genes in ATM- and 

ATR-signalling pathways (Shechter et al., 2004), are particularly vital to maintaining 

normal replication timing. Dysregulations or deletions of these genes cause shifts 

between early and late RT in different genome regions. For instance, mutations of 

MCM genes and a reduction of MCM proteins could significantly delay replication 

timing across the genome in budding yeast cells (Dukaj and Rhind, 2021).  

 

Second, the dysfunction of regulators of replication timing can also perturb replication 

timing. The DNA damage response Ser/Thr protein kinase ATR (ataxia 

telangiectasia and Rad3‑related protein), which activates checkpoint kinase 1 

(CHK1), and the Ser protein kinase ATM (ataxia telangiectasia mutated), which 

activates checkpoint kinase 2 (CHK2), could silence inactivated origins adjacent to 

activated origins during origin firing (T3 in Figure 3) (Fragkos et al., 2015). Hence, 

under normal conditions, the ATR-CHK1 and ATM-CHK2 axes could regress re-

replication and avoid replication stress caused by re-replication. Reduced efficiency 

of the ATR and ATM signalling pathways leads to failure to regress re-replication, 

resulting in excessive activation of replication origins and the acceleration of 

replication. Replication timing regulatory factor 1 (RIF1) in humans, which is 

regulated by ATM and is the homologue of Rap1-interacting-factor-1 in yeast, is 

considered to be a key regulator of replication timing (Yamazaki et al., 2012). When 

RIF1 is deleted or mutated, remarkable shifts of early-to-late or late-to-early 



Chapter 1. Literature review 

55 

 

replication timing are detected (Yamazaki et al., 2012), with dysregulated replication 

timing between multiple interactive replication domains and re-organisation of their 

nuclear architecture in the nucleus (Foti et al., 2016). 

1.7.2 Oncogene-induced replication stress 

Oncogene-induced replication stress is crucial to promote genomic instability and 

tumorigenesis. It has been demonstrated that overexpression of oncogenes such as 

CCNE1 and MYC can accelerate entry into S phase during G1 phase and thus 

advance replication timing (Macheret and Halazonetis, 2018). The biological process 

causing the premature entry to S phase relates to the extra activation of dormant 

intragenic replication origins (Macheret and Halazonetis, 2018). There are two major 

consequences. First, the time interval between transcription in G1 phase and the 

earlier replication in early S phase is shortened, raising the risk of collisions between 

transcription and replication machineries and subsequent DNA double-stranded 

breaks and chromosomal rearrangements (Macheret and Halazonetis, 2018). 

Second, over-consumption of DNA damage repair materials in early S phase results 

in a further depletion of efficient DNA damage repair pathways in late S phase, 

raising the possibility of error-prone replication, somatic mutations and SCNAs in late 

replicating regions. Both consequences contribute to genomic instability in cancer 

(Koren et al., 2012). 

1.7.3 DNA damage induced replication stress 

As discussed above, sources of DNA damage and replication stress are quite 

pervasive and could preferentially affect genomic regions with early or late replication 

timing. Mutational signatures induced by exposure to some exogeneous carcinogens 

such as ultraviolet light (SBS7) and tobacco (SBS4) are enriched in inactive domains 

which are counterparts of late replicating regions  (Akdemir et al., 2020). This is 

possibly because of the bodyguard hypothesis that late replicating regions located in 

the periphery of the nucleus could act as physical barriers to respond to exogeneous 

carcinogens and protect early replicating regions in the central nucleus (Qiu, 2016). 

On the contrary, the enrichment of APOBEC-mediated mutagenesis (SBS2 and 

SBS13) is detected in active domains which are associated with early replicating 
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regions (Akdemir et al., 2020), which may result from increased levels of single 

strand DNA in early S phase, the substrate of APOBEC enzymes.  

 

In addition, low doses of aphidicolin (APH) and hydroxyurea (HU) treatment could 

induce replication stress and lead to the generation of fragile sites, a hallmark of 

cancer (Glover et al., 2005). Under conditions of replication stress caused by APH 

or HU treatment, the ATR-CHK1 pathway is activated to restart stalled replication 

forks and complete DNA replication in S phase by preventing premature entry to 

mitosis (Glover et al., 2005). The inactivation or insufficiency of the ATR-CHK1 axis 

could lead to a failure to restart DNA replication and thus the delay of replication 

timing. Moreover, APH and HU treatment may affect late or early replicating regions 

in different ways. Low doses of APH, a DNA polymerase inhibitor of DNA synthesis, 

affects the replication of large genes or actively transcribed genes which require a 

long time to accomplish DNA replication. Fragile sites induced by APH frequently 

reside in late replicating regions, which are known as common fragile sites (CFS) 

(Fungtammasan et al., 2012; Kumar et al., 2019). On the other hand, low doses of 

HU, which is an anti-neoplastic drug, inhibits DNA synthesis by depleting 

deoxynucleotide pools which are desperately needed in actively transcribed early 

replicating regions (Schlacher et al., 2012), or by inducing deficiencies in 

homologous recombination (HR) pathways which are more active in early S phase. 

Therefore, low dose of HU treatment preferentially promotes the formation of early 

replicating fragile sites (ERFS) in early replicating regions (Barlow et al., 2013). It is 

therefore reasonable to speculate that replication timing changes in response to 

replication stress caused by anti-neoplastic drugs are related to resistance to 

treatment and genomic instability in cancer. 

1.8 Effects of replication timing changes contributing to tumour 

evolution 

Replication timing has been considered as an inheritable epigenetic feature in cells, 

which is dynamic among multiple lineages of cells (Ryba et al., 2012; Sasaki et al., 

2017) or between cancer cells and the normal cell-of-origin (Du et al., 2019). The 

latter has been shown to relate to the genomic landscape in cancer. However, 

although replication timing is a known contributor of somatic mutagenesis in cancer, 
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the extent to which DNA replication timing is altered in cancer compared to the 

normal cell-of-origin and how this phenomenon impacts somatic mutational diversity 

and tumour evolution are largely unknown. Furthermore, it is challenging to 

experimentally manipulate replication timing either locally or globally in eukaryotic 

genomes, making it difficult to directly explore consequences of replication timing 

changes. In this section, I will summarise potential effects of replication timing 

changes on genomic alterations, gene expression and chromosomal accessibility 

(Figure 5B-E), which could also in turn affect replication timing.  

1.8.1 Effects of replication timing changes on genomic alterations 

The causal effects of RT changes and genomic alterations have not been fully 

understood. If some genomic regions exhibit early-to-late replication timing shifts 

which are described as later replication timing, they could harbour similar properties 

to other late replicating regions, such as increased somatic mutation rates and 

deleted SCNAs (as discussed previously in Section 1.6 in this chapter); the opposite 

could be true for genomic regions exhibiting late-to-early shifts, described as earlier 

replication timing. 

1.8.2 Effects of replication timing changes on gene expression 

Some studies have tried to delay local replication timing experimentally in yeast and 

have discovered that the expression level of genes residing in this later region was 

decreased to only 50% of the original expression level (Müller and Nieduszynski, 

2017). However, no studies have managed to experimentally modify RT in eukaryotic 

cells, so it is still largely unknown how RT changes affect gene expression more 

widely. Most studies have been focussed on correlations between RT changes and 

gene expression as discussed previously in Section 1.5.3 in this chapter. The 

potential mechanism behind this connection is that early replicating regions exhibit a 

more open chromatin structure and are enriched with more active epigenetic 

markers, whereas late replicating regions exhibit a condensed chromatin structure 

and regressive epigenetic markers which lead to decreased activities of transcription 

(Du et al., 2019). Further studies exploring the causal effects are imperative. 
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1.9 Conclusions 

In this chapter, I have summarised our current understanding of the genomic 

evolutionary trajectories occurring from pre-invasive lesions to invasive tumours, the 

role of replication timing changes in cancer, and its contribution to tumour evolution 

(Figure 5). Firstly, it is important to perform an integrative analysis of matched pre-

invasive and invasive lesions to explore the phylogenetic divergence between the 

two lesion types. Secondly, analyses of clonality-based phylogenies, instead of 

region-based ones, are necessary to track the subclonal diversification during the 

malignant transformation from pre-invasive lesions towards invasive tumours. 

Moreover, how the genetic landscape in cancer is remodelled during tumour 

evolution remains largely elusive. The replication timing programme has been widely 

studied and found to be associated with genomic alterations, transcriptional and 

epigenetic activities. However, the extent of the replication timing changes between 

normal and cancer cells across the genome remains elusive. Furthermore, it is 

imperative to investigate whether these genome regions with replication timing 

changes contribute to genome instability, positive selection of mutations and tumour 

evolution. Considering the fact that replication timing is tissue specific, the cell-of-

origin matched to a specific cancer type should be applied to clearly define replication 

timing changes between normal and cancer cells. Unfortunately, this has not been 

well documented in the literature. 

 

In the next chapters of this thesis, I have investigated the following research 

questions to investigate the role of genomic alterations and changes in replication 

timing during malignant transformation in tumours: 

1. What are the genomic evolutionary patterns from pre-invasive lesions 

progressing towards an invasive tumour? 

2. What genome-wide replication timing (RT) changes exist between cancer 

cells and matched normal cell-of-origin? How should we define genomic 

regions exhibiting early-to-late (later) or late-to-early (earlier) shifts of 

replication timing? 

3. What is the distinct DNA sequence composition in genomic regions exhibiting 

earlier or later RT changes in cancer cells? 
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4. Do particular RT changes associate with specific genomic landscape features, 

such as somatic mutations, mutational signatures, SCNAs and gene 

expression in cancer? 
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Chapter 2. Materials & Methods 

2.1 Patient cohort 

2.1.1 Screening of patients in TRACERx study 

All patients diagnosed with stage I-III primary NSCLC screened in this study were 

enrolled in TRACERx [TRAcking non-small cell lung Cancer Evolution through 

therapy (Rx)] (https://clinicaltrials.gov/ct2/show/NCT01888601), as previously 

described (Jamal-Hanjani et al., 2014, 2017). The TRACERx study is a prospective 

observational cohort study that aims to transform our understanding of non-small cell 

lung cancer (NSCLC). In brief (Figure 6), multiple regions were sampled from 

surgically resected tumour specimens for each eligible patient receiving radical 

surgery prior to any treatment. Additional normal tissues, bronchial and vascular 

margins of surgical resections were also routinely collected from the background lung 

parenchyma tissues to confirm radical resection. Peripheral blood samples were 

taken for use as a germline control for further analyses. 

 

 

Figure 6. Sampling process during the primary surgery. 

(Abbreviations: FFPE, formalin-fixed and paraffin embedded; R1-R4, multiple tumour 
regions from the primary tumour; *T, diagnostic FFPE containing tumour samples; 
*N, diagnostic FFPE containing background lung parenchyma.) 
 

https://clinicaltrials.gov/ct2/show/NCT01888601
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Figure 7. Diagram of patient cohort screening in TRACERx. 

(Abbreviations: FFPE, formalin-fixed and paraffin embedded; WES, whole exome 
sequencing; AAH, atypical adenomatous hyperplasia; AIS, adenocarcinoma in situ; 
MIA, minimally invasive adenocarcinoma; CIS, squamous carcinoma in situ; # and 
N, number of patients or lesions.) 
 

The diagram of cohort screening in each step is shown in (Figure 7). Specific to the 

design in this thesis, matched pre-invasive lesions were identified on formalin-fixed 

paraffin-embedded (FFPE) blocks in archival from background lung parenchyma 

tissues which were resected at the same time as the primary tumour. Therefore, 

matched pre-invasive and multiregional invasive tumours from the same patient were 

analysed jointly in this thesis. During the first round of histopathological review, all 

pathological reports from each patient were screened to identify any potential pre-

invasive lesions and all H&E (haematoxylin and eosin) images of all FFPE in archival 

were reviewed by pathologists based at different sites in the TRACERx Consortium, 

to confirm the diagnoses of pre-invasive lesions, including AAH, AIS and MIA as pre-

invasive precursors of LUAD, and squamous CIS as precursors of LUSC. 

Considering the limited DNA yields from FFPE in archived samples, squamous 
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hyperplasia, metaplasia, and dysplasia were not included in the histopathological 

review. 

2.1.2 Central histopathological review 

Next, a second round of central histopathological review was performed by Dr David 

Moore (University College London Hospital, UCLH) (Figure 7), after all diagnostic 

slides were requested from the local pathology departments. All digital H&E images 

from diagnostic, regional, and other tissues (including background lung tissues, 

bronchial and vascular margins from the surgically resected specimen) were 

reviewed in detail. The central histopathological review was performed by at least 

one pathologist (Dr David Moore, UCLH), and in cases of uncertainty, by two (Dr 

David Moore from UCLH, and Dr Andrew Nicholson from Aberdeen Hospital), 

according to the World Health Organization (WHO) guidelines on the classification 

of lung tumours (Travis et al., 2015).  

 

There were 8 pre-invasive lesions, the diagnoses of which between the three rounds 

of pathological reviewing were discrepant (including 5 CIS and 3 AAH). I split them 

into these three subgroups for further decisions through my analyses: 1) five CIS 

lesions which turned out to be no dysplastic disease (N=3) or severe hyperplasia 

(N=2) were excluded for whole exome sequencing (WES); 2) one AAH lesion which 

was considered to be probably the in-situ extension of the lung adenocarcinoma due 

to close spatialisation with the invasive tumour, was excluded from WES; 3) two AAH 

lesions which were reviewed to be differentiated from AIS, one of which was 

diagnosed as AAH and another one as AIS, were included for WES. 

 

Tumour stage was based on the 7th TNM classification. Diagnosis of multiple primary 

lung cancers, in contrast with intrapulmonary metastases, was mainly based on the 

distinct sequencing data. In cases from whom the sequencing data was not available 

for all multiple tumours within the same patient, these tumours within the particular 

patient were clinically diagnosed as multiple primary tumours if they showed distinct 

histopathological features. FFPE being confirmed to contain AAH, AIS, MIA and CIS 

were serially sectioned during the sampling process described in next section. 
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2.2 Sampling and sequencing of pre-invasive lesions 

Emma Nye (The Francis Crick Institute) performed the serial sectioning of FFPE, and 

Sophie Ward (The Francis Crick Institute) performed the library preparation and WES. 

Unless otherwise indicated, other work included in this section was carried out by 

myself. 

2.2.1 Serial sectioning and laser microdissection 

Serial sectioning was performed for all FFPE with pre-invasive lesions being 

embedded, and these FFPE sections were further used for laser microdissection 

(Figure 8). For each FFPE, a total of 15 serial sections were cut in the following order. 

The first section with the thickness of 4 μm was used for H&E staining to annotate 

where the pre-invasive lesions were located on each FFPE section, followed by six 

continuous tissue sections with the thickness of 10 μm which were mounted on PEN 

Membrane slides (Leica Microsystems) for laser microdissection. Since the shapes 

of these tiny pre-invasive lesions could change considerably and in order to maintain 

precise marking of pre-invasive lesions, the eighth slide with the thickness of 4 μm 

was cut for a double confirmation of diagnosis before the next six continuous tissue 

sections with a thickness of 10 μm were cut. Lastly, the fifteenth slide was cut for 

H&E staining to confirm the existence of pre-invasive lesions on the remaining FFPE. 

All of these three H&E slides (1st, 8th, 15th Slide) from each FFPE were scanned using 

a Hamamatsu Nanozoomer S210 slide scanner at 40x scanning magnification, and 

then reviewed by pathologists for further validation of diagnosis. These H&E images 

were used as maps to mark where pre-invasive lesions were located on membraned 

slides for laser microdissection (Figure 8B). 

 

Meanwhile, a total of 12 tissue sections mounted on PEN membraned slides were 

used for crystal violet (CV) staining and laser microdissection performed on a Leica 

LMD7 instrument (Figure 8C). The micro-dissected materials of each pre-invasive 

lesion from all serial sections of each FFPE were collected into a 200 μl AdhesiveCap 

and stored at −20 °C until DNA extraction. 
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Figure 8. Serial sectioning of stained slides and laser microdissection. 

A. Design of serial sectioning of 15 slides from each FFPE. 
B. H&E slides used as maps to guide the localisation of pre-invasive lesions on the 
crystal violet staining slides for laser microdissection. 
C. Examples of performing laser microdissection on one AAH and one CIS lesion. 
(Abbreviations: FFPE, formalin-fixed and paraffin embedded; AAH, atypical 
adenomatous hyperplasia; CIS, squamous carcinoma in situ; CV, crystal violet 
staining slides; H&E, haematoxylin and eosin staining; LMD, laser microdissection.) 
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2.2.2 DNA and RNA extraction 

I performed the DNA extraction from FFPE pre-invasive lesions. Dr Selvaraju 

Veeriah (UCL, Cancer Institute) performed the dual extraction of DNA and RNA from 

fresh frozen primary tumours and adjacent normal lung tissues from patients enrolled 

in the TRACERx study. Sophie Ward (the Francis Crick Institute) did the library 

preparation and sequencing. 

 

The DNA extraction process used for FFPE pre-invasive lesions was slightly different 

from that used for fresh frozen primary tumours enrolled in the TRACERx study. The 

RNA extraction was only done for fresh frozen primary tumours and adjacent normal 

lung tissues, rather than FFPE pre-invasive lesions. 

 

The DNA and RNA extraction from fresh frozen primary tumours and adjacent normal 

lung tissues was performed as previously described (Jamal-Hanjani et al., 2017). In 

brief, a simultaneous extraction of DNA and RNA method was used from the same 

sample using the AllPrep DNA/RNA Mini Kit (Qiagen, UK). Frozen samples were 

transferred onto cold petri dishes kept on dry ice and dissected into 20-30 mg 

samples. Prior to extraction the freshly dissected tissue was transferred directly to 

homogenization tubes with RLT plus lysis buffer. Homogenization of tissues was 

carried out using the TissueRuptor II probe or bead methods and by passing the 

lysate through a QIAshredder column (Qiagen, UK). Extracted DNA was eluted in 

200 μl of EB (no EDTA) buffer and RNA was eluted in 200μl of nuclease-free water 

and stored immediately at -80°C. The human genomic DNA was extracted from 2ml 

of fresh-frozen EDTA whole blood using QIAamp DNA Blood Midi Kit (Qiagen, UK) 

according to the manufacturer's instructions and genomic DNA was eluted in 400μl 

of EB (no EDTA) buffer. The DNA and RNA samples extracted from TRACERx study 

were quantified with a Qubit™ 3.0 Fluorometer (Lifetechnology, UK) and the 

TapeStation system (Agilent, UK) respectively. The integrity of the DNA/RNA isolate 

was assessed by the Agilent TapeStation system. 

 

A slightly modified version of GeneRead DNA FFPE Kit (QIAGEN) protocol was used 

to extract DNA from the previously micro-dissected FFPE pre-invasive lesions. In 

brief, we extended the duration of protein K digestion up to 24 hours and added the 



Chapter 2. Materials and Methods 

 

66 

 

same amount of fresh proteinase K every eight hours, to digest tissues from PEN 

membranes as thoroughly as possible. A double elution of DNA was conducted when 

purifying DNA from the columns at the end of DNA extraction process to improve 

DNA yields. Notably, one step of digestion by the enzyme Uracil-N-Glycosilase 

(UNG) recommended by the manufacturer was performed to specifically remove 

deaminated cytosine residues which are known to cause FFPE artefacts. After 

quantifying DNA yields and DIN (DNA integrity number) score for each pre-invasive 

DNA sample, those with a minimum of 50 ng and a DIN score of at least 2 were taken 

forward for library preparation (KAPA HyperPrep protocol) and exome capture using 

a customized Agilent Human All Exome V5 kit according to the manufacturer’s 

protocol (Agilent). 

2.2.3 Library preparation and whole exome sequencing 

The whole exome sequencing (WES) of FFPE pre-invasive lesions and fresh frozen 

primary tumours enrolled in the TRACERx study was performed using the same 

protocol. To prepare DNA Libraries, 200ng – 3μg of genomic DNA from fresh frozen 

tissues, or 50ng of genomic DNA from FFPE pre-invasive lesions, were used as input 

into the Agilent SureSelect XT library preparation kit and whole exome capture was 

performed using a custom Human All Exon V5 639 Plus capture library according to 

manufacturer’s instructions. Libraries were then multiplexed and sequenced using 

100bp paired-end reads on the Illumina HiSeq 4000 platform at the Advanced 

Sequencing Facility at the Francis Crick Institute. Peripheral blood samples collected 

during primary surgery were used as a germline DNA control. 

2.3 Classification of the spatial distance between pre-invasive 

and invasive lesions 

To evaluate the spatial correlation between pre-invasive and invasive lesions, we 

speculated the relative spatial distances according to macroscopic and microscopic 

descriptions in the pathological reports. It should be noted that the classification of 

spatial distance was only at a degree of reasonable speculation, because given that 

most pre-invasive lesions are too tiny to be visible on imaging scans, it is difficult to 

identify the exact locations of pre-invasive lesions relative to the matched invasive 

tumour using imaging scans such as computed tomography (CT).  
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Figure 9. Six categories of spatial distance between the pre-invasive and invasive 

lesions. 

A-D. Cartoons to show the spatial distance between the pre-invasive and invasive 
lesions. 
E-F. Cartoons and examples of H&E images from FFPE in this pre-invasive cohort 
to show the spatial distance between the pre-invasive and invasive lesions. 
(Abbreviations: FFPE, formalin-fixed and paraffin embedded; AAH, atypical 
adenomatous hyperplasia; CIS, squamous carcinoma in situ; H&E, haematoxylin 
and eosin staining.) 
 

There were six categories of spatial distances identified in the classification system 

used in this thesis (Figure 9): (1) different lung lobes: when it was clear on the 

pathological report that a pre-invasive lesion was sampled from an unilateral or 

contralateral different lung lobe from the primary tumour; (2) background lung 

parenchyma from the same lung lobe: when a pre-invasive lesion was sampled from 

background lung parenchyma tissues, rather than from tumour regions or any other 

specific anatomical structure (such as bronchial or vascular margins), of the 

surgically resected specimen; (3) bronchial margin: when a pre-invasive lesion was 

identified at the surgically resected bronchial margin according to the pathological 

reports but was not located on the same FFPE with or continuous to the primary 
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tumour; (4) on a close but different FFPE from tumour regions: when a pre-invasive 

lesion was described to be sampled from lung tissues adjacent to the primary tumour; 

(5) on the same FFPE section: when a pre-invasive lesion was identified on the same 

FFPE section but separate from the invasive tumour, regardless of whether this part 

of the invasive tumour was included in the multi-region WES of primary tumour in 

TRACERx or not; (6) continuous to LUSC: which was a situation specific to LUSC 

when pathologists considered a primary LUSC to have arisen from an adjacent CIS 

lesion or the CIS lesion was identified to be located on the same FFPE section and 

thus continuous with LUSC components. 

2.4 Bioinformatics analyses of WES of pre-invasive lesions 

While I performed the sampling processes and experimental work, Clare Puttick and 

Alexander Frankell (The Francis Crick Institute) developed the bioinformatics 

pipeline for processing WES of pre-invasive lesions in this thesis, as what have been 

applied in the TRACERx study. Clare Puttick processed the raw WES data to call 

somatic mutations, copy number alterations and phylogenetic construction, and 

tested the enrichment of APOBEC mutational signatures. Unless otherwise indicated, 

I performed the other analyses and generated the figures after processing the raw 

data as needed. 

2.4.1 Processing WES data 

2.4.1.1 Alignment 

Initial quality control of raw paired-end reads (100bp) was performed using FastQC 

(0.11.8, https://www.bioinformatics.babraham.ac.uk/projects/fastqc/) and FastQ 

Screen (0.13.0, https://www.bioinformatics.babraham.ac.uk/projects/fastq_screen/, 

flags: --subset 100000; --aligner bowtie2). Subsequently, fastp (0.20.0, flags: --

length_required 36; --cut_window_size 4; -- cut_mean_quality 10; --average_qual 

20) (Chen et al., 2018) was used to remove adapter sequences and quality trim reads. 

Trimmed reads were aligned to the hg19 genome assembly (including unknown 

contigs) using BWA-MEM (0.7.17) (Li and Durbin, 2009). Alignments were performed 

separately for each lane of sequencing and then merged from the same patient 

region using Sambamba (0.7.0) (Tarasov et al., 2015) and deduplicated using Picard 

Tools (2.21.9, http://broadinstitute.github.io/picard/). Local realignment around 

https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://www.bioinformatics.babraham.ac.uk/projects/fastq_screen/
http://broadinstitute.github.io/picard/
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INDELs was performed using the Genome Analysis Toolkit (GATK, 3.8.1) (McKenna 

et al., 2010). Further quality control following alignment was performed using a 

combination of Somalier (0.2.7, https://github.com/brentp/somalier), Samtools (1.9) 

(Li et al., 2009), Picard Tools, and Conpair (0.2) (Bergmann et al., 2016) to identify 

sample swaps or contamination events. 

2.4.1.2 Somatic mutation and INDEL calling 

The calling of somatic mutations and INDEL in pre-invasive lesions was the same as 

that used in the TRACERx 421 cohort. The methods used for the TRACERx 421 

cohort were broadly similar to the TRACERx 100 cohort (Jamal-Hanjani et al., 2017), 

with the exception of updated tool versions.  

 

SAMtools mpileup (v1.10) was used to locate non-reference positions in tumour and 

germline samples. VarScan2 somatic (v2.4.4) (Koboldt et al., 2012) utilized output 

from SAMtools mpileup in order to identify somatic variants between tumour and 

matched germline samples. For SAMtools, bases with a phred score of <20 or reads 

with a mapping-quality <20 were omitted. BAQ computation was disabled and the 

coefficient for downgrading mapping quality was set to 50. Default parameters were 

used with VarScan2 with the exception of minimum coverage for the germline sample 

being set to 10, and minimum variant frequency being set at 0.01 and tumour purity 

to 0.5. The resulting single nucleotide variant (SNV) calls were filtered for false 

positives using Varscan2's associated fpfilter.pl script as per the TRACERx 100 

cohort methods (Jamal-Hanjani et al., 2017), initially with default settings then 

repeated again with min-var-frac = 0.02, having first run the data through bam-

readcount (0.8.0) (https://github.com/genome/bam-readcount). All insertion/deletion 

(INDEL) calls in reads classed as “high confidence” by VarScan2 processSomatic 

were recorded for further downstream filtering. MuTect (1.1.7) (Cibulskis et al., 2013) 

was also used to detect SNVs utilising annotation files contained in GATK bundle 

2.8. Following completion, variants called by MuTect were filtered according to the 

filter parameter “PASS”. Additional filtering was performed to minimise false positive 

variant calls (Jamal-Hanjani et al., 2017). 

 

https://github.com/brentp/somalier
https://github.com/genome/bam-readcount
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An SNV was considered a true positive if the variant allele frequency (VAF) was 

greater than 2% and the mutation was called by both VarScan2, with a somatic p-

value ≤0.01, and MuTect. Alternatively, a frequency of 5% was required if only called 

in VarScan2, again with a somatic p-value ≤0.01. Additionally, sequencing depth in 

each region was required to be ≥30 and ≥10 sequence reads had to support the 

variant call. In the germline data, the number of reads supporting the variant had to 

be <5 and the VAF ≤1%. 

 

In addition to these sample specific measures, we also utilized the cohort to reduce 

single nucleotide polymorphism (SNP) contamination through two independent 

means. Firstly, all variants designated as “germline” by VarScan2, from all regions in 

all 421 patients, were combined so that every germline variant detected in the cohort 

had an associated TRACERx population frequency. SNVs were filtered if they were 

found to have >1% frequency in the cohort. To reduce the impact of direct sample to 

sample contamination, the SNVs from every patient were compared against the 

germline SNPs in every other patient independently. If >5% SNVs were identified as 

SNPs in another patient, the sample was flagged as contaminated and any such 

variant that matched a SNP was removed from further analysis. Finally, a blacklist 

filter, relating to the genomic location of the variant, was applied. The blacklisted 

genomic regions were obtained from UCSC Genome Table Browser and include 

regions excluded from the ENCODE (Encyclopedia of DNA Elements) project (both 

DAC and Duke list), simple repeats, segmental duplications, and microsatellite 

regions. 

 

The power of multi-region sequencing was leveraged to allow low frequency variants 

to be called with increased confidence: Where a somatic variant was not called 

ubiquitously across tumour regions but was called in one or more region, read 

information was extracted from the original alignment file using bam-readcount 

(v0.8.0) (https://github.com/genome/bam-readcount). In such cases, VAF 

restrictions were reduced to VAF ≥1% allowing for the positive identification of low 

frequency variants that would otherwise have been missed.  

 

INDELs were filtered using the same parameters as described above, with the 

exception of the requirement of ≥10 reads supporting the variant call, a somatic p-

https://github.com/genome/bam-readcount
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value of ≤0.001 and a sequencing depth of ≥50. Occasionally, when attempting to 

identify INDELs across multiple tumour regions, discrepancies in the start position, 

end position or length of the INDEL were identified. In such cases, the longest 

predicted INDEL and the maximum sequence related values were reported. 

 

Dinucleotide substitutions (dinucleotide variants, DNV) were identified in cases 

where two adjacent SNVs were called. A proportion test was performed to provide 

an indication as to whether the frequency of the two SNVs was significantly similar 

and thereby indicative of a single mutational event. In such cases, the start and stop 

position was corrected to represent a dinucleotide substitution and sequence related 

values (e.g., coverage and variant count) were recalculated to represent the mean 

of the SNVs. 

 

Variants were annotated using Annovar (Wang et al., 2010) and COSMIC (v75) 

(cancer.sanger.ac.uk) (Tate et al., 2019). 

2.4.1.3 Filtering FFPE artefacts 

As reported before, WES from archived FFPE samples with long-term storage are 

affected by mutation artefacts (Bhagwate et al., 2019), preferably presented as 

C>T/G>A transitions which are also characteristics of the smoking signature and 

APOBEC mutational signatures in cancer respectively. I have taken two major 

measurements to minimise the bias induced by FFPE artefacts. The first one was to 

apply the enzyme Uracil-N-Glycosylase (UNG) to remove deaminated cytosine 

during the process of DNA extraction, special care should be taken to deal with FFPE 

artefacts. This was particularly important considering that all pre-invasive lesions in 

this study were sampled from archived FFPE which might cause sequence artefacts 

(Do and Dobrovic, 2015; Wong et al., 2014).  

 

Secondly, a strict and systemic filter of FFPE artefacts (developed by Maise Al Bakir, 

the Francis Crick Institute) was built with SNVs present in fresh frozen tissues of 

synchronous tumour regions being considered. As reported previously, most studies 

in the literature just applied a super stringent criterion by removing SNVs with low 

variant allelic frequency (VAF) less than 10% from further analyses, due to their lack 
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of matched fresh frozen tissues of invasive tumours. However, this sketchy cut-off of 

VAF may probably lead to the filtering of some real SNVs and thus underestimate 

the genomic alterations in pre-invasive diseases (Do and Dobrovic, 2015; Wong et 

al., 2014). With the application of WES of the matched fresh frozen invasive tumours 

in our cohort, we were able to set up a systemic and reasonable filter of FFPE 

artefacts. As it is known that FFPE related sequence artefacts are predominantly 

recognised as C:G>T:A and C:G>A:T artificial transitions, this systemic filter of FFPE 

artefacts classifies all SNVs into four categories: (1) Ultra-low confidence (ULC): 

SNVs with C:G>T:A in CpG islands, only seen in one FFPE pre-invasive sample, 

and with 10 or less reads from WES data; (2) Low confidence: SNVs with C:G>T:A 

in CpG islands, only seen in one FFPE pre-invasive sample, and with more than 10 

reads from WES data; (3) High confidence: SNVs seen in at least one fresh frozen 

sample from the matched tumour in TRACERx; (4) Medium confidence: all other 

SNVs. SNVs classified as ULC were removed from further analyses in this study. 

2.4.1.4 Somatic copy number alteration detection 

Heterozygous single SNPs were identified from germline samples for each patient 

using platypus (v0.8.1) (Rimmer et al., 2014), as per methods from the TRACERx 

100 cohort (Jamal-Hanjani et al., 2017). LogR data was calculated using VarScan2, 

and GC-corrected using a wave-pattern GC correction method based by Cheng and 

colleagues (Cheng et al., 2011), and processed using ASCAT (v2.3) (Loo et al., 

2010). Sequenza (v2.1.2) (Favero et al., 2015) was also used for copy number 

segmentation, tumour purity and ploidy estimation. Manual verification of the 

automatically selected models for ploidy, purity and the resulting copy number 

segmentation that were produced by ASCAT or Sequenza was performed. Samples 

that had insufficient purity (<10%) were excluded. Only copy number segmentation 

from autosomes was included.  

 

These ploidy, purity and copy number segmentation data were used as input to a 

multi-sample SCNA estimation approach (Watkins et al., 2020) to produce a 

minimum consistent segmentation and genome-wide estimates of the presence of 

loss of heterozygosity as well as loss, neutral, gain and amplification copy number 

states relative to sample ploidy. The log ratio values present in each copy number 
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segment with ≥5 log ratio values in all samples of a tumour were examined relative 

to three sample-ploidy-adjusted log ratio thresholds using one-tailed t-tests with a P 

< 0.01 threshold. These log ratio thresholds were equivalent to <log2[1.5/2] for losses, 

>log2[2.5/2] for gains and >twice the sample ploidy for amplifications in a diploid 

tumour. Any segment not classified as a loss, gain or amplification was classed as 

neutral. For each segment, these relative to ploidy definitions were combined with 

loss of heterozygosity detection across all samples from a single tumour. Allelic 

imbalance identified using the input SCNA profiles was used to phase heterozygous 

SNPs and re-estimate allele-specific copy number. In addition, mirrored subclonal 

allelic imbalance (Jamal-Hanjani et al., 2017), which results from SCNAs that disrupt 

the same genomic region but affect different parental alleles within separate tumour 

subclones, was detected as previously described (Watkins et al., 2020). We then 

identified a subset of these mirrored subclonal allelic imbalance events as parallel 

SCNA events that we define as the same class of event (gain/amplification or 

loss/LOH) in multiple samples from an individual tumour but with major alleles from 

distinct haplotypes in the samples that demonstrate the event. 

2.4.1.5 Calculation of SCNA indices, wGII and FLOH 

The weighted genome integrity index (wGII) was calculated as the proportion of the 

genome with aberrant copy number relative to the median ploidy, weighted on a per 

chromosome basis (Endesfelder et al., 2014). The FLOH (fraction of loss of 

heterozygosity) score was defined as the proportion of the genome subject to loss of 

heterozygosity (LOH).  

2.4.1.6 Standard mutational signature deconvolution 

Functions from the deconstructSigs R-package (v.1.9.0) (Rosenthal et al., 2016) with the 

normalisation parameter “exome2genome” were applied to extract single base 

substitution (SBS) signatures from the TRACERx 421 WES data using COSMIC v3 

signatures (Alexandrov et al., 2019) as a reference. To decide which SBS signatures to 

include in the deconstruction, the hdp R-package (v.0.1.5) for Hierarchical Dirichlet 

Process (Teh et al., 2006) was used to run a de novo signature analysis using separate 

Dirichlet processes for clonal and subclonal mutations per tumour. SBS1, SBS2, SBS4, 

SBS5 and SBS13 were active in clonal mutations. SBS17b was identified in addition to 
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all clonal signatures subclonally, hence this process was only included in the signature 

extraction for subclonal mutations.  

2.4.2 Removing samples of low purity 

As with the TRACERx 100 cohort (Jamal-Hanjani et al., 2017), tumour regions with 

less than 30% of median number of mutations across all regions in the tumour were 

removed. Orthogonal validation with copy number cellular estimates was also 

performed, with tumour regions with more than 1 standard deviation difference in 

VAF- and copy number-estimated cellularity manually reviewed. If there were no 

concordant results, the tumour region was removed from further copy number 

analyses.  

2.4.3 Phylogenetic tree construction 

The phylogenetic tree construction integrating the pre-invasive and invasive lesions 

was similar to that used in multi-region WES of primary tumours enrolled in the 

TRACERx study. To construct phylogenetic trees in an unbiased and automated way, 

we devised a computational approach utilising the pigeonhole principle and the 

crossing rule (Deshwar et al., 2015), eliminating subclonal clusters that are 

biologically implausible. 

 

In brief, using mutation clusters identified through our clustering approach, we first 

obtained a nesting matrix, describing which clusters could theoretically be nested 

within other clusters (i.e., ancestral-descendent relationships between clones). Only 

clusters with a minimum of 5 SNVs were carried forward and potential nesting 

determined in each tumour region separately by comparing the cluster CCF 

distributions of each and every pair of clusters using a Wilcoxon rank-sum test. 

Specifically, Cluster A was determined to be potentially nested within Cluster B if its 

mutation phyloCCF values were never significantly higher than Cluster B in any 

region, using a p-value threshold of 0.01 for significance. Using the nesting matrix, 

the cluster representing the trunk of the phylogenetic tree was identified by virtue of 

never being nested in any cluster and that all other clusters were classified as nested 

within it.  
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A step was then implemented to merge clusters with similar CCF distributions to 

avoid overestimating diversity. Each combination of clusters across regions was 

tested to see if their nesting matrices were identical and SNV CCF distributions were 

compared using a Wilcoxon rank-sum test. Merges were identified if CCF 

distributions without subclonal copy number correction were not significantly different 

(p-value=0.01). Following merging, the nesting procedure described previously was 

repeated.  

 

Finally, in preparation for tree construction, a step was implemented to remove 

genomically clustered clones thought to be driven by copy number events, e.g., 

clusters where all mutations appear on a single chromosome. For each subclonal 

cluster, the number of chromosomes on which each cluster was observed was 

calculated and a p-value calculated for the likelihood of this distribution being 

observed compared to a background of chromosomal distribution for a randomly 

resampled set of clonal cluster mutations (10,000 iterations). Clusters for which the 

number of observed chromosomes was significantly fewer than the background 

distribution (P=0.01) were removed as potentially “copy-number driven clusters”.  

 

Based on the nesting structure, a directed graph was constructed, using the R 

function “graph.data.frame”. I evaluated issues in the tree structure based on two 

criteria: (1) circles in the graph (e.g., the same cluster was a descendent from two 

sister clusters on separate branches of the tree), indicating biologically implausible 

solutions and violation of the crossing rule, and (2) whether any of the tree levels 

exceeded 100% (+ a noise buffer set to 10%), indicating violation of the pigeonhole 

principle. 

 

To resolve any issues, the nesting structure was relaxed to only enforce nesting 

whereby a deviation in nesting would result in a tree level exceeding the max allowed 

threshold. In most cases, this yielded biologically plausible tree structures. However, 

in the remaining cases, the clusters identified could not be used to construct a 

biologically plausible phylogenetic tree. We therefore sought to remove clusters in 

an iterative manner until a biologically meaningful tree could be identified. I reasoned 

that clusters with more mutations should be prioritized given that we can be more 
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confident in their CCF. As such, clusters were iteratively removed to maximise the 

number of mutations retained on the tree.  

 

For those trees for which >10% of mutations or >5 clusters were removed from the 

tree due to either of the two issues described, a manual review of cluster CCF 

distributions was undertaken to identify especially noisy CCF profiles which could 

contribute to poor point CCF estimations for clusters or presence of subclonal WGD 

within tumour regions, which may lead to erroneous phyloCCF values. For these 

cases, cluster CCFs were manually corrected and, in the cases where this reduced 

the proportion of mutations removed during tree building, the updated solution was 

retained. For other cases, the original automated solution was used.  

 

Once a tree had been identified for a given tumour, we sought to evaluate whether 

alternate trees could be constructed using the same set of mutation clusters. In each 

case, we constructed a strict nesting structure, such that any violation in the nesting 

structure would break rules (1) or (2). Each cluster was evaluated the potential 

positions on the tree. Once all possible tree structures adhering to the nesting 

structure had been enumerated, a consensus tree would be determined describing 

the ancestral descendent relationships that remain true regardless of the tree 

structure, defining consensus branches and consensus relationships as conserved 

direct parent-daughter relationships and ancestral relationships respectively.  

 

For each tree, individual solutions are presented as below. Individual SNV phyloCCF 

values, bootstrap confidence intervals and mean phyloCCF per region/cluster 

combination are shown on the left-hand panel. The grey pie in the upper right is split 

into n quantiles representing each of n tumour regions analysed for an individual 

case, here three regions R1, R2 and R3. The coloured circles on the tree structure 

represent individual clusters of mutations, with segments shaded from 0% to 100% 

opacity on a grey background to indicate the phyloCCF (0%-100%) of the cluster in 

the respective region. For example, cluster 1 below is present in all three regions of 

the tumour whilst clusters 3 and 8 are present in R2 only. Colours are assigned 

randomly to clusters. Parent-daughter relationships are indicated by grey lines with 

the clonal cluster (trunk) at the top of the tree and daughters shown below their 

parents. Dark grey lines indicate consensus parent-daughter relationships that are 
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unchanged between all multiple tree solutions for a case; lighter grey lines indicate 

parent-daughter relationships which are not conserved between different equally 

correct solutions for a given tumour. For example, in this case clusters 2 and 4 could 

be placed elsewhere on the tree and generate equally correct solutions using the 

methods previously described. 

2.4.4 Genome doubling detection 

The genome doubling (GD) status of pre-invasive lesions was estimated in the same 

way with invasive tumour regions, which mainly involved two steps. Firstly, we 

estimated the number of GD events that each region had undergone using the 

genome wide copy number of the major allele. As in previous publications (Carter et 

al., 2012), if at least 50% of the genome had the major allele at copy number of 2 

this was assumed to reflect a single GD event and where at least 50% of the major 

allele at copy number of 3, this was assumed to reflect two GD events (Carter et al., 

2012). 

 

Secondly, additional information from the estimated copy number of mutations was 

leveraged. A GD event would also double the mutant copy number of any mutation 

already accumulated before the GD event, including subclonal mutations in the case 

of a subclonal GD event. Where different subclonal mutation clusters have been 

doubled in different regions this can indicate the presence of multiple independent 

subclonal GD events in the same tumour. 

 

While a GD event will double the estimated mutation copy number of all mutations in 

a given cell, copy number losses after the GD event or the accrual of additional 

mutations after the GD event will cause a subset of mutations within a given mutation 

cluster to be observed at a single copy. To detect subclonal clusters whose mutations 

had at least partially accrued before a GD event, the following three conditions 

should be met: 

- At least 10 individual mutations to be present within the subclonal cluster have 

an estimated mutant copy number > 1.5 copies 

- At least 25% of the total mutations within the subclonal cluster have an 

estimated mutant copy number > 1.5 copies 
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- The subclonal cluster has at least 20 mutations at any estimated mutant copy 

number.  

 

If a subclonal cluster was identified using these thresholds in one tumour region, a 

lower threshold was applied to other tumour regions in the same tumour with the 

following two conditions needing to be met: 

- At least 5 individual mutations to be present within the subclonal cluster have 

an estimated mutant copy number > 1.5 copies 

- At least 10% of the total mutations within the subclonal cluster have an 

estimated mutant copy number > 1.5 copies. 

 

A single GD event may double several subclonal mutation clusters at once and 

therefore we cannot assume a 1:1 relationship between the number of doubled 

subclonal clusters and the number of subclonal GD events. To determine how many 

distinct GD events have occurred we collapsed subclonal clusters with doubled copy 

number by merging those with doubled copy number in the same regions, which may 

therefore represent effect of the same GD event. The presence of subclonal clusters 

which are doubled in different, even if overlapping, regions must indicate several 

distinct GD events occurring in different regions. 

 

While the large majority of GD calls agreed when comparing results from the two 

methods described - the number of GDs estimated from doubled subclonal clusters 

and those from major copy number analysis across the genome, in rare instances 

these two methods did not agree. In these cases, we ensured the number of GDs 

which occurred in a given region matched that which was indicated by the major copy 

number.  

 

Summarising these per region GD estimates across all regions from each tumour, 

would lead how to assign each tumour in our cohort to one of the following tumour-

level GD categories:  

- No GD: No evidence of GD indicated from the major copy number status in 

any tumour region. 

- Clonal GD: A single GD event identified in all pre-invasive lesions or tumour 

regions on each phylogenetic tree, which were defined from the major copy 
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number status in every region without evidence of doubled subclonal mutation 

clusters. 

- Subclonal GD: GD events identified in a subset of but not all pre-invasive 

lesions or invasive regions from each phylogenetic tree using the major copy 

number status, often also associated with a doubled subclonal cluster in that 

region. 

 

Additionally, following the identification of whole genome doubling (WGD) events, 

somatic mutations were classified to be those acquired before (pre-WGD) or after 

(post-WGD). In cases where no WGD was acquired, somatic mutations were just 

classified as untimed. 

2.4.5 Classification of driver mutations 

We collated a driver gene list out of all genes identified in the COSMIC cancer gene 

census (v75) (Forbes et al., 2015), supplemented with those identified in large-scale 

pan-cancer analyses (using q < 0.05 as cut-off) (Lawrence et al., 2014), and previous 

large-scale non-small cell lung cancer sequencing studies (Campbell et al., 2016; 

Collisson et al., 2014; Hammerman et al., 2012). Any non-silent variant located within 

one of these genes underwent further categorisation based on the following criteria. 

If the mutation was found to be deleterious (either a stop-gain or predicted 

deleterious in two of the three computational approaches applied – Sift (Kumar et al., 

2009), Polyphen (Adzhubei et al., 2013) and MutationTaster (Schwarz et al., 2010)) 

and the gene was annotated as being recessive by COSMIC (tumour suppressor), 

the variant was classified as a driver mutation. Also, if the gene was annotated as 

being dominant (oncogene) by COSMIC and we could identify ≥ 3 exact matches of 

the specific variant in COSMIC, we classified the mutation as a driver mutation. To 

further distinguish lung specific driver mutations, we used a lung specific driver list 

composed of genes reported as LUAD or LUSC drivers in Jamal-Hanjani et al 

(Jamal-Hanjani et al., 2017), Bailey et al (Bailey et al., 2018), Berger et al (Berger et 

al., 2016), and Martincorena et al (Martincorena et al., 2018). 
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2.5 Cell lines and culturing methods 

Cell lines applied to Repli-seq protocol in this thesis were from three cancer types 

(Table 1), i.e., lung adenocarcinoma (LUAD), lung squamous cell carcinoma (LUSC) 

and breast carcinoma (BRCA). All cell lines used in this thesis were either requested 

from the Cell Services at the Francis Crick Institute or newly bought from ATCC 

(https://www.atcc.org/). The Cell Services performed short tandem repeat (STR) 

profiling for cell line authentication and the mycoplasma testing to exclude 

mycoplasma contamination for all the cell lines. Additionally, the STR profiling and 

the mycoplasma testing of the immortalised type 1 pneumocytes (TT1), were done 

by Dr. Michele Chiappi and Professor Terry Tetley from the National Heart and Lung 

Institute at Imperial College London, as TT1 was the courtesy of Dr. Michele Chiappi 

and Professor Terry Tetley. All cell lines used in this thesis were incubated at 37°C 

with 5% CO2, according to the lab standard protocols. Cell culturing would be 

described later in this section. 

 

 

Table 1. LUAD, LUSC and BRCA related cell lines with Repli-seq data. 

(Abbreviations: LUAD: lung adenocarcinoma; LUSC: lung squamous cell carcinoma; 
BRCA: breast carcinoma; ER, estrogen receptor; PR, progesterone receptor; HER2, 
human epidermal growth factor receptor 2; ENCODE, Encyclopedia of DNA 
Elements.) 
 

2.5.1 Lung cell lines 

As discussed in Chapter 1, LUAD is considered to originate from type 2 

pneumocytes, and LUSC from bronchial epithelial cells. Therefore, immortalised 

human type 2 pneumocytes (T2P) were used as the cell-of-origin of LUAD cell lines 

Cell line Replicates Repli-WGS coverage Data source Disease type Description

T2P x 2 12 or 6 samples per lane In-house Normal (cell-of-origin for LUAD) Type 2 pneumocytes

TT1 x 1 12-samples per lane In-house Normal Type 1 like pneumocytes

A549 x 1 (+ ENCODE) 12-samples per lane In-house LUAD

H1650 x 2 12 or 6 samples per lane In-house LUAD

H1792 x 1 In-house LUAD

H2009 x 1 In-house LUAD

HBEC3 x 1 In-house Normal (cell-of-origin for LUSC) Human bronchial epithelial cells

HSAEC1 x 1 In-house Normal Human small airway epithelial cells

H2170 x 1 In-house LUSC

H520 x 1 In-house LUSC

SW900 x 1 In-house LUSC

MCF10A x 1 In-house Fibrocystic disease

HMEC x 1 In-house Normal (cell-of-origin for BRCA) Human mammary epithelial cells

SK-BR3 x 1 In-house BRCA HER2 positive breast cancer cells

MDA453 x 1 In-house BRCA Triple negative breast cancer cells

MCF-7 x 0 (+ ENCODE) ENCODE BRCA ER positive breast cancer cells

T47D x 0 (+ ENCODE) ENCODE BRCA ER and PR positive breast cancer cells

12-samples per lane

12-samples per lane

12-samples per lane

https://www.atcc.org/
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to define altered replication timing. Additionally, immortalised type 1 pneumocytes 

(TT1) were also applied to analyse the similarity of replication timing with T2P. Two 

hTERT-immortalized human bronchial epithelial cells, i.e., HBEC3 (human bronchial 

epithelial cell 3, which was derived from lung bronchus) and HSAEC1 (human small 

airway epithelial cell 1, which was derived from small airway), were applied to the 

Repli-seq protocol. T2P and HBEC3 were used as cell-of-origin of LUAD and LUSC, 

respectively, which would be discussed in Section 4.2.2 in Chapter 4. 

 

T2P and the other six lung cancer cell lines (A549, H1650, H1792, H2009, H520 and 

H2170) which were provided by Cell Service at the Francis Crick, were maintained 

in RPMI medium (Thermo Fisher; 21875034) supplemented with 10% heat-

inactivated fetal bovine serum (FBS) (vol/vol; 10082-147), 1x penicillin–streptomycin 

(100 U/ml penicillin, 100 μg/ml streptomycin. Gibco; 15070) and 1x L-Glutamin 

(vol/vol).  

 

SW900, HBEC3 and HSAEC1 were purchased from ATCC (https://www.atcc.org/). 

SW900 was a LUSC cell line, cultured in ATCC-formulated Leibovitz's L-15 Medium 

(ATCC; 30-2008) supplemented with 10% FBS. HBEC3 was cultured in Airway 

Epithelial Cell Basal Medium (ATCC PCS-300-030) supplemented with Bronchial 

Epithelial Cell Growth Kit (ATCC PCS-300-040), and HSAEC1 was cultured in SAGM 

BulletKit medium (Lonza CC-3119 and CC-4124) supplemented with SAGM 

SingleQuots (Lonza CC-4124), according to the manufacturer’s instructions. 

 

TT1 was the courtesy of Dr. Michele Chiappi and Professor Terry Tetley from the 

National Heart and Lung Institute at Imperial College London. Immortalised TT1 was 

derived from human primary type 2 pneumocytes but ended up with the phenotype 

resembling type 1 pneumocytes. TT1 was cultured in DCCM-1 (Geneflow Ltd, K1-

0502) supplemented with 10% penicillin-streptomycin-glutamine (Themo Fisher, 

10378016) and 10% NCS (new-born calf serum, heat inactivated, New Zealand 

origin; 26010074). 

https://www.atcc.org/
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2.5.2 Breast cell lines 

HMEC (human mammary epithelial cells), MCF10A, SK-BR3 and MDA453 were 

provided by Cell Service at the Francis Crick. HMEC was cultured in HMEC-

Mammary Epithelial MEGM (Lonza, CC-2551) supplemented with MEGM BulletKit 

(Lonza, CC-3150) and ReagentPack Subculture Reagents (Lonza, CC-5034). 

MCF10A was cultured in the medium with complex recipe (Table 2). SK-BR3 was 

cultured in ATCC-formulated McCoy's 5a Medium Modified (30-2007) supplemented 

with 10% of FBS. MDA453 was cultured in ATCC-formulated Leibovitz's L-15 

Medium (30-2008) supplemented with 10% of FBS. Repli-seq data of the other two 

BRCA cell lines (T47-D and MCF7) were downloaded from ENCODE which would 

be described in the section about other datasets applied in this chapter. 

 

 

Table 2. Recipe for MCF10A medium. 

 

2.6 Repli-WGS protocol to quantify replication timing 

The Repli-seq protocol applied in this thesis (Figure 10), was optimised mainly based 

on two published papers (Hansen et al., 2010; Ryba et al., 2011). A recently 

published protocol (Marchal et al., 2018), which was also based on these two 

previously published papers (Hansen et al., 2010; Ryba et al., 2011) was referred to 

when I processed the data. I optimised and performed the experimental steps of 

Repli-seq protocol, with the help from Yanping Guo (UCL Cancer Institute) to set up 

Components Growth medium Resuspension 

Medium

Assay medium 

(without EGF)

Horse Serum (Invitrogen #16050-122) 25ml 100ml 10ml

Human EGF (Peprotech, AF-100-15; 100ug/ml in 

sterile dH2O)

100ul 

(20ng/ml final)

-- --

Hydrocortisone (Sigma # H-0888; 1mg/ml in 200 pro 

of 100% ethanol)

250ul 

(0.5ug/ml final)

-- 250ul

(0.5ug/ml final)

Cholera Toxin (Sigma #C-8052, 2mg vials; 1mg/ml in 

sterile dH2O)

50ul 

(100ng/ml final)

-- 50ul

(100ng/ml final)

Insulin (Sigma #I-1882, 100mg vials; 10mg/ml in 

sterile dH2O containing 1% glacial acetic acid)

500ul 

(10ug/ml final)

-- 500ul

(10ug/ml final)

Pen/Strep (Invitrogen #15070-063; 100X solution) 5ml 5ml 5ml

DMEM/F12 (Invitrogen, #11330-032) 500ml 400ml 500ml



Chapter 2. Materials and Methods 

 

83 

 

the gating strategy of flow cytometry, and Sophie Ward (The Francis Crick Institute) 

to perform the sonication of DNA fragments, the library preparation and WGS. 

 

 

Figure 10. The workflow of the Repli-seq protocol. 

(Abbreviations: BrdU, Bromodeoxyuridine, 5-bromo-2'-deoxyuridine; FACS, 
fluorescence-activated cell sorting; WGS, whole genome sequencing.) 
 

2.6.1 Experimental procedures 

The recipes for different types of buffers used in the protocol were shown in Table 4 

in Chapter 7 (Appendix). 

2.6.1.1 BrdU-labelling and cell harvesting 

The BrdU (Bromodeoxyuridine 5-bromo-2'-deoxyuridine) labelled DNA was 

generated with reference to the previously published Repli-seq protocol (Marchal et 

al., 2018; Ryba et al., 2011). Asynchronized cells were grown in flasks for at least 

48h to achieve at least 107 cells with a confluency of less than 80%. Culture media 

containing a final concentration of 50 μM BrdU was added to culture the cells for 2h 

at 37°C in a CO2 incubator in the dark. At the end of this 2h incubation, the flasks 

were rinsed gently twice with ice-cold phosphate buffered saline (PBS). Cells were 

then harvested using typsin-EDTA and washed using ice-cold PBS twice each time 

after spinning down (speed, 340xg for 5 min at 4°C in the dark) the cell pellets. After 

the last washing and before fixing cells, a small fraction of the cell suspension was 
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taken to count the number of cells in each collection. Next, to fix cells and avoid cell 

damage, a mixture of 7.5ml ice-cold 100% ethanol and 2.5ml PBS containing 2% 

(v/v) FBS was added dropwise to the cell pellets with gentle vertex. The fixed cell 

pellets were incubated on ice for at least 30min or stored at -20°C for a maximum of 

3 months prior to FACS (fluorescence-activated cell sorting). 

2.6.1.2 FACS of fixed cells 

Prior to FACS, fixed cell pellets (containing at least 3 × 106 cells in a 1.5-ml tube) 

were centrifuged for 5min at 800xg at room temperature twice and washed 10ml ice-

cold washing buffer (PBS with 1% FBS) each time after centrifuging. 200 μl 

propidium iodide (PI) staining buffer per million cells, containing 50μl 50μg/ml 

ribonuclease A (Sigma; P4170) and 150μl 100μg/ml PI (Sigma; R5125), were applied 

to stain the BrdU-labelled cell pellets, which were afterwards incubated at room 

temperature in the dark for at least 30min (or overnight at 4°C). 

 

To obtain a proper single cell suspension, the cell pellets were disaggregated by 

passing through a 25-G needle using a 1-ml syringe and filtering through a 40-um 

nylon mesh to remove any clumps or aggregates just prior to cell sorting. Based on 

the DNA contents stained by PI, BrdU-labelled and PI-stained cells for each cell line 

were sorted into 3 fractions across the cell cycle (G1, Early S, Late S) using the 

equipment BD FACS Aria IIIB. Cells were collected into PI staining buffer. 1ml 

digestion buffer per million sorted cells, containing 1ml of SDS-PK buffer (recipe 

shown in Table 4 in Chapter 7), 10ul 0.2 mg/ml of proteinase K (stock: 20mg/ml) and 

0.05 mg/ml glycogen was added to each collection tube. The collected cells were 

subsequently incubated in a 56°C water bath for 2h with 350-400rpm shaking at the 

same time. At the end of digestion, the samples were used for next step immediately 

or stored at −20°C in the dark for a maximum of 6 months. 

2.6.1.3 DNA purification and fragmentation 

DNA was extracted and purified from sorted cells in G1, early or late S phase using 

the phenol-chloroform extraction protocol as previously reported (Sambrook and 

Russell, 2006). Two main steps of DNA extraction were as follows. 
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(1) Phenol-chloroform extraction of DNA: One volume of phenol: chloroform: isoamyl 

alcohol (25:24:1) (i.e., 1ml from last step of sample digestion) was added to each 

sample, followed by vertexing thoroughly for approximately 20 seconds and then 

centrifuging at room temperature for 5min at 16,000xg. Next, the aqueous phase 

on the top layer was carefully removed to a fresh tube, during this step I would 

avoid carrying over any phenol during pipetting. 

(2) Ethanol precipitation and DNA pellet dissolution:  

a. For each fresh tube, 4ul glycogen and then 2.5 volume of 100% ethanol 

were added sequentially. After mixing well, the sample tube would be 

stored at −80°C around dry ice for at least 1h (or at −20°C overnight) to 

precipitate the DNA. 

b. Next, after centrifuge at 16,000xg for 30min at 4°C, the supernatant in 

each sample tube was discarded. Then, the pellet was washed by 750ul 

of cold 70% ethanol for three times. After the last washing, all ethanol was 

removed as much as possible, and the pellet was put in dark at room 

temperature for air dry. 

c. Then, to dissolve the DNA pellet, the pellet was re-suspended in 50ul of 

TE buffer at 37°C for 1h with 350-400rpm shaking. The dissolved DNA 

samples could be stored at 4°C in the dark till next step or at -20°C 

indefinitely. 

 

DNA was then fragmented using a Covaris ultrasonicator to achieve an average 

length of 200bp.  

2.6.1.4 Library construction 

The library construction was done before BrdU immunoprecipitation. Two 

commercially available kits were used at this step, by following the manufacturer’s 

instructions: the NEBNext Ultra DNA Library Prep Kit which was used for end repair, 

and the NEBNext Multiplex Oligos for Illumina kit which was used for adaptor ligation 

and some enzyme treatment. Firstly, the end repair enzyme and the reaction buffer 

were added to the fragmented DNA. After a through mixing and quick spinning down, 

the sample was put in the thermocycler starting from 20°C for 30min, followed by 

65°C for another 30min. After the end repair, the sample could be held at 4°C before 
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the next step. Second, according to the manufacturer’s instructions for the NEBNext 

Multiplex Oligos for Illumina kit, the NEBNext Adaptor for Illumina, the Ligation 

Enhancer and other buffer included in the kit were added the repaired samples from 

last step, followed by the incubation at 20°C for 15min. Lastly, the uracil-specific 

excision reagent (USER) enzyme digestion from the NEBNext Multiplex Oligos for 

Illumina kit was performed by adding USER enzyme to the ligated sample for further 

incubation at 37°C for 15min. The digested DNA sample was then purified using the 

QIAquick PCR Purification Kit and the DNA was eluted in 50ul molecular biology 

grade water. 

2.6.1.5 BrdU immunoprecipitation and DNA purification  

Eluted DNA samples after the library construction were immunoprecipitated with the 

mouse anti-BrdU antibody (Monoclonal, Clone B44. BD Biosciences; 347580) and 

the goat anti-mouse secondary antibody (IgG-Alexa Fluor 488. Abcam; ab150129). 

The procedures of BrdU immunoprecipitation was slightly modified from literature 

(Hansen et al., 2010; Ryba et al., 2011).  

 

First, 450 μl of TE buffer was added to each DNA sample which was eluted in 50 μl 

of H2O. Next, the DNA sample was denatured at 95°C for 5 min and then cooled 

down on ice for at least 2 min. 60 μl 10× IP buffer and 40 μl of 12.5 μg/ml mouse 

anti-BrdU antibody were added to the denatured DNA in each tube, followed by the 

incubation for 20min at room temperature with constant rocking. Next, 20 μg of the 

secondary antibody, the goat anti-mouse IgG, was added to each tube. Rather than 

incubating the tube for 20min at room temperature, I extended the incubation to 

overnight at 4°C to improve the efficiency of immunoprecipitation.  

 

Next, the supernatant in the sample tube was removed after centrifuge at 16,000xg 

for 5min at 4°C. I would then use 10ul tips to remove as much remnant supernatant 

as possible after spinning it down quickly. The pellet was washed by 750 μl ice-cold 

1× IP buffer twice, and then re-suspended in 200 μl of digestion buffer (Table 4 in 

Chapter 7) and freshly added 0.25 mg/ml proteinase K for further incubation 

overnight at 37°C with 300rpm shaking. At the end of incubation, another 1.25 μl of 

20 mg/ml proteinase K was freshly added to each tube which was then incubated for 
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1h at 56°C. DNA was then purified using the QIAquick PCR Purification Kit following 

the manufactures’ instructions and then eluted in 20 μl low TE buffer (Table 4 in 

Chapter 7). 

2.6.1.6 Validation of RT using qPCR 

Before I moved to the next step, I performed qPCR (quantitative polymerase chain 

reaction) of DNA samples from G1, early and late S phase each time to validate 

whether this protocol worked to call replication timing properly. QPCR primers (Table 

3) of three early (HBA1, MMP15, BMP1) and four late (PTGS2, SLITRK6, ZPF42 

and DPPA2) genes were used as previously described (Ryba et al., 2011). 

Meanwhile, mitochondrial DNA sequences were used as an intra-control, as 

mitochondrial DNA was supposed to be equally represented in early and late S 

phase fractions. 

 

 

Table 3. QPCR primers of known early, or late replicating genes used for validation. 

(Abbreviations: RT, replication timing.) 
 

The replication timing value (RT value) of each DNA sample was calculated based 

on the relative abundance of these genes in G1 and different S phases: 

Relative abundance (i) = 2[Ct(mitochondrial) (i) – Ct(gene) (i)] / 2[Ct(mitochondrial) (i)– Ct(gene) (i)] x 100% 

 

In this formula, (i) represents one of the FACS sorted samples for each cell line, i.e., 

G1, early and late S phase. Ct(mitochondrial) is the Ct value of the mitochondrial 

Known RT Gene Sequence (5’--> 3’) Base pairs (bp)

Mitochondrial DNA (16,528 – 42) Forward, CTAAATAGCCCACACGTTCCC 87

Reverse, AGAGCTCCCGTGAGTGGTTA

HBA1 Forward, GACCCTCTTCTCTGCACAGCTC 257

Reverse, GCTACCGAGGCTCCAGCTTAAC

MMP15 Forward, CAGGCCTCTGGTCTCTGTCATT 249

Reverse, AGAGCTGAGAAACCACCACCAG

BMP1 Forward, GATGAAGCCTCGACCCCTAGAT 177

Reverse, ACCCGTCAGAGACGAACTTGAG

PTGS2 Forward, GTTCTAGGCTGGTGTCCCATTG 230

Reverse, CTTTCTGTACTGCGGGTGGAAC

SLITRK6 Forward, GGAGAACATGCCTCCACAGTCT 281

Reverse, GTCCTGGAAGTTGAGTGGATGG

ZPF42 Forward, CTTGTGGGGACACCCAGATAAG 233

Reverse, AACCACCTCCAGGCAGTAGTGA

DPPA2 Forward, AGGTGGACAGCGAAGACAGAAC 168

Reverse, GGCCATCAGCAGTGTCCTAAAC

Early 

replication

Late 

replication
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DNA abundance in each DNA sample, and Ct(gene) is the Ct value of each early or 

late replicated gene tested in Table 3. 

2.6.1.7 Indexing and amplification of purified DNA using PCR 

Only when the early or late replication timing of genes in Table 3 was validated by 

qPCR, DNA samples would be taken forward for further indexing and PCR 

amplification, as previously reported (Marchal et al., 2018). Purified BrdU-

immunoprecipitated DNA samples were subjected to indexing and PCR amplification 

using the NEBNext Ultra II Kit (NEB; M0544). Primers annealing to the adaptors were 

as follows to determine the optimal PCR cycle number: 

- adqPCR_Forward: ACACTCTTTCCCTACACGACGC. 

- adqPCR_Reverse: GACTGGAGTTCAGACGTGTGC. 

 

Next, PCR reactions were purified using AMPure XP beads (Beckman Coulter; 

A63880) and DNA was eluted in 10mM Tris-HCl. After this stage, one more step of 

qPCR was run to validate the replication timing of the genes in Table 3, including two 

early (HBA2, MMP15) and one late (DPPA2) replicating genes, as described above 

(Section 2.6.1.6). 

2.6.1.8 Multiplex WGS  

After quantifying DNA concentrations of each sample using Qubit dsDNA HS Assay 

Kit (Life Technologies; Q32854), libraries were pooled, and the size distribution of 

DNA fragments was assessed. Whole genome sequencing with 100bp paired-end 

reads was performed on an Illumina HiSeq4000 with 12 or 6 samples per lane as 

describe in Table 1. Given that each DNA sample was extracted from cells in either 

early or late S phase after BrdU-immunoprecipitation, the genome sequences in 

each DNA sample only accounted for a small fraction of the whole genome. 

Therefore, to balance the financial costs and benefits from high depth sequencing, I 

designed two ways of performing WGS to explore the optimal sequencing coverage, 

by laying 12 or 6 samples per lane on the Illumina platform (an example shown in 

Figure 11). The average sequencing coverages of WGS when 12 or 6 samples were 

laid per lane were around 30x (Figure 11A) or 60x (Figure 11B), separately. During 

the 2 hours of BrdU labelling, some cells were in the very early S phase when only 



Chapter 2. Materials and Methods 

 

89 

 

small fractions of DNA fragments had been replicated, in which case the small 

changes of DNA contents stained by propidium iodide were not enough to 

differentiate cells in early S phase from those in G1 phase. Therefore, there would 

be a small fraction of cells in the very early S fraction which were sorted into G1 

fraction. These newly replicated DNA fragments which were replicated in the very 

early S fraction but sorted in G1 fraction were immunoprecipitated during BrdU 

immunoprecipitation, leading to the variations in the coverage of cells in the G1 

fraction. This is the limitation in this study, as we could only sort at a maximum of 

four fractions on the Aria B instrument. Therefore, to avoid the bias caused by the 

variations in G1 fractions, we decided to use the log2 ratios of early versus late read 

counts to quantify the replication timing. 
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Figure 11. The coverage of Repli-WGS on chromosome 3 in two replicates of 

H1650 in 1kb windows. 

The coverage of WGS in G1, early S and late S samples when 12 (A) or 6 (B) 
samples were laid per lane during WGS. 
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(Abbreviations: WGS, whole genome sequencing; mb, megabase.) 
 

2.6.2 Bioinformatics pipeline processing Repli-WGS data 

The bioinformatics pipeline processing the Repli-WGS data was developed by 

Michelle Dietzen (UCL Cancer Institute), based on strategies we determined 

together. 

2.6.2.1 Calculating log2-ratios 

Sequenced reads from the Repli-WGS data were mapped to hg19 using bowtie2 

(Chen et al., 2018). The log2-ratio of reads in early versus late replicating samples 

was calculated for each genome window in 1kb or 50kb. Log2-ratios in 50kb windows 

were used to identify the replication timing of genome regions to minimise noises, 

whereas log2-ratios in 1kb windows, which was considered to be at a high resolution, 

were used to calculate the mean log2-ratio of each gene. Therefore, a positive log2-

ratio would represent early replication timing, and a negative log2-ratio would mean 

late replication timing. Next, to eliminate or minimize technical variation in the Repli-

seq data, two additional steps of normalisation were implemented, including quantile 

normalization and loess smoothing. First, to make different cell lines comparable, 

quantile normalization of log2-ratios on chromosome 1-22 and chromosome X, was 

performed across all cell lines in this Repli-seq cohort. The quantile normalization 

assumed that the statistical distribution of log2-ratios in each cell line was the same, 

and then forced the distributions of log2-ratios across different cell lines to be the 

same average distribution. This step was conducted by using the function, 

normalize.quantiles.use.target() to obtain quantile-normalised log2-ratios. Second, 

the quantile-normalised log2-ratios in each cell line were used for loess smoothing 

using local regression with a span of 300kb (kilobases) across the genome. At this 

step, the function, loess(), was used to perform loess smoothing. Comparisons of 

raw log2-ratios and normalised log2-ratios would be shown in Section 4.2.1 (Figure 

38 and Figure 39) in Chapter 4. 

2.6.2.2 Identification of altered replication timing regions 

Replicates of Repli-seq data from three cell lines were included in this thesis, 

including two LUAD related cell lines (T2P and H1650 – both replicates performed 
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in-house to validate the reproducibility of the in-house protocol), and one LUAD cell 

line (A549) from which the in-house replicate was compared to a replicate from 

ENCODE (https://www.encodeproject.org/) to validate the consistency between in-

house and published Repli-seq protocols. Altered replication timing regions were 

identified based on a threshold that was calculated by analysing the noise distribution 

between replicates of the same cell line (Figure 12). Differences in the log2-ratios 

between two replicates of the same cell line represented the random noise and can 

therefore be used as background distribution for the identification of altered 

replication timing regions between normal and cancer. Under the assumption that 

1% of negative and positive differences were outliers, we calculated the 1% quantile 

of negative differences (-1.67) and the 99% quantile of positive differences (1.43) 

and based on those results, chose a slightly stricter integer value of |2| as threshold 

for altered replication timing regions (Figure 12). 

 

 

Figure 12. The log2-ratios differences in 50kb windows between replicates of three 

cell lines. 

Two replicates of in-house log2-ratios of T2P (the cell-of-origin of LUAD) and H1650, 
replicates of in-house and ENCODE log2-ratios of A549 were plotted. 
(Abbreviations: T2P, type 2 pneumocytes.) 
 

https://www.encodeproject.org/
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This method was applied to the log2-ratio differences between the cell-of-origin and 

cancer cell lines to identify different types of altered replication timing regions when 

the threshold of the log2-ratio differences as |2| was used. In order to highlight 

extreme replication timing changes between normal and cancer, I further divided 

regions with an absolute log2-ratio difference greater than |4| into extreme earlier 

and later replicating regions. The cut-off of |4| was chosen because it was the 

maximum absolute difference of log2-ratios between replicates. In addition, -4 

represents the 10% quantile of log2-ratio differences in earlier regions across all 

normal-cancer pairs and 4 is the 90% quantile of later values. Thus, the application 

of those thresholds results in six potential classifications of altered replication timing 

(Figure 13): extreme earlier/later replicating (i.e., extreme_earlier and extreme_later), 

earlier (late-to-early switch) and later (early-to-late switch) replication timing (i.e., 

earlier_switch and later_switch), earlier/later without switched replication timing (i.e., 

earlier_noSwitch and later_noSwitch). All other genome regions were classified as 

not_altered replication timing. 

 

 

Figure 13. Six types of altered replication timing regions. 

The threshold of the log2-ratios differences between the cell-of-origin and cancer cell 
lines was |2| to identify earlier (≤ -2) or later (≥ 2) altered replication timing. Another 
threshold of the log2-ratios differences as |4| was used to identify extreme earlier (≤ 
-4) or extreme later (≥ 4) replicating regions. Thus, six types of altered replication 
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timing were identified: extreme earlier/later replicating (i.e., extreme_earlier and 
extreme_later), earlier (late-to-early switch) and later (early-to-late switch) replication 
timing (i.e., earlier_switch and later_switch), earlier/later without switched replication 
timing (i.e., earlier_noSwitch and later_noSwitch). All other genome regions were 
classified as not_altered replication timing. 
(Abbreviations: RT, replication timing.) 
 

Recurrent altered replication timing regions were classified in 50kb windows that 

were identified as altered replication timing regions in all cancer cell lines relative to 

the cell-of-origin within a given cancer type. In order to test if those overlaps were 

significantly different from random, we randomly selected the altered replication 

timing regions for each cancer cell line for 100 times and calculated the overlap 

between them. For this we used the same number and length of altered replication 

timing regions as observed and we made sure that later regions were only sampled 

from early normal regions (potential later regions) and vice versa for earlier replicated 

regions. A p-value was calculated by counting the number of iterations with a greater 

overlap than observed and divided this number by 100. 

2.6.2.3 Identification of genes with altered replication timing  

In order to identify genes with an altered replication timing between the cell-of-origin 

and cancer, we calculated a mean log2-ratio, using the 1kb window results, for each 

gene and applied the same thresholds as described above. Most of the identified 

genes with altered replication timing did also overlap with a minimum of 100 bp with 

altered replication timing regions. All overlapping genes were classified as tier 1 

whereas non-overlapping genes were classified as tier 2 for further analyses.  

2.7 Sequencing datasets applied in the analyses of Repli-seq 

data 

Several different datasets have been used in this thesis regarding the analyses of 

replication timing. Michelle Dietzen processed the WGS data, while I mainly 

performed the analyses of RNA-seq data in TCGA and in TRACERx (the raw data 

of which was processed by Clare Puttick and Carlos Martinez Ruiz at the Francis 

Crick Institute). Other work carried out by other people would be indicated in each 

section. 
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2.7.1 Publicly available Repli-seq data 

All publicly available Repli-seq data of 16 human cell lines on ENCODE data portal 

(https://www.encodeproject.org/matrix/?type=Experiment&status=released&assay_

slims=Replication%20timing) were downloaded and processed through the pipeline 

Michelle Dietzen developed in this work. As stated above, the Repli-seq of A549 on 

ENCODE was compared with in-house A549 Repli-seq data to validate the 

consistency of protocols used in this thesis. 

2.7.2 Gene alterations and expression in cancer cell lines 

Genomic alterations and gene expression of cancer cell lines which were included in 

our Repli-seq analyses in this work were downloaded from the DepMap data portal 

(https://depmap.org/portal/download/). 

2.7.3 WGS data of patient tumours 

The WGS data of 560 BRCA from a patient cohort was downloaded from a published 

paper (Nik-Zainal et al., 2016). The WGS of LUADs and LUSCs are those enrolled 

in the 100,000 Genomes Project managed by the Genomics England 

(https://www.genomicsengland.co.uk/about-genomics-england/the-100000-

genomes-project/), which are not yet publicly available. LUADs and LUSCs enrolled 

in the 100,000 Genomes Project were single-region whole genome sequenced. 

2.7.4 RNA-seq data of patient tumours in TCGA 

The counts and transcripts per million (TPM) of genes from LUAD, LUSC and BRCA 

enrolled in The Cancer Genome Atlas (TCGA) were downloaded using a R package, 

TCGA2STAT (Wan et al., 2016) (http://www.liuzlab.org/TCGA2STAT/). The scripts I 

wrote to download and process the data were wrapped up in a R function. But I 

divided them into several major steps in this thesis as follows. First, I used a function 

from TCGA2STAT (Wan et al., 2016), getTCGA(), to download the RSEM (RNA-Seq 

by Expectation Maximization) (Li and Dewey, 2011) raw read counts and RPKM 

(reads per kilobase of transcript per million mapped reads). Next, according to the 

user guide for TCGA2STAT (Wan et al., 2016) (http://www.liuzlab.org/TCGA2STAT/), 

https://www.encodeproject.org/matrix/?type=Experiment&status=released&assay_slims=Replication%20timing
https://www.encodeproject.org/matrix/?type=Experiment&status=released&assay_slims=Replication%20timing
https://depmap.org/portal/download/
https://www.genomicsengland.co.uk/about-genomics-england/the-100000-genomes-project/
https://www.genomicsengland.co.uk/about-genomics-england/the-100000-genomes-project/
http://www.liuzlab.org/TCGA2STAT/
http://www.liuzlab.org/TCGA2STAT/
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I extracted the clinical information and survival data from patients enrolled in TCGA 

and calculated TPM of data in TCGA.  

 

Furthermore, for each cancer type, I used a function from TCGA2STAT (Wan et al., 

2016), TumorNormalMatch(TCGA.data), to extract a subset of patient cohort from 

whom the matched tumour and normal samples within the same patient were 

sequenced. The gene read counts from TCGA data would be used to do differential 

expression analyses, which would be described later in this chapter (Section 2.8.3). 

2.7.5 RNA-seq data of patient tumours in the TRACERx study 

For RNA-seq, the same RNA extracted from region specific fresh-frozen samples 

were used as described previously in this chapter (Section 2.2.2 in Chapter 2). Total 

RNA was prepared for Illumina cDNA paired-end sequencing using a TruSeq 

Stranded Total RNA Human/Mouse/Rat (20020597) ribo-depletion library 

preparation following the recommended protocol by the manufacturer. Libraries were 

prepared with a minimum of 100ng of total RNA input where possible and PCR 

amplified for 15 cycles. Libraries were quality checked using Agilent Tapestation and 

Promega QuantiFluor® dsDNA. cDNA libraries were then pooled in equimolar 

solutions and sequenced in a HiSeq4000 at a depth of 50 million raw reads per 

sample, with a length of 75bp or 100bp per read. 

 

Illumina adapters were trimmed from raw sequencing reads using Cutadapt (v2.10) 

(Martin, 2011) with standard parameters and the quality of the trimmed reads 

estimated per flow cell lane. Only fastq files with GC content within 2 standard 

deviations of the cohort mean, and with less than 80% of total reads being duplicates 

were kept for alignment. Fastq read files passing these quality checks were aligned 

to the UCSC hg19 human reference genome build using STAR (v2.5.2a) (Dobin et 

al., 2013) in two-pass mode with ENCODE parameters, generating one BAM file per 

tumour region. The same reads were also mapped to the human transcriptome 

(RefSeq GCA_000001405.1 build) using the same STAR parameters in order to 

generate gene expression data. Next, we marked duplicates with the MarkDuplicates 

function from GATK (v4.1.7.0) (McKenna et al., 2010). Aligned reads were quality 

checked using QoRTs (v1.3.6) (Hartley and Mullikin, 2015) to assess RNA integrity. 
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Somalier (v0.2.7) (Pedersen et al., 2020) was used to detect potential instances of 

sample mislabelling. FASTQC, QoRTs and Somalier outputs were visualised using 

MultiQC (v1.9) (Ewels et al., 2016).  

 

RSEM (v1.3.3) (Li and Dewey, 2011) was used with default parameters to quantify 

gene expression based on the BAM files aligned to the transcriptome. Gene 

expression patterns were used for further quality checking of each sample. Tumour 

regions with fewer than 40% of all genes being expressed (>0 Transcripts Per Million 

-TPM-) were excluded. Additionally, samples with less than 20% of reads mapping 

uniquely to a single location in the genome were excluded. Next, RNA coverage was 

calculated for single nucleotide variants (SNVs) detected in matched whole exome 

sequencing data per tumour region using SAMtools (v1.9) (Li et al., 2009). Mutation 

expression was used to further quality check the mapping of RNA reads. The 

expression of SNVs exclusive to a given tumour region was used to detect potential 

instances of within-patient mislabelling of RNA-DNA matched tumour regions as well 

as to remove normal adjacent lung tissue expressing mutations present in the tumour 

samples. A similar approach was applied to germline single nucleotide 

polymorphisms (SNPs) to further assess potential sample swaps based on patterns 

of copy number variation from matched DNA per tumour region. Tumour samples in 

which less than 10 mutations, or less than 25% of the total, had evidence of 

expression, and/or less than 10% of SNPs had evidence of bi-allelic expression, 

were excluded. Finally, tumour samples clustering with normal samples (see section 

2.1. Gene expression clustering) and a low purity were also excluded from further 

analyses. To ensure the reproducibility and portability of the above pipeline, all steps 

described were implemented through the Nextflow (v20.07.1) (Di Tommaso et al., 

2017) pipeline manager. 

 

RSEM raw read counts were first normalised using the median of ratios method 

implemented in DESeq2 (v1.24.0) (Love et al., 2014). Genes with read counts below 

5 in at least 20% of the cohort were kept after filtering. Variant stabilizing 

transformation (VST) was performed on the normalised reads. RSEM raw read 

counts were then used to perform the differential expression analyses, which would 

be described later in this chapter (Section 2.8.3). 
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2.7.6 Gene lists extracted from publicly available data 

Gene lists introduced in this section would be included in Section 7.3 in Chapter 7. 

Oncogenes (OGs) (Table 5) and tumour suppressor genes (TSGs) (Table 6) were 

downloaded from COSMIC census gene lists (https://cancer.sanger.ac.uk/census) 

(Sondka et al., 2018). Genes involved in the previously defined oncogenic signalling 

pathways from TCGA were downloaded from the supplementary files in a previously 

published paper (Sanchez-Vega et al., 2018) (Table 7 in Chapter 7).  

 

The lung cancer driver gene list was extracted from two published papers (Campbell 

et al., 2016; Lawrence et al., 2013) (Table 8 in Chapter 7). The breast cancer driver 

gene list was extracted from one published paper (Bertucci et al., 2019) (Table 9 in 

Chapter 7). The amplified or deleted driver genes located on the GISTIC peaks 

(Mermel et al., 2011) from TCGA data were extracted from a published paper 

(Watkins et al., 2020) (LUAD, Table 10 and Table 11; LUSC, Table 12 and Table 13; 

BRCA, Table 14 and Table 15) (Chapter 7).  

 

Tissue specific essential genes were also included in analyses in this work. Lung 

essential genes were downloaded from those that were screened by the Achilles 

Therapeutics which are publicly available on the DepMap data portal 

(https://depmap.org/portal/download/) (Table 16 in Chapter 7).  

 

Breast essential genes were extracted from the supplementary files in a previously 

published paper (Marcotte et al., 2016), including general essential genes (Table 17 

in Chapter 7) and BRCA subtype specific essential genes (Table 18, Table 19, Table 

20, and Table 21 in Chapter 7) . 

2.8 Integrative analyses of Repli-seq and standard sequencing 

data 

2.8.1 Mutational signatures in different replication timing regions 

The methods for analysing mutational signatures in different replication timing 

regions were the same as previously described in this chapter (Section 2.4.1.6). 

https://cancer.sanger.ac.uk/census
https://depmap.org/portal/download/
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2.8.2 Estimates of dN/dS ratios to estimate positive selection of genes with 

altered replication timing 

The dN/dS point mutation estimate was calculated by combining the dN/dS estimates 

of all non-synonymous substitutions at the level of individual genes (Martincorena et 

al., 2017; Williams et al., 2020). The gene mutation data were from the WGS of 

patient tumours as stated above. The analysis was performed for each cancer cell 

line separately from which the Repli-seq data was available in this thesis. In the 

analysis of each cell line, genes were classified to different types of altered 

replication timing as stated above in Section 2.6.2.3 in this chapter. If the dN/dS ratio 

was >1.5 with global q-values <0.1, the particular gene was classified as under 

positive selection. If the dN/dS ratio was <0.75 with global q-values <0.1, the gene 

was classified as under negative selection. Otherwise, the gene was classified as 

under neutral selection when the numbers of positively and negatively selected 

mutations in a given gene were balanced.  

2.8.3 Differential expression analysis 

The differential expression (DE) analysis was performed to RNA-seq data of tumour 

and normal tissues within the same patient enrolled in TCGA or the TRACERx study 

(Jamal-Hanjani et al., 2017), using a R package, limma, according to the methods 

described in the publicly available user guide (Ritchie et al., 2015) 

(https://bioconductor.org/packages/release/bioc/html/limma.html). The log2 fold 

change (log2.FC) of expression of each gene in tumour samples compared to normal 

tissues were calculated during the DE analyses. An absolute value of log2.FC as |1| 

with a significant p value less than 0.05, was used to identify highly (log2.FC > 1) or 

lowly (log2.FC < -1) expressed genes in tumours. Other genes with an absolute 

log2.FC value < |1| or p value more than 0.05 would be classified as stably expressed 

in tumour samples. 

2.9 Statistical analysis 

All statistical tests were performed in R. No statistical methods were used to 

predetermine sample size. Tests involving comparisons of distributions were done 

using a two-tailed “wilcox.test”, using paired or unpaired options where appropriate. 

https://bioconductor.org/packages/release/bioc/html/limma.html
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Tests involving comparison of groups were done using two-tailed Fisher's exact test 

(“fisher.test”). For all statistical tests, the number of data points included are plotted 

or annotated in the corresponding figure. Unless otherwise indicated, P values were 

indicated as: ns, not significant, P≥0.05; *, P<0.05; **, P<0.01; ***, P<0.001; ****, 

P<0.0001. 
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Chapter 3. Results 1. Genomic evolutionary patterns 

in the matched pre-invasive and invasive lung 

disease in the TRACERx study 

3.1 Introduction 

Pre-invasive lung disease that precedes lung adenocarcinoma (LUAD) or squamous 

cell carcinoma (LUSC) can be classified into lesions characterised by specific 

histological features. Atypical adenomatous hyperplasia (AAH), adenocarcinoma in 

situ (AIS) and minimally invasive adenocarcinoma (MIA) are considered to be 

stepwise evolutionary stages of pre-invasive disease towards LUAD (Travis et al., 

2015). A similar consecutive progression pattern from carcinoma in situ (CIS) 

developing into LUSC (Kerr, 2001) is also studied in this chapter. Given that MIA 

consists of mainly in-situ components and merely a small focus of invasive 

components, MIA is considered to be a further progression step from AAH/AIS 

towards an invasive tumour. Therefore, MIA is included in the integrative analyses in 

this chapter.  

 

The evolutionary relationship between pre-invasive and invasive lung disease 

remains largely unknown, mainly due to the lack of matched samples within the same 

patient. Gradual accumulation of somatic mutations and somatic copy number 

alterations (SCNAs) were detected in AIS/MIA/LUAD compared to AAH (Hu et al., 

2019a), and in progressive CIS and LUSC compared to regressive CIS (Denisov et 

al., 2019b; Teixeira et al., 2019). Furthermore, immunosuppression is progressively 

activated along the progression from multi-step pre-invasive lesions towards invasive 

tumours (Hu et al., 2019a; Mascaux et al., 2019). Although there are some studies 

which have profiled the genetic landscape of pre-invasive lung lesions, such as AAH, 

AIS and MIA (Chen et al., 2019a; Hu et al., 2019a; Zhang et al., 2019a) or squamous 

dysplasia and CIS (Mascaux et al., 2019; Teixeira et al., 2019), a complete 

understanding of these pre-invasive lesions in the context of their invasive 

counterparts is lacking.  
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TRACERx (TRAcking non-small cell lung Cancer Evolution through therapy (Rx)) is 

a national multi-centre prospective study in which surgically resected NSCLC 

tumours are subjected to high-depth multi-region WES (Jamal-Hanjani et al., 2017). 

In this chapter, using the TRACERx study, I will present a cohort of patients with 

identified pre-invasive lesions (including AAH, AIS, MIA and CIS) and perform 

integrative analyses with their matched invasive tumour to investigate the 

phylogenetic evolutionary patterns between the two. Furthermore, the timing of 

clonal divergence and mutational processes were explored. 

 

In this chapter, I performed the screening and experimental work, with the help of 

David Moore (University College London Hospital) who conducted the central 

pathological review of pre-invasive lesion for diagnoses, and the help of Sophie Ward 

(Francis Crick Institute) to perform the WES. The bioinformatics pipeline applied in 

this chapter was developed by Clare Puttick and Alexander Frankell (The Francis 

Crick Institute) which was based on the pipeline used for the TRACERx 421 cohort 

(unpublished data).  

3.2 Results 

3.2.1 Study design and patient cohort 

A total of 746 post-operative pathology reports for the primary invasive tumours 

collected within TRACERx were screened to identify pre-invasive lesions that had 

been resected at the time of primary surgery (Figure 6 in Chapter 2). Diagnoses of 

AAH, AIS, MIA and CIS were made from background lung parenchyma sampled and 

archived by local pathological departments. Corresponding formalin-fixed paraffin-

embedded (FFPE) tissue blocks were requested from hospitals in the TRACERx 

consortium, and a process of central pathological review led to a total of 95 pre-

invasive lesions from 50 patients confirmed in this cohort (Figure 7 in Chapter 2). 

Serial sectioning of FFPE blocks and laser-microdissection of identified pre-invasive 

lesions were performed to ensure sufficient and high-quality DNA yields for whole-

exome sequencing (WES) (mean depth 424x, median 353x). After applying stringent 

sequencing quality control measures and filtering of potential FFPE-related artefacts 

(Methods Section 2.4.1.3 in Chapter 2), 50 pre-invasive lesions, including 21 AAH, 

7 AIS, 6 MIA and 16 CIS lesions from 36 patients were taken forward for further 



Chapter 3. Results 1 

 

103 

 

analyses (Figure 14). WES data of 119 matched invasive tumour regions from 22 

LUADs (N=64 regions), 13 LUSCs (N=51 regions), and 1 pleomorphic carcinoma 

(N=4 regions) were applied for integrated analyses (Figure 14). 

 

 
Figure 14. Cohort overview in this study. 

Each column represents lesions from one patient. The number of all pre-invasive 
lesions and multiple invasive regions within the same patient are shown in the top 
track.  
(Abbreviations: LUAD, lung adenocarcinoma; LUADmuci, lung mucinous 
adenocarcinoma; LUSC, lung squamous cell carcinoma; NA, recurrence not 
available; #, number of lesions or tumour regions.) 
 

3.2.2 Genomic landscape of somatic mutations in pre-invasive disease 

To understand the genetic landscape of somatic mutations during the stepwise 

progression towards LUAD, I first investigated the mutation burden including single 

nucleotide variants (SNVs), Indels (small insertions and deletions) and dinucleotide 

mutations in pre-invasive lesions compared to invasive tumour regions (Figure 15). 

A trend of gradual accumulation of somatic mutations was observed between 

AAH/AIS and MIA/LUAD. The mutation burden in MIA and LUAD was significantly 

increased compared with AAH (P=0.019 and P<0.001, respectively), and was similar 

to AIS (P=0.18 and P=0.065, respectively). This is consistent with the literature even 

in the absence of matched pre-invasive and invasive lesions sampled within the 

same patient (Chen et al., 2021; Hu et al., 2019a). Conversely, the mutation burden 

in CIS was equivalent to LUSC (P=0.4, Wilcoxon test) (Figure 15).  
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Figure 15. Mutation burden in each pre-invasive lesion or invasive region from 

patient cohort. 

A. Mutation burden of each pre-invasive lesion or invasive region.  
B. Correlation between mutation burden and tumour cell purity.  
(Abbreviations: LUAD, lung adenocarcinoma; LUADmuci, lung mucinous 
adenocarcinoma; LUSC, lung squamous cell carcinoma; Pleomorphic, lung 
pleomorphic carcinoma; SNVs, somatic single nucleotide variants; Indels, small 
insertions and deletions; Dinuc, dinucleotide mutations.) 
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3.2.3 Phylogenetic patterns between matched pre-invasive and invasive 

disease 

Next, to delineate the evolutionary relationship between the pre-invasive lesions and 

the invasive tumour regions in each patient, we constructed phylogenetic trees using 

WES data by clustering somatic mutations into clonal or subclonal clusters, based 

on their cancer cell fraction (CCF) values (Methods Section 2.4.3 in Chapter 2). This 

allowed us to identify shared clonal and/or subclonal clusters of mutations between 

different invasive and pre-invasive lesions, which region-based phylogenies would 

not allow (Hu et al., 2019a). The common somatic mutations which were shared and 

exhibited with a CCF of 100 values in both the pre-invasive and invasive lesion, were 

identified as the shared clonal cluster. Other common somatic mutations which were 

shared in both the pre-invasive and invasive lesion but exhibited a CCF of less than 

100 in at least one of the two lesions, were identified as the shared subclonal cluster. 

Both scenarios would demonstrate that the pre-invasive and invasive lesion 

originated from a somatic (as opposed to germ line) common ancestor. Otherwise, if 

there were no clusters of clonal or subclonal somatic mutations identified between 

the pre-invasive and invasive lesion, we would consider that these two lesions 

originated from different somatic ancestors. Phylogenetic relationships were 

constructed for matched pre-invasive and invasive lesions from 36 patients.  

3.2.3.1 Two major groups of evolutionary relationships 

Two major groups of evolutionary relationships were identified, based on whether 

pre-invasive and invasive lesions shared a somatic common ancestor (the SCA 

group, Figure 16A) or not (the non-SCA group, Figure 16B). In 7/22 LUAD patients 

(Figure 17 and Figure 18) and 11/13 LUSC patients (Figure 19, Figure 20 and Figure 

21), clonally shared somatic mutations between the invasive and pre-invasive lesions 

were identified, implying a shared somatic common ancestor (the SCA group) during 

the evolutionary history of these lesions. Conversely in 15/22 LUAD, 2/13 LUSC and 

1/1 pleomorphic carcinoma patients, the pre-invasive and invasive lesions were not 

found to share any clonal somatic mutations, suggesting these lesions originated 

independently, without a shared clonal origin (the non-SCA group; an example 

shown in Figure 22). 
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Figure 16. Cartoons to show two major groups of evolutionary relationships 

between the pre-invasive and invasive lesions. 

The SCA group: the pre-invasive and invasive lesions shared a somatic common 
ancestor. Two patterns were observed: the first one was when only a clonal 
mutational cluster was shared; the second was when both the clonal and at least one 
subclonal mutational cluster were shared. 
The non-SCA group: the pre-invasive and invasive lesions did not share a somatic 
common ancestor. In this case, two phylogenetic trees were constructed for the pre-
invasive lesion and invasive regions, separately. 
(Abbreviations: SCA, with a shared somatic common ancestor; NSCLC, non-small 
cell lung cancer; non-SCA, without a shared somatic common ancestor; NSCLC_R1 
and NSCLC_R2, multiple tumour regions including Region 1 (R1) and Region 2 (R2) 
sequenced in TRACERx.)  
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Figure 17. Phylogenetic relationship in the SCA LUAD group when only a clonal 

mutational cluster was shared. 

(The phylogenetic tree for M_LTX353 was not constructed and thus not shown in this 
figure, even though clonal SNVs were shared between the pre-invasive and invasive 
lesions.) 
(Abbreviations: GD, genome doubling; SCA, with a shared somatic common 
ancestor; non-SCA, without a shared somatic common ancestor.)  



Chapter 3. Results 1 

 

108 

 

 

Figure 18. Phylogenetic relationship in the SCA LUAD group when both the clonal 

and at least one subclonal mutational cluster were shared. 

(Abbreviations: GD, genome doubling; SCA, with a shared somatic common 
ancestor; non-SCA, without a shared somatic common ancestor.)  
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Figure 19. Phylogenetic relationship in the SCA LUSC group when only a clonal 

mutational cluster was shared. 

(Abbreviations: GD, genome doubling; SCA, with a shared somatic common 
ancestor; non-SCA, without a shared somatic common ancestor.)  
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Figure 20. Phylogenetic relationship in the SCA LUSC group when both the clonal 

and at least one subclonal mutational cluster were shared (Patient 1-4). 

(Abbreviations: GD, genome doubling; SCA, with a shared somatic common 
ancestor; non-SCA, without a shared somatic common ancestor.)  
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Figure 21. Phylogenetic relationship in the SCA LUSC group when both the clonal 

and at least one subclonal mutational cluster were shared (Patient 5-7). 

(Abbreviations: GD, genome doubling; SCA, with a shared somatic common 
ancestor; non-SCA, without a shared somatic common ancestor.)  
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Figure 22. Phylogenetic relationship between pre-invasive and invasive lesions in 

the non-SCA group. 

(Abbreviations: GD, genome doubling; SCA, with a shared somatic common 
ancestor; non-SCA, without a shared somatic common ancestor.)  
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First, we explored whether there were any differences between pre-invasive lesions 

in the SCA and the non-SCA group to differentiate one from the other, regarding their 

mutation burden and their spatial distance to the invasive tumour. Categories of 

spatial distance between the pre-invasive and invasive lesion were defined 

previously in Figure 9 in Chapter 2. The proportion of shared and unique mutations 

between each pre-invasive lesion and invasive tumour in the SCA vs non-SCA group 

was analysed (Figure 23). Compared to those in the non-SCA group (18 AAH, 3 AIS 

and 4 MIA), AAH/AIS/MIA lesions in the SCA group (3 AAH, 4 AIS and 2 MIA) 

exhibited not only increased mutation burden (P=0.002), but also an increased 

fraction of shared somatic mutations with their matched LUAD (mean 58.6%, median, 

81.7%) compared to the non-SCA group (mean 6.87%, median 1.14%) (P<0.001) 

(Figure 23). A similar trend of increased proportion of shared mutations was detected 

in CIS in the SCA group (N=15; mean 66.8%, median 66.9%), compared with CIS in 

the non-SCA group (N=1), although this comparison was biased by the fact that there 

was only one CIS in the non-SCA group (Figure 23). The proportion of shared 

somatic mutations in each pre-invasive lesions was not related with their relative 

spatial distance with the invasive tumour, despite that some CIS tended to be located 

closer to LUSC (8/15 CIS in the SCA group were on the same FFPE or continuous 

with the matched LUSC) and some CIS were separate from LUSC (7/15 CIS in the 

SCA group were located in the background lung tissues or at the surgically resected 

bronchial margin) (Figure 24). 
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Figure 23. Overview of somatic mutations in each pre-invasive lesion in the SCA 

or the non-SCA group. 

A. Overview of mutation burden, proportions of SNVs, indels and dinucleotides in 
each pre-invasive lesion. 
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B. Total mutation burden in each pre-invasive lesion in the SCA or the non-SCA 
group. 
C. Proportions of shared SNVs between matched pre-invasive and invasive lesions. 
(Abbreviations: LUAD, lung adenocarcinoma; LUADmuci, lung mucinous 
adenocarcinoma; LUSC, lung squamous cell carcinoma; GD, genome doubling; 
nGD, no genome doubling; SCA, shared common ancestor; non-SCA, without 
shared common ancestor; %, proportions.)  
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Figure 24. The correlation between the spatial distance and the proportions of 

shared SNVs between pre-invasive and invasive lesions. 

A. The spatial distance between matched pre-invasive and invasive lesions, 
according to pathological reports for primary surgeries (Definitions in Methods). 
B. Correlations between the spatial distances and the proportions of shared SNVs 
between matched pre-invasive and invasive lesions. (Each dot represents a pre-
invasive lesion, the boundaries of which shows the pathology of the primary tumour 
from the same patient.) 
(Abbreviations: LUAD, lung adenocarcinoma; LUADmuci, lung mucinous 
adenocarcinoma; LUSC, lung squamous cell carcinoma; #, number of lesions or 
tumour regions; %, proportions.)  
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3.2.3.2 Two evolutionary patterns of phylogenetic trees in the SCA group 

To further investigate the SCA phylogenetic trees, two evolutionary patterns were 

classified, according to whether the pre-invasive and invasive lesions only shared 

clonal somatic mutations, or shared clonal and subclonal somatic mutations (Figure 

25). The latter category was defined as having a fraction of cancer cells identified 

within the invasive tumour which were more similar to pre-invasive cells, than to other 

cancer cells. The possibility of cell migration between the pre-invasive and invasive 

lesions could explain what might have happened during the history of tumour 

development leading to the different evolutionary patterns observed in the SCA 

phylogenetic trees (Figure 25). 

 

The simplest evolutionary pattern observed in the SCA trees was in which only the 

clonal mutations were shared between the pre-invasive and invasive lesions, and the 

subclonal mutations were found exclusively in either the pre-invasive lesion or 

invasive regions (LUAD patients: M_LTX733, U_LTX580, U_LTX086 and Y_LTX524 

in Figure 17; LUSC patients: A_LTX443, U_LTX111, U_LTX714, CIS4 in B_LTX319, 

and U_LTX058 in Figure 19) (Figure 25A). The evolutionary history of these cases 

likely involved at least one cell which harboured the clonal mutations and migrated 

from a precursor lesion (Site 1) to a separate site (Site 2) (t1 in Figure 25A). One of 

these two lesions then evolved into the pre-invasive lesion and the other into the 

invasive lesion (t2 in Figure 25A). 

 

Other complex evolutionary patterns with additional subclonal clusters being shared 

between the pre-invasive and invasive lesions, were detected in the SCA group 

(Figure 25B). Different CCF values of the shared subclonal cluster between the pre-

invasive and invasive lesions were identified in these cases.  
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Figure 25. Cartoons showing two evolutionary modes identified in the SCA 

phylogenetic trees. 

A. Pre-invasive and invasive lesions only shared the clonal somatic mutations. 
B. Pre-invasive and invasive lesions shared both clonal and subclonal somatic 
mutations. 
(Abbreviations: CCF, cancer cell fraction.) 
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In some of these cases, the shared subclonal cluster had a CCF of 100 in the pre-

invasive region, and less than 100 in one of the invasive regions (A_LTX263 in Figure 

18; B_LTX033 in Figure 20) (Situation a in Figure 25B). Two possible scenarios could 

explain the process of cell migration at the time of t1. One possibility is that at least 

two cells from Site 1 migrated to Site 2, one of which was from the clonal cluster only 

consisting of clonal mutations, and the other cell was from the subclonal cluster in 

which subclonal mutations had developed (Scenario 1 in Figure 25B). The second 

possibility is that a single cell from the subclonal cluster migrated from Site 1 to Site 

2 (Scenario 2 in Figure 25B). At the time of t2 in both possible scenarios, the lesion 

where a separate subclonal cluster had developed from the clonal cluster, evolved 

into an invasive tumour, whereas the other lesion evolved into a pre-invasive lesion 

(Situation a in Figure 25B). 

 

In some other cases, the subclonal cluster had a CCF of 100 in an invasive region, 

and less than 100 in the pre-invasive lesion (U_LTX321 in Figure 18; B_LTX371, 

CIS1 in U_LTX801, and S_LTX498 in Figure 21) (Situation b in Figure 25B). The 

process of cell migration could be similar to Situation a, which could be explained by 

the two possible scenarios above. However, the outcomes of the pathological 

evolution in these two lesions were the opposite. At the time of t2, the lesion for which 

a subclonal cluster had developed from the shared subclonal cluster, evolved into an 

invasive tumour, whereas the other lesion developed into a pre-invasive lesion 

(Situation b in Figure 25B). 

 

The third situation I observed was where the subclonal cluster had a CCF of 100 in 

both the pre-invasive lesion and the invasive regions involved (B_LTX208, CIS2 and 

CIS3 in B_LTX319 in Figure 20; CIS2 in U_LTX801 in Figure 21) (Situation c in 

Figure 25B). Again, at the time of t1, two possible scenarios of cell migration involving 

either at least two cells or one single cell may occur. At the time of t2, additional 

subclonal clusters were developed from the shared subclonal cluster, instead of the 

clonal cluster, in these two lesions at Site 1 and Site 2, respectively, which turned 

out to be subclonal clusters exclusively identified in the pre-invasive lesion or in the 

invasive region (Situation c in Figure 25B). This implied that compared with other 

tumour regions within the invasive tumour, this specific invasive tumour region was 
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more similar to the pre-invasive lesion. In addition, there were separate subclonal 

cluster(s) developed from the clonal cluster in other tumour regions within the 

invasive tumour (t2 under Situation c in Figure 25B).  

 

Together, there were distinct phylogenetic patterns discovered between the pre-

invasive and invasive lesions within the same patient, which suggested whether they 

were originated from the somatic common ancestor (the SCA group) or just from the 

germ line common ancestor (the non-SCA group). Clonal and subclonal somatic 

mutations were identified in the SCA lesions to decipher the potential clonal 

divergence between the pre-invasive and invasive lesions.  

3.2.4 Smoking signatures applied to time the phylogenetic divergence 

Next, to understand the mutational processes occurring at different stages of tumour 

evolution, SNVs were investigated to analyse the mutational signatures in lesions in 

the SCA group and non-SCA group separately, to time the potential phylogenetic 

divergence between the pre-invasive and invasive lesions during their evolutionary 

history (Figure 26). In the SCA trees, all SNVs identified in the pre-invasive and 

invasive lesions were grouped into three categories: those that occurred in the 

common ancestral clone including the clonal cluster and the shared subclonal 

clusters, those that occurred in subclonal clusters exclusively in the pre-invasive 

lesions and those that occurred in subclonal clusters exclusively in the invasive 

regions (Figure 26A). In the non-SCA trees, SNVs in the pre-invasive lesions and 

those in the invasive tumour were analysed separately (Figure 26B). The mutational 

signatures for each category of SNVs were then calculated. 

 

In the SCA phylogenetic trees (Figure 26A), combined with clinicopathological 

features of pre-invasive and invasive lesions, mutational signatures were studied to 

explore whether we could time the clonal divergence between the pre-invasive and 

invasive lesions, especially within ex-smokers in the cohort. Using the detailed 

clinical annotation collected within TRACERx regarding smoking histories, in patients 

who had stopped smoking prior to their diagnoses of lung cancer, we were able to 

time whether the synchronous pre-invasive lesions had developed in relation to the 

time course of smoking cessation. For instance, the presence of the smoking 
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signature (SBS4) in SNVs that were only present in the pre-invasive or invasive 

lesions would indicate whether the patient was still smoking at the time of the pre-

invasive/invasive divergence. If the smoking signature (SBS4) was only present in 

the pre-invasive lesion, rather in the invasive lesion, it would suggest that the pre-

invasive lesion was initiated before the patient stopped smoking, but the invasive 

lesion was developed after the patient stopped smoking. It should be borne in mind 

that the exact dates provided by a patient for when they stopped smoking may not 

be accurate. In this case, we could only use this information to infer the potential 

latent period that the pre-invasive lesions have been existing and that how extensive 

we have been underestimating the prevalence of pre-invasive lesions. 

 

Among 18 patients in the SCA group, there were 16 patients who were ex-smokers 

(and two current smokers, A_LTX443 and B_LTX319). In these 16 SCA trees from 

ex-smokers, the smoking signature (SBS4) was present in the shared SNVs in 15/16 

(and there was one without the smoking signature detected in the common ancestor, 

U_LTX321). In lesions from U_LTX321 who had ceased smoking 39 years prior to 

the diagnosis, the smoking signature was only detected in SNVs in the unique 

subclonal clusters in the AIS but was absent in either AAH or LUAD lesions. This 

indicated that this AIS lesion had been developed and diverged from the primary 

LUAD at least 39 years ago and maintained in the pre-invasive status.  
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Figure 26. Mutational signatures enriched in pre-invasive and invasive lesions. 

A. Mutational signatures in the SCA lesions. (Each column represents a pre-invasive 
lesion. Top track: SNVs in the shared clonal and subclonal clusters between each 
pre-invasive lesion and invasive tumour. Middle track: SNVs in the subclonal clusters 
present only in the pre-invasive lesion. Bottom track: SNVs in the subclonal clusters 
present only in the invasive regions.) 
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B. Mutational signatures in the non-SCA lesions. (Top track: all SNVs present in the 
pre-invasive lesion. Bottom track: all SNVs present in the invasive tumour.) 
(Bars with a star showed the significant enrichment of APOBEC-mediated mutational 
signatures within the subgroup of SNVs when the cut-off of p values for Fisher’s test 
was < 0.05.) 
 
 
Among 16 SCA trees from ex-smokers with smoking signatures detected in the 

shared common ancestor, 7/16 SCA trees from ex-smokers (A_LTX263, U_ LTX580, 

Y_LTX524, B_LTX033, S_LTX498, U_LTX058, the second CIS from U_LTX801) 

were identified to harbour the smoking signature both in subclonal SNVs exclusively 

in the invasive regions and those exclusively in the pre-invasive lesions. This 

suggested that the pre-invasive/invasive divergence had occurred before the 

patients had stopped smoking. Within these 7 patients, 3/7 (Y_LTX524, B_LTX033 

and U_LTX058) had ceased smoking for 14, 10, 12 years prior to the diagnoses, 

respectively, indicating that the clonal divergence between the pre-invasive and 

invasive lesions had occurred decades ago. The other 4/7 (A_LTX263, U_ LTX580, 

S_LTX498 and U_LTX801) were recent ex-smokers which had just stopped smoking 

within one year before the diagnoses, which could not be used to time the divergence 

accurately. 

 

In the remaining 9/16 tumours from ex-smokers in the SCA group, smoking 

signatures were either only present in the pre-invasive exclusive subclonal SNVs 

(3/16), or only in the invasive exclusive SNVs (4/16 and the first CIS on U_LTX801), 

or were absent in both (2/16, including M_LTX733 and U_LTX714). This potentially 

reflected a lack of smoking induced mutations after the clonal divergence, or the 

predominance of other mutational processes which effectively masked the presence 

of smoking induced mutations. 

 

In 3/9 SCA trees from ex-smokers (U_LTX086, B_LTX208, M_ LTX755), the 

smoking signature was only detected in pre-invasive exclusive subclonal SNVs, not 

in the invasive ones. These three patients had stopped smoking for 4, 12 and 9 years, 

respectively, before the primary surgeries were performed. This indicated that these 

pre-invasive lesions had diverged from the primary tumour at least 4, 12, and 9 years 

prior to the diagnoses, respectively, and that these three primary tumours exhibited 

malignant transformation after the patients had ceased smoking. In these three 
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invasive tumours, invasive exclusive subclonal SNVs were significantly enriched with 

APOBEC-mediated mutational signatures (including SBS2 and SBS13), exhibiting a 

signature weight of 83.0% in U_LTX086, 39.2% in B_LTX208, 41.0% in M_LTX755.  

This suggested that during the period of smoking cessation, the malignant 

transformation occurred, and the invasive tumour was developed with the acquisition 

of subclonal diversity which was possibly mediated by APOBEC mutagenesis. 

 

Conversely, in 4/9 SCA trees from ex-smokers (M_LTX353, B_LTX371, U_LTX111, 

the first CIS in U_LTX801), the smoking signature was only detected in invasive 

exclusive subclonal SNVs, but not in the pre-invasive exclusive subclonal SNVs. 

Within these 4 patients, 2/4 (U_LTX111 and U_LTX801) had just stopped smoking 

for 2 years or only 1 year prior to the diagnoses. This indicated that the divergence 

of the pre-invasive lesion from the invasive tumour from these patients had occurred 

after the patient had stopped smoking.  

 

Taken together, the smoking signature could assist to identify when the phylogenetic 

divergence between the pre-invasive and invasive lesions occurred in ex-smokers. 

Results in this section suggested that some pre-invasive lesions have been 

developed decades ago prior to the diagnoses of invasive tumour, especially when 

the smoking signature was detected in the SNVs in the pre-invasive exclusively 

subclonal clusters. 

3.2.5 APOBEC-mediated mutagenesis contributing to positive selection in 

pre-invasive lesions 

Next, to investigate what mutational processes contributed to the subclonal diversity 

after the pre-invasive/invasive divergence, I compared mutational signatures 

between lesions in the SCA group (Figure 26A and Figure 28A) and the non-SCA 

group (Figure 26B and Figure 28B). Furthermore, given that APOBEC cytidine 

deaminases preferentially generates C>T or C>G point mutations in a stringent TCT 

or TCA trinucleotide (i.e., TCW) motif in human tumours (Roberts et al., 2013), it is 

possible to investigate whether there was a significant enrichment of APOBEC 

mutational signatures in each category of SNVs in our analyses (Figure 26, Figure 

27 and Figure 28). 
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In the SCA group, APOBEC mutational signatures were found to occur in the shared 

common ancestor in 1/7 LUAD (U_LTX321) and 6/11 LUSCs (A_LTX443, B_LTX033, 

B_LTX319, B_LTX371, M_LTX755 and U_LTX111), suggesting that APOBEC 

mediated mutagenesis occurred early during the development of these phylogenetic 

trees. In 4 out of these 6 LUSCs (B_LTX033, B_LTX319, B_LTX371 and M_LTX755), 

APOBEC mutational signatures were significantly enriched both in pre-invasive 

exclusive subclonal SNVs and in the invasive exclusive subclonal SNVs, suggesting 

the maintenance of APOBEC-mediated mutagenesis as an important factor 

providing positive selection of subclones both in the pre-invasive and invasive lesion 

after the divergence. In the 1/7 LUAD (U_LTX321) and the other 1 out of these 6 

LUSCs (U_LTX111), although APOBEC mutational signatures were present both in 

pre-invasive exclusive subclonal SNVs and in the invasive ones, they were not 

significantly enriched either in the invasive or the pre-invasive exclusive subclonal 

SNVs. It may be because APOBEC-mediated mutagenesis was not predominant, or 

that other mutational signatures masked the enrichment of the APOBEC mutational 

signatures. 

 

In 5/7 LUADs and the other 3/11 LUSCs, APOBEC was not present in the shared 

common ancestor, but was present either only in the pre-invasive exclusive 

subclonal SNVs (U_LTX580, Y_LTX524 and U_LTX801), only in the invasive 

exclusive subclonal SNVs (U_LTX714) or in both (M_LTX353, M_LTX733, 

U_LTX086 and B_LTX208). This suggested that APOBEC-mediated mutagenesis 

was occurring during the subclonal diversification in the pre-invasive and/or invasive 

lesions after they had diverged. 
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Figure 27. APOBEC-mediated mutational signature activities in the SCA and the 

non-SCA group. 

APOBEC-mediated mutational signature weights in SNVs in the SCA group (A) and 
in the non-SCA group (B) to explore whether APOBEC mutational signatures were 
present. 
(In the SCA group, SNVs were classified into three subgroups: SNVs in the shared 
clonal and subclonal clusters between pre-invasive and invasive lesions, or SNVs in 
subclonal clusters exclusively in each pre-invasive lesion or in the invasive tumour. 
In the non-SCA group, all SNVs in each pre-invasive lesion or invasive tumour were 
analysed separately.)  
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Figure 28. APOBEC-mediated mutational signature enrichment scores in the SCA 

and the non-SCA group. 

APOBEC enrichment scores of mutant TCW motifs against all TCW motifs in SNVs 
in the SCA group (A) and in the non-SCA group (B) to explore whether APOBEC 
mutational signatures were significantly enriched. 
(In the SCA group, SNVs were classified into three subgroups: SNVs in the shared 
clonal and subclonal clusters between pre-invasive and invasive lesions, or SNVs in 
subclonal clusters exclusively in each pre-invasive lesion or in the invasive tumour. 
In the non-SCA group, all SNVs in each pre-invasive lesion or invasive tumour were 
analysed separately.)  
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Within the SCA phylogenetic trees, compared to the weight of all mutational 

signatures detected in the shared common ancestor, the APOBEC mutational 

signature was observed to increase in the pre-invasive exclusive subclonal SNVs 

(P=0.027 for LUAD trees and P=0.12 for LUSC trees) or the invasive exclusive ones 

(P=0.14 for LUAD trees and P=0.22 for LUSC trees) (Figure 27), even though it was 

not significant in general (P=0.087 for LUAD trees and P=0.26 for LUSC trees, 

Kruskal-Wallis test). It is highly possibly due to the limited numbers of lesions in this 

cohort. Nevertheless, this indicated that APOBEC-mediated mutagenesis provides 

the positive selection of the subclonal diversification at early stages of malignancy 

initiation and tumour evolution.  

 

In the non-SCA group, although APOBEC mutational signature was found to present 

in 4 AAHs from 3/18 patients (A_LTX125, S_LTX476 and A_LTX442; Figure 26), 

only one AAH was significantly enriched with APOBEC mutational signature 

(A_LTX442). Neither of these 3 invasive tumours (2 LUADs and 1 LUSC) exhibited 

APOBEC mutational signatures, suggesting that their evolution was not mediated by 

APOBEC mutagenesis. Overall, APOBEC mutational signatures were only 

significantly enriched in the invasive tumours, as opposed to the pre-invasive lesions, 

from 7/16 LUAD patients, the 1/1 LUSC and 1/1 pleomorphic carcinoma patient in 

the non-SCA group (Figure 26 and Figure 27). 

 

Furthermore, the extent to which the APOBEC mutational signature was significantly 

enriched in each category of SNVs were analysed by comparing the APOBEC 

enrichment scores in the SCA and the non-SCA lesions (Figure 28). Within the SCA 

group, similar to the comparisons of APOBEC mutational signature weights (Figure 

27), APOBEC mutational signatures were more enriched in the pre-invasive 

exclusive subclonal SNVs (P=0.031 for LUAD trees) and the invasive exclusive ones 

(P=0.16 for LUAD trees) among LUADs, whereas these differences were not 

detected within SCA LUSCs (Figure 28). In addition, in the non-SCA group, APOBEC 

enrichment scores in pre-invasive lesions were significantly lower than invasive 

tumours (P=0.04 for LUAD lesions and P=0.5 for LUSC lesions) (Figure 28).  

 

In general, the APOBEC mutational signature was only found to be enriched in pre-

invasive lesions that shared a somatic common ancestor with an invasive lesion (8/9 
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AAH/AIS/MIA in the SCA group vs. 1/29 AAH/AIS/MIA in the non-SCA group, 

P<0.001, Fisher's Exact test; 11/15 CIS in the SCA group vs. 0/1 CIS in the non-SCA 

group, P=0.31, Fisher's Exact test). This suggested that APOBEC-mediated 

mutagenesis may play an important role in the positive selection of subclones and 

during the evolution of invasive tumours. This is consistent with the findings in the 

first 100 TRACERx patient cohort (Jamal-Hanjani et al., 2017) and the previous work 

from our group (Venkatesan et al., 2021) which demonstrated that increased levels 

of APOBEC-mediated mutagenesis were identified in invasive tumours with high 

subclonal mutation burdens and thus contributed to subclonal diversification. 

Findings in this chapter further implied that APOBEC-mediated mutational processes 

could be acquired at the earliest stages of the initiation of pre-invasive lesions and 

then expand into invasive tumours during evolution. 

3.2.6 Genome instability and SCNAs in the pre-invasive and invasive lesions 

Next, to investigate the contribution of genome instability to the progression from pre-

invasive lesions to invasive tumours, I analysed the whole genome doubling (WGD) 

status, the ploidy, wGII (weighted genome instability index) scores calculated as 

previously reported (Endesfelder et al., 2014), fractions of LOH (loss of 

heterozygosity) and fractions of allelic imbalance (AIB) across the genome in pre-

invasive lesions in the SCA or the non-SCA group (Figure 29 and Figure 30).  

 

A significantly increased frequency of WGD (whole genome doubling) in 

AAH/AIS/MIA in the SCA group (2/9, including 1 AAH and 1 AIS) was observed 

compared to the non-SCA group (0/29 AAH/AIS/MIA) (Figure 29A). There was also 

more CIS with WGD in the SCA group compared with the non-SCA group (13/15 CIS 

in the SCA group vs. 0/1 CIS in the non-SCA group), despite that there was only one 

CIS in the non-SCA group. Among 18 SCA phylogenetic trees, a higher frequency 

of clonal and subclonal WGD was detected in CIS and LUSC lesions (clonal WGD 

in 5/11 LUSCs and subclonal WGD in 6/11 LUSCs), compared to AAH/AIS/MIA and 

LUADs (clonal WGD in 1/7 LUAD, subclonal WGD in 2/7 LUADs and no WGD events 

in 4/7 LUADs) (P=0.029, Fisher’s Exact test) (Figure 29B). 
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Figure 29. Whole genome doubling events in the matched pre-invasive and 

invasive lesions. 

A. Genome doubling events in pre-invasive lesions in SCA group or in non-SCA 
group. 
B. Clonal and subclonal whole genome doubling events in the pre-invasive and 
invasive lesions from 18 SCA NSCLCs (Each column, which named as the patient 
ID and the tree cluster, represents a phylogenetic tree involving the pre-invasive and 
invasive lesions in the SCA group.) 
(Abbreviations: GD, whole genome doubling; nGD, no whole genome doubling; #, 
number of lesions.) 
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Figure 30. Genome instability in the matched pre-invasive and invasive lesions. 

Increased ploidy (A), wGII scores (B), fraction of LOH (C) and AIB (D) in SCA pre-
invasive lesions compared to the non-SCA ones. (The colour of each dot represents 
the pathology of each pre-invasive lesion. The colour outside each dot represents 
the pathology of their matched invasive tumour.) 
(Abbreviations: wGII, weighted genome instability index scores; preinv, pre-invasive 
lesion; inv, invasive tumour; wfLOH, whole genome wide fractions of loss of 
heterozygosity; frac_AIB, fractions of allelic imbalance.)  
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In addition, compared to those in the non-SCA group, AAH/AIS/MIA in the SCA group 

showed significantly higher wGII scores (P=0.0044, Wilcoxon test), higher fractions 

of LOH (P=0.0035, Wilcoxon test) and AIB across the genome (P=0.0021, Wilcoxon 

test), while the ploidy of pre-invasive lesions between the two groups was not 

significantly different (P=0.47) (Figure 30). The similar trends were also observed 

between CIS in the SCA and the non-SCA group, even though there was only one 

CIS in the non-SCA group which may bias the analyses (Figure 30). It suggested 

that genome instability was a feature of pre-invasive lesions in the SCA group, which 

may act as a substrate for positive selection and disease progression.  

 

Next, to compare SCNAs in the pre-invasive and invasive lesions, I further analysed 

SCNAs across the genome in all pre-invasive lesions and multiple invasive regions 

from each patient, regardless of whether they were in the SCA or the non-SCA group 

(Figure 31). SCNA events were distinct between CIS/LUSC lesions and 

AAH/AIS/MIA/LUAD lesions. For instance, frequencies of focal gains on 

chromosome 3q and 5p were significantly higher in CIS/LUSC lesions than 

AAH/AIS/MIA/LUAD lesions. Almost 85% of CIS and LUSC lesions exhibited gains 

of 3q21.1-q29 (encompassing lung driver genes such as PIK3CA, ATR, oncogenes 

such as SOX2 and WWTR1), which were not observed in any AAH/AIS/MIA or LUAD 

lesion. Focal gains of 5p12-p15.33 (involving lung driver gene such as TERT and 

CDH18, and oncogene such as RICTOR) were more frequently observed in 

CIS/LUSC lesions (60%) than in AAH/AIS/MIA/LUAD lesions (15%). A small fraction 

of AAH/AIS/MIA/LUAD lesions (5%) exhibited focal losses of 5p12-p15.33. 

Conversely, focal losses of 19p13 (encompassing STK11, KEAP1 and SMARCA4) 

were more frequently detected in AAH/AIS/MIA/LUAD lesions (about 20%), 

compared to CIS/LUSC lesions (6%). Besides, there were SCNA events which were 

equally frequently detected in AAH/AIS/MIA/LUAD or CIS/LUSC lesions (10%), such 

as focal losses of 3p21.31-p22 (encompassing lung driver gene SETD2).  
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Figure 31. Heatmap of SCNAs in pre-invasive lesions and multi-regions of invasive 

tumours in the cohort. 

Legends for Figure 31: 
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Pre-invasive lesions and invasive tumour regions within the same patient (shown in 
column labels) were plotted side by side in the heatmap. Within each patient, those 
lesions/regions clustered on the same phylogenetic trees in the SCA group are 
labelled in the same text colour, while those in the non-SCA group which are 
clustered on separate phylogenetic trees are labelled in different text colours with 
their neighbours. The log2-transformed values of total copy numbers relative to 
ploidy are plotted in the heatmap. The majority of these log2-transformed values are 
around log2(1) = 0, suggesting no copy number alterations. Those values > 
log2(2.5/2) are classified as gains or amplifications, and those values < log2(1.5/2) 
are classified as losses. All others are classified as neutral. Therefore, Each SCNA 
event is classified into six categories according to copy number gains and 
with/without loss of heterozygosity (LOH): amplifications/gains (amp.gain  and 
amp.gain_LOH), losses (loss and loss_LOH), neutral SCNA (neutral and 
neutral_LOH). The frequencies of each SCNA category event classified are shown 
in the right bar charts (Total: among all pre-invasive and invasive lesions in the 
cohort; g.LUAD: among all AAH/AIS/MIA lesions and LUAD regions in the SCA and 
the non-SCA group; g.LUSC: among CIS lesions and LUSC regions in the SCA and 
the non-SCA group). 
The name of each column represents each pre-invasive lesion or each invasive 
tumour region. For instance, U_LTX086_SU_FPI1 means that this was a pre-
invasive lesion sampled from FFPE in archival (FPI) resected during the primary 
surgery (SU) from patient U_LTX086. U_LTX086_SU_T1.R1 means that this was 
one region (R) from the primary invasive tumour (T) resected during the primary 
surgery (SU). U_LTX058_MR_T1.R2 means that this was considered to be a 
relapsed invasive tumour (MR) resected at a different time from the first primary 
tumour whose genetics revealed that it was a secondary primary tumour. 
Lung driver genes being identified as lung oncogenes (OG) or tumour suppressor 
genes (TSG) are shown in red or blue texts, respectively, while other lung driver 
genes are not highlighted in texts in this figure. 
(Abbreviations: LUADmuci, lung mucinous adenocarcinoma; SCA_clonal, only 
clonal mutations are shared between the SCA pre-invasive and invasive lesions; 
SCA_subclonal, clonal and subclonal mutations are shared between the SCA pre-
invasive and invasive lesions; non.SCA, pre-invasive or invasive lesions in the non-
SCA group; OG, oncogenes; TSG, tumour suppressor genes.)  
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To identify whether these SCNAs occurred before or after the pre-invasive/invasive 

divergence in the SCA group or whether there were convergent SCNAs in the non-

SCA pre-invasive and invasive lesions, I next analysed SCNA profiles in all lesions 

sampled from each patient (Figure 32, Figure 33 and Figure 34).  

 

Among 11 LUSC phylogenetic trees in the SCA group (Figure 33), 10/11 exhibited 

clonal focal gains on chromosome 3q shared between CIS and LUSC lesions, 

suggesting that 3q gains mostly occurred early during tumour initiation before the 

divergence between CIS and LUSC. In addition, in these 10 LUSC SCA trees, 5/10 

(U_LTX058, U_LTX111, B_LTX033, B_LTX371 and U_LTX714) exhibited clonal and 

4/10 (B_LTX319, S_LTX498, M_LTX755 and U_LTX801) exhibited subclonal focal 

gains on chromosome 5p, indicating that 5p gains could occur equally either before 

or after the pre-invasive/invasive divergence. There was an exception in the SCA 

LUSC when 3q gains were detected to be subclonal (1/11; B_LTX208). In 4 LUSC 

regions and one CIS from B_LTX208, focal gains of 5p12-p15.33 were detected in 

2/4 LUSC regions (R2 and R4) and the CIS, whereas focal gains of 3q22.1-q29 were 

only detected in one of these 2 LUSC regions (R2). It suggested that focal gains of 

3q22.1-q29 in this LUSC occurred late after the gains of 5p. Besides, the clonal gains 

of 8p11.22-p11.23 (encompassing the oncogene FGFR1) in B_LTX208 were 

considered to occur earlier than the gains of 5p and 3q during tumour evolution.  
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Figure 32. Cytobands with SCNAs in AAH/AIS/MIA and LUAD in the SCA group. 

Pre-invasive and invasive lesions clustered on the same phylogenetic tree in the 
SCA group are plotted side by side and labelled in the same text colour. The number 
of lung driver genes, oncogenes and tumour suppressor genes encompassed in 
SCNAs are shown in the bar charts at the bottom. Only lung driver genes which are 
identified as lung oncogenes or tumour suppressor genes are shown in red or blue 
texts, respectively. 
(Abbreviations: SCA_clonal, only clonal mutations are shared between the SCA pre-
invasive and invasive lesions; SCA_subclonal, clonal and subclonal mutations are 
shared between the SCA pre-invasive and invasive lesions.)  
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Figure 33. Cytobands with SCNAs in CIS and LUSC in the SCA group. 

Pre-invasive and invasive lesions clustered on the same phylogenetic tree in the 
SCA group are plotted side by side and labelled in the same text colour. The number 
of lung driver genes, oncogenes and tumour suppressor genes encompassed in 
SCNAs are shown in the bar charts at the bottom. Only lung driver genes which are 
identified as lung oncogenes or tumour suppressor genes are shown in red or blue 
texts, respectively. 
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(Abbreviations: SCA_clonal, only clonal mutations are shared between the SCA pre-
invasive and invasive lesions; SCA_subclonal, clonal and subclonal mutations are 
shared between the SCA pre-invasive and invasive lesions.) 
 

 

Figure 34. Cytobands with SCNAs in pre-invasive and invasive lesions in the non-

SCA group. 

Pre-invasive and invasive lesions clustered on the same phylogenetic tree in the non-
SCA group which are clustered on separate phylogenetic trees from the same patient 
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are labelled in different text colours with their neighbours. The number of lung driver 
genes, oncogenes and tumour suppressor genes encompassed in SCNAs are 
shown in the bar charts at the bottom. Only lung driver genes which are identified as 
lung oncogenes or tumour suppressor genes are shown in red or blue texts, 
respectively. 
 
 
Integrative analyses of SCNA profiles and the phylogenetic trees in the SCA and the 

non-SCA group enabled us to explore the potential timing of SCNA events during 

tumour evolution. Firstly, mirrored subclonal allelic imbalance (MSAI) was detected 

between pre-invasive and invasive lesions in the SCA group. For example, in patient 

B_LTX319 (Figure 20), three CIS lesions (CIS2-4) sampled at the surgically resected 

bronchial margin, three LUSC regions (R1-3) from the primary tumour and one lymph 

node (LN) sampled during the primary surgery were clustered on the same SCA 

phylogenetic tree, in which clonal 3q gains were detected. There were three major 

branches on this phylogenetic tree: one involving CIS4 which suggested the earliest 

divergence between CIS4 and other CIS and invasive LUSC lesions, the second 

branch involving CIS2-3 which suggested a second divergence from LUSC lesions, 

and the third branch involving all LUSC regions and the invasive LN metastasis. 

Among these three branches, focal loss of 7p11.2 (encompassing EGFR) was 

detected in CIS4 harbouring WGD during the first divergence between CIS and 

LUSC, whereas focal gain of 7p11.2 was both detected in CIS2 harbouring WGD 

and CIS3 which did not harbour WGD during the second divergence on the SCA 

phylogenetic tree. Another MSAI event of 7p11.2 was also identified during the 

divergence between R2-3 which exhibited 7p11.2 loss and the invasive LN 

metastasis which exhibited 7p11.2 gain. 

 

Furthermore, the convergence of SCNAs was identified between pre-invasive and 

invasive lesions in the non-SCA group (Figure 31 and Figure 34). In one patient 

(L_LTX291), a total of 6 pre-invasive lesions (including one AIS labelled as PI1 and 

five AAHs labelled as PI2-6) were analysed, none of which shared a common 

ancestor with each other or with the two LUAD regions (R1-R2) sampled during the 

primary surgery (Figure 31). The AIS (PI1) and two AAHs (PI2-3) were identified on 

the same FFPE block, and the other three AAHs (PI4-6) were identified on another 

separate FFPE block, all of which were sampled from the background normal lung 

parenchyma. All 6 AIS/AAH lesions exhibited focal losses of 15q11.2-q14 
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(encompassing TSG such as MGA), 11q11-q12.3 (encompassing lung driver gene 

SDHAF2) and 4p15.33-p16.3 (encompassing OG such as FGFR4) which were not 

detected in LUAD regions. It indicated the convergence of focal SCNA losses on 15q, 

11q and 4p was early events among these pre-invasive lesions. 

 

In another patient (M_LTX353), two synchronous primary LUADs were sampled 

during the primary surgery, one of which (including R3 and R4 LUAD region) shared 

a common somatic ancestor with the AAH and thus was in the SCA group (the first 

primary LUAD), and the other of which (including R3 and R4, the secondary primary 

LUAD) did not share a common somatic ancestor with the AAH. Convergent 

evolution patterns involving several focal losses were detected between the AAH, 

the first and secondary primary LUAD, such as 19p13.3 (encompassing STK11), 

17p11.2 (encompassing NCOR1), 15q15.1 (encompassing MGA) and 13q12.1-

q14.2 (encompassing LATS2, BRCA2 and RB1) (Figure 32). Additionally, 

convergent driver gene mutations, such as TP53 and NCOR1 (TP53 p.R26L and 

NCOR1 p.E1949D in the AAH and the first primary LUAD, compared with TP53 

p.C145F and NCOR1 p.E550K in the secondary primary LUAD), were also identified 

(Figure 35). This suggested the convergence of SCNAs during tumour evolution. 

 

Taken together, findings in this section suggested that the SCA pre-invasive lesions 

harboured increased frequency of WGD, wGII and increased numbers of SCNAs, 

compared with those in the non-SCA group. Parallel patterns of SCNAs involving 

lung cancer driver genes, OGs or TSGs were detected between the SCA pre-

invasive and invasive lesions. Moreover, convergent evolution of SCNAs were also 

identified among the non-SCA lesions. 

3.2.7 Driver gene mutations in pre-invasive and invasive lesions 

Whether there were specific driver gene mutations before or after the pre-

invasive/invasive divergence remains largely elusive. Given that WGD is a hallmark 

of cancer which can be applied to infer the timing of driver gene mutations during 

tumour evolution, I next explored whether clonal driver gene mutations were 

harboured before (early) or after (late) WGD to time the potential order of genetic 

alterations during tumour development.  
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In 7 SCA LUADs (Figure 35), 3/7 SCA phylogenetic trees (U_LTX086, M_LTX353 

and A_LTX263) exhibited clonal TP53 driver gene mutations, all of which were early 

clonal events before WGD. There were another 3/7 LUAD SCA trees (M_LTX733, 

U_LTX321 and U_LTX580) exhibiting clonal co-mutations of KEAP1 and STK11, 

which did not harbour clonal WGD. Two out of these 3 LUAD SCA trees (U_LTX321 

and U_LTX580) presented amplifications of oncogenes (such as MYC in U_LTX321, 

CDK4 and MKM2 in U_LTX580) or deletions of tumour suppressor genes (TSGs) 

(such as CDKN2A in U_LTX321). This suggested that there might be two different 

oncogenic pathways playing a prominent role in pre-invasive and LUAD lesions in 

the SCA group. One would be the activation of TP53 signalling pathway, which were 

mostly acquired before WGD occurred and highly possibly followed by subsequential 

WGD. The second would be the co-mutation of KEAP1 and SKT11, in which case 

WGD barely occurred but may be accompanied with the amplifications of oncogenes. 

Nevertheless, this work is limited to draw conclusions due to the few numbers of 

patients with LUAD in the SCA group. 
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Figure 35. Driver gene mutations and copy number drivers in AAH/AIS/MIA and 

LUAD in the SCA group. 
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(Early mutations: clonal mutations acquired before WGD. Late mutations: clonal 
mutations acquired after WGD. Untimed mutations: clonal mutations which could not 
be classified as before or after WGD. Mut, somatic mutations; Amp, amplifications; 
Del, deletions; GD, whole genome doubling; OG, oncogene; TSG, tumour 
suppressor gene; SCA_clonal, only clonal mutations are shared between the SCA 
pre-invasive and invasive lesions; SCA_subclonal, clonal and subclonal mutations 
are shared between the SCA pre-invasive and invasive lesions.) 
 

In 11 SCA LUSC trees (Figure 36), 8/11 were identified to harbour clonal TP53 driver 

mutations, 3/8 of which exhibited early clonal TP53 mutations before WGD 

(A_LTX443, B_LTX033 and S_LTX498) and 2/8 exhibited late clonal TP53 mutations 

after WGD (U_LTX111 and M_LTX755). In another 3/8 (U_LTX058, U_LTX714 and 

U_LTX801), clonal TP53 mutations presented diverse timing orders between pre-

invasive and invasive lesions. For instance, in the SCA LUSC tree exhibiting clonal 

WGD in U_LTX801, clonal TP53 mutation was an early event before WGD in LUSC 

but was a late event after WGD in the CIS. Given that there were other clonal driver 

gene mutations occurring before WGD both in CIS and LUSC (such as WNT10A, 

SOST and SMARCD1) (Figure 36), it is possible that during the history of tumour 

development, these three driver mutations occurred first before WGD, followed by 

TP53 mutation which only occurred in some subpopulations of cells before WGD and 

then TP53 mutation occurring in other subpopulations of cells after WGD. The former 

subpopulation of cells ended up with the development of invasive LUSC, whereas 

the latter one developed the CIS. 

 

In addition, clonal amplification of OGs or deletions of TSGs were pervasively 

detected in 6/11 SCA LUSC trees. Firstly, within these 8/11 SCA LUSC trees with 

clonal TP53 mutations, 3/8 exhibited clonal amplification of oncogenes such as 

SOX2 (U_LTX111, U_LTX714 and M_LTX755) with additional clonal amplifications 

of lung driver genes such as TERC and TERT (U_LTX111 and U_LTX714) or 

additional clonal deletion of a TSG, CDKN2A (U_LTX111). Secondly, in another 3/11 

SCA LUSC phylogenetic trees without clonal TP53 mutations (B_LTX319, 

B_LTX371 and B_LTX208), amplification of oncogenes was also detected, such as 

SOX2 (B_LTX319 and B_LTX371) and FGFR1 (B_LTX208). This indicated that 

clonal TP53 mutations and oncogene amplifications were early events during tumour 

evolution, despite that this cohort is underpowered to explore the exact temporal 

orders of these two genetic alterations. 
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Figure 36. Driver gene mutations and copy number drivers in CIS and LUSC in the 

SCA group. 

(Early mutations: clonal mutations acquired before WGD. Late mutations: clonal 
mutations acquired after WGD. Untimed mutations: clonal mutations which could not 
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be classified as before or after WGD. Mut, somatic mutations; Amp, amplifications; 
Del, deletions; GD, whole genome doubling; OG, oncogene; TSG, tumour 
suppressor gene; SCA_clonal, only clonal mutations are shared between the SCA 
pre-invasive and invasive lesions; SCA_subclonal, clonal and subclonal mutations 
are shared between the SCA pre-invasive and invasive lesions.)  
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Figure 37. Driver gene mutations and copy number drivers in pre-invasive and 

invasive lesions in the non-SCA group. 

(Early mutations: clonal mutations acquired before WGD. Late mutations: clonal 
mutations acquired after WGD. Untimed mutations: clonal mutations which could not 
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be classified as before or after WGD. Mut, somatic mutations; Amp, amplifications; 
Del, deletions; GD, whole genome doubling; OG, oncogene; TSG, tumour 
suppressor gene; SCA_clonal, only clonal mutations are shared between the SCA 
pre-invasive and invasive lesions; SCA_subclonal, clonal and subclonal mutations 
are shared between the SCA pre-invasive and invasive lesions.)  
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In the non-SCA group, convergent driver gene mutations were detected in pre-

invasive lesions. Among 9 non-SCA LUADs and matched AAH/AIS/MIA presenting 

driver gene mutations, 4/9 exhibited convergent KRAS mutations between 

AAH/AIS/MIA and LUAD (A_LTX049, M_LTX440, M_LTX842 and S_LTX476), all of 

which were from ex-smokers and were early clonal events before WGD in the 

primary LUADs but were untimed in the non-WGD AAH/AIS/MIA lesions (Figure 37). 

None of these non-SCA pre-invasive lesions were whole genome doubled but 6/9 of 

their matched LUAD exhibited WGD, suggesting that KRAS mutations were mostly 

acquired before WGD in pre-invasive or invasive lesions and only those being 

invasive lesions were probably whole genome doubled. 

 

For example, in patient A_LTX049 (Figure 22), two pre-invasive lesions (AIS and 

MIA) which did not share a common somatic ancestor with the invasive tumour, 

converged with disruption to the same KRAS amino acid residue (KRAS p.G12V) 

and different mutations of the same driver genes (such as TSG TSC2, and an 

oncogene NRG1) with their matched LUAD. This implied that KRAS mutations was 

acquired quite early in the lung tissues from these ex-smokers and that the 

divergence between the pre-invasive and invasive lesions occurred early during the 

malignant transformation in this subgroup of non-SCA cases. However, they were 

not classified as sharing somatic common ancestors in this work, mainly because 

that during the phylogenetic tree construction process, to call a SCA tree, a minimum 

of 5 clonal SNVs shared between the pre-invasive and invasive lesions were required 

to identify a clonal somatic mutation cluster. Otherwise, the pre-invasive and invasive 

lesions would only be classified as non-SCA. 

 

Moreover, there were another 2 patients in this cohort diagnosed with multiple 

primary tumours, including one LUAD (M_LTX353 in Figure 35) and one LUSC 

(U_LTX058 in Figure 36), both of which exhibited convergent driver gene mutations. 

In patient M_LTX353 (Figure 35), two primary LUADs were synchronous and thus 

were resected at the same time during the primary surgery. The AAH was identified 

to share a common somatic ancestor with one of them (M_LTX353_Cluster2) but not 

with the other LUAD (M_LTX353_Cluster1), even though this AAH together with the 

two primary LUADs exhibited convergent driver mutations of two TSGs, TP53 and 

NCOR1. 
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In another patient (U_LTX058) (Figure 36), two primary LUSCs were asynchronous, 

the first of which was in the non-SCA group (U_LTX058_Cluster2) located in the right 

upper lung lobe (RUL) and resected in September 2014, and the second of which 

was in the SCA group together with a CIS (U_LTX058_Cluster1) located in the left 

lower lung lobe (LLL) and removed in September 2016. The phylogenetic 

construction revealed that this CIS shared a common somatic ancestor with the 

second LUSC in the SCA group but did not with the first LUSC in the non-SCA group. 

Convergent TP53 driver mutations affecting different amino acid residues were 

identified between these two LUSC phylogenetic trees (TP53 p.Y104S in the first 

primary LUSC in the non-SCA group, compared with TP53 p.P118L in the CIS and 

the second LUSC in the SCA group). 

 

Together, genome instability characterised by WGD, LOH, allelic imbalance and 

SCNAs across the genome was pervasive in SCA pre-invasive lesions, compared 

with the non-SCA ones, possibly contributing to the malignant transformation and 

positive selection during tumour evolution. Furthermore, in the non-SCA group, some 

common SCNAs and mutations of OGs and TSGs were detected in both pre-invasive 

and invasive lesions, suggesting that the evolutionary patterns were convergent 

between the two after they had initiated from the precursor. 

3.3 Conclusions 

In this chapter, I have analysed the WES data of matched pre-invasive lesions and 

multi-regional invasive tumour regions in a cohort of patients within TRACERx to 

better understand the evolutionary relationship between pre-invasive and invasive 

disease and potential genomic trajectories involved in malignant transformation. 

Previous studies analysing pre-invasive lesions have either failed to have the multi-

regional WES of matched invasive tumours (Chen et al., 2019; Teixeira et al., 2019), 

or performed the phylogenetic construction based on presence or absence of 

alterations in regions, as opposed to clonal and subclonal mutation clustering which 

infers more accurately evolutionary phylogenies (Hu et al., 2019; Li et al., 2020; Ren 

et al., 2019). Such approaches in the literature are unable to accurately infer clones 
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and diverse subclones within each tumour and would lack the identification of the 

temporal nature of genetic alterations from pre-invasive towards invasive disease.  

 

Two major patterns of phylogenetic relationships were identified between matched 

pre-invasive lesions and invasive tumours, depending on whether they shared a 

common somatic ancestor (the SCA group) or did not (the non-SCA group). 

Furthermore, pre-invasive lesions in the SCA group and the non-SCA group were 

compared to explore what may differentiate these two types of pre-invasive lesions. 

SCA pre-invasive lesions were found to exhibit an increased total mutational burden, 

active APOBEC-mediated mutagenesis, and a higher fraction of LOH and allelic 

imbalance, compared to those in the non-SCA group. 

 

It is worth noting that both the pre-invasive glandular lesions (including AAH, AIS and 

MIA) and squamous CIS, which represent two different pathological trajectories, 

were included in this cohort. The former is known to be spatially separate from the 

primary tumour, and the latter may be continuous with or separate from LUSC. 

Therefore, some CIS lesions tend to be located closer to their matched invasive 

tumour than AAH/AIS/MIA, which may contribute the increased chance of CIS 

sharing a somatic common ancestor with a nearby LUSC. Nevertheless, the close 

physically spatial distance between pre-invasive and invasive lesions did not entirely 

account for the phylogenetic relationship exhibiting a shared common somatic 

ancestor.  

 

Within the SCA group, two evolutionary patterns between the pre-invasive and 

invasive lesions were further identified in the 18 SCA phylogenetic trees, according 

to whether only clonal somatic mutations or clonal and subclonal mutation clusters 

were shared. These findings enabled us to demonstrate a potential time course of 

clonal divergence between pre-invasive and invasive diseases and shed lights on 

the exploration of mechanical and biological processes promoting this phylogenetic 

divergence.  

 

Besides, there was an increased fraction of LUSC in the SCA group (11/13 LUSCs) 

than LUAD (7/22 LUADs). This suggested that unlike AAH/AIS/MIA residing in the 

peripheral lung parenchyma which may undergo gradual evolution by accumulating 



Chapter 3. Results 1 

 

151 

 

genomic alterations over time, CIS lesions, which are located at the bronchial 

epithelium and thus faced with exogeneous carcinogen insults such as smoke and 

air pollution, may exhibit a punctuated equilibrium of genomic evolution. Besides, 

some CIS lesions identified in this work were found to be continuous to the adjacent 

LUSC. This implied that some CIS lesions were possibly the in-situ extension of the 

invasive clones in LUSC, which could explain why there were more CIS lesions 

shared additional subclonal mutational clusters with the invasive lesion, compared 

to AAH/AIS/MIA in the SCA group. However, the limitation of interpretating these 

results is that there was a lack of earlier stages of squamous pre-invasive lesions 

(such as dysplasia and hyperplasia) being sequenced in this cohort. 

 

Compared to those in the non-SCA group, SCA pre-invasive lesions were found to 

exhibit increased total mutation burdens, active APOBEC mutational signatures, 

higher fraction of allelic imbalance and LOH indicating genome instability. These 

findings enabled us to demonstrate a potential time course of the clonal divergence 

between the pre-invasive and invasive lesions. Cell migration through the air space 

may explain the mechanical process of the pre-invasive/invasive divergence. 

APOBEC-mediated mutagenesis may play an important role in providing positive 

selection during subclonal diversification within these pre-invasive lesions. This 

study not only sheds lights on the phylogenetic evolutionary patterns during the 

initiation of pre-invasive lesions, but also provides evidence of early diagnoses of 

pre-invasive lesions to decide the time and the extent of surgical interference in 

clinics. Further discussions about the potential mechanisms of clonal divergence 

between pre-invasive and invasive lung diseases and the limitations of this study 

would be included in Chapter 6. 

 

What’s more, although this study was performed in a small patient cohort, I observed 

some findings indicating the potential timing of WGD on phylogenetic trees. Clonal 

WGD was mostly detected in LUSC phylogenetic trees in the SCA group, most of 

which were accompanied with TP53 mutations before WGD, suggesting the early 

occurrence of TP53 mutations and subsequential WGD during the development of 

LUSC. This phenomenon was also detected in a few LUAD phylogenetic trees in the 

SCA group. There is another signalling pathway detected in LUAD phylogenetic trees 

where co-mutations of clonal STK11 and KEAP1 occurred with the absence of WGD, 



Chapter 3. Results 1 

 

152 

 

suggesting that the co-mutant STK11 and KEAP1 are less likely to induce 

subsequential WGD. Besides, among LUAD related phylogenetic trees in the non-

SCA group, KRAS is the most predominantly mutant driver gene in either the pre-

invasive or invasive lesions, among which WGD was only detected in invasive 

lesions but not in pre-invasive lesions. This suggested a potential timing order 

between KRAS mutations and subsequential WGD, and a possible evolutionary path 

that compared to those without WGD, lesions with WGD were probably more 

progressive towards invasive tumours. Further studies with a larger cohort are 

warranted to validate these findings.  

 

Nevertheless, we need to bear in mind some caveats in this retrospective study on 

pre-invasive lung diseases. Considering the three-dimensional context of an invasive 

tumour, the full lepidic extent of an invasive LUAD may not be apparent to the 

pathologists at the time of sampling tissues or at the time of making diagnoses only 

based on the macro-description in the pathological reports (Moore et al., 2019). As 

described in the Methods in this thesis (Section 2.1.2 in Chapter 2), one AAH was 

considered to be the in-situ extension of the invasive LUAD tumour and thus 

excluded from further WES and analyses. We are not sure whether any other 

AAH/AIS/MIA lesions could also be the lepidic extension at the edge of an invasive 

tumour, despite that we have reviewed as thoroughly as possible to assume their 

spatial localisation and the potential continuity of growth patterns in the invasive 

tumour. Further discussions about related caveats in this retrospective study will be 

included in Section 6.3 in Chapter 6. 
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Chapter 4. Results 2. Identifying replication timing 

alterations from the cell-of-origin to lung and breast 

cancer cells 

4.1 Introduction 

As discussed previously in Section 1.5 Chapter 1, in the replication timing (RT) 

programme, approximately 70% of the replication timing of the genome in S phase 

is largely conserved in normal cells, whereas 30% varies between different tissues 

and different cell differentiation states (Hansen et al., 2010). Previous studies have 

focused on the RT programme in relation to genomic alterations, transcriptional and 

epigenetic activities (Morganella et al., 2016; Tomkova et al., 2018; Woo and Li, 

2012). However, it remains undetermined how extensive the replication timing 

changes, rather than merely replication timing, during malignant transformation, 

would be, and how these replication timing alterations would influence the genomic 

landscape in cancer. 

 

There are two directions of replication timing alterations, either earlier or later 

replication timing in cancer compared to matched controls (Koren et al., 2012; Liu et 

al., 2013). However, most studies used the replication timing profiles of unmatched 

cells to map the genomic alterations in cancer tissues, such as somatic mutations in 

lung cancer or melanoma being mapped to the replication timing of skin fibroblasts 

or lymphoblastoid cells (Woo and Li, 2012). Due to tissue specific replication timing 

patterns (Hansen et al., 2010), it is imperative to exclude any potential biases 

induced by changes in replication timing during normal developmental differentiation 

states. For this reason, when investigating chromosome regions with earlier or later 

replication timing during malignant transformation in cancer, the matched normal cell 

from the same tissue type should be included, rather than normal human tissue 

derived from another organ. However, unmatched normal controls have been widely 

used in the literature to identify altered replication timing in cancer, such as human 

skin or foetal lung fibroblasts and lymphoid cells have been compared to other types 

of solid tumours. Only a few studies which have focussed on replication timing 

alterations have included the matched cell-of-origins, such as studies in prostate 
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cancer (Du et al., 2019) and paediatric acute lymphoblastic leukemia (ALL) (Ryba et 

al., 2012). 

 

The aim of this chapter is to identify the chromosome regions with replication timing 

alterations during malignant transformation, explore how prevalent the altered 

replication timing is in lung and breast cancers, and investigate whether there are 

genome regions with recurrent altered replication timing within and across multiple 

cancer types. Furthermore, the relationship between altered replication timing 

regions and cancer-associated hallmarks such as driver genes in cancer cell lines 

will also be characterised. These results may shed light upon early events of clonal 

evolution during malignant transformation.  

 

To achieve these goals, I applied the Repli-seq (Replication timing by sequencing) 

protocol modified from published protocols (Hansen et al., 2010; Marchal et al., 2018; 

Ryba et al., 2011) to map the genome-wide replication timing profiles of lung 

adenocarcinoma (LUAD), squamous cell carcinoma (LUSC) and breast cancer 

(BRCA) cell lines, and their corresponsive cell-of-origins as their matched control.  

 

In this chapter, I performed the experimental work, with the help of Yanping Guo 

(UCL Cancer Institute) to set up the gating strategy for flow cytometry, and the help 

of Sophie Ward (Francis Crick Institute) to perform the sonication of DNA fragments, 

library preparation and WGS. The bioinformatics pipeline for processing the Repli-

seq data generated in this chapter was developed by Michelle Dietzen (UCL Cancer 

Institute) with whom I closely collaborated to perform the analyses in this chapter. 

4.2 1Results 

4.2.1 Using replicates to validate the reproducibility of replication timing 

profiles using Repli-seq data  

As described in Section 2.6.2.1 Chapter 2, the replication timing of each cell line was 

measured as the log2-transformed ratio between early and late replicating read 

counts (log2-ratio) in 1kb or 50kb windows across the genome. A positive log2-ratio 

 
1  
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in each window represents an early replicating region, and a negative log2-ratio in 

each window indicates a late replicating region. To first validate whether the 

experimental and bioinformatics protocols used in this work were sufficiently reliable 

to generate reproducible replication timing profiles, replicates of two cell lines (T2P 

and H1650) were subjected to the Repli-seq protocol. Furthermore, to validate 

whether the protocol applied in this thesis was comparable to that used in the 

literature, the Repli-seq data of one LUAD cell line (A549) generated in this thesis 

was compared with what has been released by the ENCODE project 

(https://www.encodeproject.org/). Firstly, the log2-ratios in 1kb windows which 

created high resolution replication timing profiles were compared between replicates 

of these three cell lines (Figure 38). The raw log2-ratios between the two replicates 

of T2P or H1650 cells highly correlated (R=0.84, P<0.001) (Figure 38A). This close 

correlation was also observed between the raw log2-ratios of A549 in this thesis and 

those of A549 released by ENCODE. This suggested that the Repli-seq protocol 

used throughout this thesis was not only highly reproducible but also comparable to 

the literature. Secondly, to minimise noise induced by technical processes, two 

further steps of data normalisation (i.e., quantile normalisation and loess smoothing) 

were performed to normalise the raw log2-ratios (Figure 38B-C) (Methods  Section 

2.6.2.1 in Chapter 2), as recommended in published studies (Hansen et al., 2010; 

Marchal et al., 2018; Ryba et al., 2011). The correlation between two replicates was 

significantly further improved in the quantile normalised and loess smoothed log2-

ratios (R=0.97, P<0.001 for T2P and H1650; R=0.94, P<0.001 for A549) (Figure 38B-

C), compared with the raw data (Figure 38A), highlighting the benefits of data 

normalisation. 

 

Replication timing is regulated at the level of the replicon which is the replication unit 

regulated by each active replication origin, and the size of replicons ranges from 50kb 

to 120kb in mammalian cells (Cadoret et al., 2008; Wong et al., 2011) as previously 

discussed (Section 1.5 in Chapter 1). To quantify the replication timing within each 

replicon, log2-ratios in 50kb windows were also calculated to validate the 

reproducibility of the Repli-seq data within the replicates of these three cell lines 

(Figure 39). The raw log2-ratios in 50kb windows (Figure 39A) were more correlated 

between replicates than those in 1kb windows (Figure 38A), as well as to the 

normalised data (Figure 38B-C and Figure 39B-C), which not only further validated 

https://www.encodeproject.org/
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the reproducibility of our pipeline but also indicated that 50kb windows could help 

reduce the technical noise. On the other hand, the normalised log2-ratios in 1kb 

windows could be used in particular analyses when a higher resolution of replication 

timing profiles is required, such as calculating the log2-ratios of genes and small 

fragments of copy number alterations. 

 

 

Figure 38. Comparison of the log2-ratios in 1kb windows between replicates of 

three cell lines at multiple steps of data normalisation. 

A. The raw log2-ratios. B. The quantile normalised (qnormalised) log2-ratios. C. The 
quantile normalised and loess smoothed log2-ratios. 
(Abbreviations: ENCODE, Encyclopedia of DNA Elements; T2P, type 2 
pneumocytes; qnormalised, quantile normalised.) 
 



Chapter 4. Results 2 

 

157 

 

 

Figure 39. Comparison of the log2-raios in 50kb windows between replicates of 

three cell lines at multiple steps of data normalisation. 

A. The raw log2-ratios. B. The quantile normalised (qnormalised) log2-ratios. C. The 
quantile and loess smoothed log2-ratios. 
(Abbreviations: ENCODE, Encyclopedia of DNA Elements; T2P, type 2 
pneumocytes; qnormalised, quantile normalised.) 
 

4.2.2 Tissue-specificity of replication timing profiles 

Given that approximately 30% of the genome exhibits replication timing changes 

between different normal tissues and different cell differentiation states (Hansen et 

al., 2010; Ryba et al., 2010), it is vital to explore whether the replication timing is 

indeed tissue specific and how much this tissue-specific replication timing could 
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affect the replication timing alterations between cancer and normal cells. To expand 

the cohort of cell lines from various human tissue types, the Repli-seq data of cell 

lines on ENCODE (https://www.encodeproject.org/) were downloaded and 

processed through the pipeline developed in this thesis. A total of 14 cell lines for 

which I generated RepliSeq data (in-house) and an additional 16 cell lines available 

on ENCODE were analysed. The overall proportions of early and late replicating 

genomic regions were quite similar among all cell lines, with an average of 38% 

(range 37%-39%) of the genome as early replicating regions and an average of 62% 

(range 61%-63%) as late replicating regions (Figure 40A). 

 

https://www.encodeproject.org/
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Figure 40. Replication timing and hierarchical clustering of log2-ratios in 50kb 

windows. 

A. Proportions of early and late replicating regions in the whole genome in each cell 
line. 
B. Hierarchical clustering of the Euclidian distance and the ward criterion using the 
log2-ratios in 50kb windows from 30 cell lines (including 14 in-house and 16 
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ENCODE cell lines). Additional information about the cell lines, including whether the 
cell line was derived from normal or cancer cells and the presence of different driver 
gene mutations, are displayed as multiple tracks on top of the heatmap. The names 
of cell lines are coloured regarding their involvement in further analyses of different 
cancer types: those in red represent the normal and cancer cell lines that are part of 
the LUAD analysis group, those in blue represent LUSC, and those in orange 
represent the BRCA analysis group. 
(Abbreviations: LUAD, lung adenocarcinoma; LUSC, lung squamous cell carcinoma; 
BRCA, breast carcinoma; ENCODE, Encyclopedia of DNA Elements; T2P, type 2 
pneumocytes; TT1, type 1 pneumocytes; HBEC3, human bronchial epithelial cell 3; 
HMEC, human mammary epithelial cells; A549_EN, Repli-seq data of A549 from 
ENCODE; ER+, estrogen receptor positive BRCA; PR+, progesterone receptor 
positive BRCA; HER2, human epidermal growth factor receptor 2; TNBC, triple 
negative breast carcinoma; Mut, mutations; noMut, no mutations.) 
 

Next, to investigate whether the replication timing in different cell lines was mainly 

driven either by their originating tissue type or by the differences between normal 

and cancer cells, hierarchical clustering analyses of the log2-ratios in 50kb windows 

of all 14 in-house and 16 ENCODE cell lines was performed using Euclidean 

distance and ward criterion (Figure 40B). First, the replication timing of in-house and 

ENCODE cell lines were mixed well with each other on the clustering analyses, 

suggesting that the experimental techniques used in this thesis were consistent with 

literature. Three major clusters were identified, which differentiated the cancer cell 

lines from the normal ones: one cluster only containing cancer cell lines (the cancer 

cluster), one largely containing normal cell lines (the normal cluster; 9 normal and 2 

cancer cell lines) and the third cluster containing 3 cancer cell lines and one normal 

cell line (the mixed cluster) (Figure 40B). The mixed cluster consisted of one LUSC 

cell line (H520), two neuroblastoma cell lines (SK-N-MC and SK-N-SH) and one 

human normal embryonic stem cell (BG02), all which tended to exhibit low similarities 

(i.e., high Euclidean distances) to other cell lines, compared with the high similarities 

between other cell lines. This indicated that the replication timing in different cell lines 

was mainly driven by the differences between normal and cancer cells.  

 

Moreover, the tissue-specificity of the replication timing programme partially 

accounted for the clustering analyses (Figure 40B). For instance, 4 BRCA cell lines 

clustered together within the cancer cluster. LUAD cell lines tended to cluster 

together as well: 3/4 LUAD cell lines were clustered close to each other in the cancer 

cluster, whereas the other LUAD cell line (H1792) was clustered close to the normal 
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lung cell lines (such as T2P, TT1 and IMR90) in the normal cluster. Conversely, 3 

LUSC cell lines clustered separately in the three major clusters, suggesting that 

replication timing within LUSC was quite heterogeneous and may play a different 

role in LUSC compared with LUAD or BRCA.  

 

In addition, within the normal cluster, one LUAD (H1792) and one LUSC cell line 

(SW900) which were clustered together, both harboured TP53 and KRAS driver 

mutations (Figure 40B). However, these two lung cancer cell lines were quite 

distinguishable from another LUAD cell line (H2009) which also exhibited TP53 and 

KRAS driver mutations in the cancer cluster. Whether these specific driver gene 

mutations have the potential to engrave similar replication timing profiles across 

different cancer cells has not been well documented. Further experimental studies 

are warranted to explore the role of driver gene mutations in altering the replication 

timing.  

 

Taken together, the results of this clustering analysis suggested that the main 

differences in the replication timing programme lay between the normal and cancer 

cells, followed by the originating tissue types. It is therefore imperative to investigate 

the replication timing alterations which occur during the transition from normal 

towards cancer cells. Furthermore, the tissue specificity of replication timing requires 

consideration of the correct matched cell-of-origin to each cancer type when 

identifying replication timing alterations during the malignant transformation. 

Regarding the morphological origins of each cancer type, type 2 pneumocytes (T2P), 

human bronchial epithelial cells (HBEC) and human mammary ductal epithelial cells 

(HMEC) are considered to be the cell-of-origin for LUAD, LUSC and BRCA, 

respectively. Therefore, in this thesis, the replication timing profiles of T2P, HBEC3 

and HMEC were used as the reference cells for LUAD, LUSC and BRCA cells, 

respectively, to identify the altered replication timing (ART) in cancer cells. 

Furthermore, the difference in results obtained when genome regions with ART were 

identified by using the tissue-unmatched reference cells were used and compared 

with those identified using the matched cell-of-origin. For this reason, the replication 

timing of the tissue-unmatched reference cells, such as IMR90 which has been 

derived from foetal lung fibroblasts and MCF10A which has been derived from adult 
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mammary glands diagnosed with fibrocystic diseases, were also used to call ART 

regions through our pipeline.  

4.2.3 Identification of altered replication timing between the cell-of-origin and 

cancer cells 

As previously described (Methods Section 2.6.2.2 Chapter 2), two thresholds of the 

log2-ratio differences from the cell-of-origin to cancer (the log2-ratio in cell-of-origin 

minus the log2-ratio in each cancer cell line) were used to identify different types of 

altered replication timing. A strict integer value of |2| was the threshold to identify 

altered replication timing regions (≤ -2 as earlier RT and ≥ 2 as later RT). Furthermore, 

the threshold of the log2-ratio differences as |4| was used to classify ART regions 

into extreme earlier (≤ -4) or extreme later (≥ 4) replication timing. The distribution of 

the log2-ratio differences from the cell-of-origin to cancer in three cancer types was 

show in Figure 41A. Thus, a total of six classifications of ART regions were further 

refined based on the log2-ratio differences between the normal cell-of-origin and the 

cancer cells (Figure 41B), that is, extreme earlier/later replicating (i.e., 

extreme_earlier and extreme_later), earlier (late-to-early switch) and later (early-to-

late switch) replication timing (i.e., earlier_switch and later_switch), earlier/later 

without switched replication timing (i.e., earlier_noSwitch and later_noSwitch). 

Earlier_noSwitch and later_noSwitch indicated that no switched RT was observed in 

these regions from cell-of-origin to cancer cells, as they remained as early or late 

replicating. All other genome regions which did not show altered replication timing, 

were labelled as “Not altered”. All extreme earlier/later regions were found to exhibit 

a switched replication timing from normal to cancer cells (Figure 41C). 
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Figure 41. Identification of thresholds to define altered replication timing regions. 

A. The distribution of log2-ratio differences from cell-of-origin to cancer (normal log-
ratio minus cancer log2 ratio) in LUAD, LUSC and BRCA. The threshold of |2| was 
used to identify earlier (< -2) and later (> 2) replication timing regions. An additional 
threshold of |4| was used to classify extreme earlier (< -4) and extreme later (> 4) 
replicating regions from earlier / later ones. 
B. A cartoon to refine six types of ART regions. Earlier_switch / Later_switch 
represented a switched RT from cell-of-origin to cancer cells, which was also the 
case of Extreme.Earlier / Extreme.Later. Earlier_noSwitch / Later_noSwitch meant 
that no switched RT was observed in these regions from cell-of-origin to cancer cells. 
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All other genome regions which did not show altered replication timing, were names 
as “Not altered”. 
C. The numbers of earlier or later RT regions exhibiting the switched replication 
timing (i.e., from early to late RT or from late to early RT) or not between the cell-of-
origin and the cancer cells in each cancer type. All extreme earlier / later RT showed 
switched RT from the cell-of-origin to cancer cell lines. 
(Abbreviations: LUAD, lung adenocarcinoma; LUSC, lung squamous cell carcinoma; 
BRCA, breast carcinoma; RT, replication timing; ART, altered replication timing.) 
 

4.2.4 The replication timing programme was largely conservative between the 

cell-of-origin and cancer cells 

Next, to investigate the degree of pervasiveness of ART detected across the whole 

genome, the ART regions in each cancer cell line using the refined subgrouping of 

ART regions were evaluated (H1650 as an example is shown in Figure 42). The 

genome positions of earlier or later RT regions were mapped on each chromosome 

in all cancer cell lines (Figure 42A). Around 5%-11% of genome regions on each 

chromosome were identified as ART regions and there were no particular 

chromosomes which were absent of or extensively enriched with ART region. The 

same results were observed in all other cancer cell lines, which were not shown in 

this thesis. 

 

Then, the overall proportions of ART regions in each cell line were investigated 

(Figure 43). Most of the genome regions exhibited replication timing without ART 

(90% in LUAD cells, 86% in LUSC cells and 80% in BRCA cells). The overall 

proportions of ART regions were highest in BRCA cells (mean 20.4%, range 19.1%-

23.5%), followed by LUSC cells (mean 14.0%, range 12.1%-17.4%), and lowest in 

LUAD cells (mean 9.9%, range 8.7%-11.3%) (Figure 43). This suggested that about 

80%-90% of the whole genome presented conserved replication timing in cancer 

cells compared with the reference cells. Within ART regions, the proportions of 

earlier RT regions were quite similar to later ones (LUAD cell lines: mean for earlier 

5.8%, range 5.2%-6.6%, vs. mean for later 4.1%, range 3.6%-4.7%; LUSC cell lines: 

mean for earlier 7.3%, range 6.8%-8.4%, vs. mean for later 6.6%, range 5.3%-8.9%; 

BRCA cell lines: mean for earlier 9.9%, range 9.3%-11.1% as earlier RT, vs. mean 

for later 10.6%, range 9.9%-12.3%) (Figure 43).  
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Furthermore, the extreme earlier / later regions and the switched earlier / later RT 

regions, both of which exhibited switched replication timing (i.e., Late-to-Early 

switches or Early-to-Late switches from the reference to cancer cells) (Figure 41C), 

accounted for around 70% of ART regions in LUAD cells, 72% in BRCA cells and 

76% in LUSC cells (Figure 43). Considering the fact that whether an ART region 

exhibited switched replication timing or not may have different influences on the 

genetic landscape during the malignant transformation, in further analyses, I would 

focus on the differences of the switched and the non-switched ART regions by 

combining the extreme ART regions ones with the switched ones into one single 

group, unless otherwise specified. 

 

 

Figure 42. Examples of different subgroups of earlier and later RT regions across 

the whole genome in H1650. 

A. The distribution and the proportions of earlier and later RT regions on each 
chromosome in H1650 (a LUAD cell line) as an example, when T2P, the cell-of-origin 
of LUAD, was used as the reference cell. (%, proportions of earlier and later RT 
regions on each chromosome.) 
B. The overall proportions of six types of earlier / later RT regions across the whole 
genome shown in Figure 42A. 
(Abbreviations: T2P, type 2 pneumocytes; Mb, mega base pairs.) 
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Figure 43. Proportions of earlier and later RT regions across the whole genome in 

all LUAD, LUSC and BRCA cell lines. 

(Abbreviations: ART, altered replication timing; LUAD, lung adenocarcinoma; LUSC, 
lung squamous cell carcinoma; BRCA, breast carcinoma; T2P, type 2 pneumocytes; 
HBEC3, human bronchial epithelial cells; HMEC, human mammary epithelial cells.) 
 

4.2.5 Distinct profiles of altered replication timing identified by the tissue-

unmatched reference normal cells 

To investigate how distinctly the ART regions would be identified if the Repli-seq data 

of the tissue-unmatched reference normal cells was used to be compared with the 

cancer cell lines, the Repli-seq data of IMR90 and MCF10A as the reference cells to 

lung and breast cancer cell lines, respectively was processed in the same way with 

the cell-of-origin for each cancer type.  

 

As discussed previously, IMR90 which was derived from foetal lung fibroblasts and 

MCF10A which was derived from adult mammary glands diagnosed with fibrocystic 

diseases, have been frequently used as the reference normal cells to identify altered 

replication timing in cancer in published studies (Maccaroni et al., 2020b; Zhou et al., 

2018). However, LUADs have been considered to originate from type 2 pneumocytes 

and LUSCs originate from bronchial epithelial cells. The usage of IMR90, the lung 

fibroblasts, to identify altered replication timing would induce noises caused by the 

replication timing changes during cellular differentiation or by the tissue-specific 
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replication timing. Similarly, MCF10A, derived from human mammary glands with 

fibrocystic diseases, would also generate noises of identifying ART caused by the 

differences between different diseases (fibrocystic diseases versus cancer). Both 

situations would mask our aim of identifying ART regions between cell-of-origin and 

cancer cells. Given the tissue specificity of replication timing, these tissue-

unmatched reference normal cells would be expected to provide a wrong baseline of 

replication timing which I next explored using my ART analysis. 

 

To do this, the FASTQ files of IMR90 downloaded from ENCODE and MCF10A 

generated in-house were processed through our pipeline. The Repli-seq data of T2P, 

TT1 and IMR90 in 50kb windows were used to identify ART regions for LUAD cells 

(Figure 44), HBEC3 and IMR90 for LUSC cells (Figure 45) and HMEC and MCF10A 

for BRCA cells (Figure 46). Notably, like T2P, TT1 which is the immortalised type 1 

pneumocytes which resemble T2P, could also be considered the cell-of-origin for 

LUAD. As previously shown in this chapter (Figure 40), the replication timing profiles 

in TT1 was closely clustered together with T2P, suggesting they were highly similar 

to each other. Besides, technical replicates of Repli-seq protocol had relatively minor 

contribution to the replication timing changes, which further validated the similarities 

of RT in T2P and TT1. To keep consistent with the LUAD origination as type 2 

pneumocytes, T2P was further used as the cell-of-origin for LUAD, even though TT1 

would play the same role as T2P. 

 

In each cancer cell line, all ART genome regions in 50kb windows were divided into 

three categories: the recurrent ART regions which were identified by all reference 

cells, the private ones which were identified only by one reference cell, and the 

shared ones which were identified by at least two but not all reference cells. The 

shared ART regions were specifically classified in LUAD cell lines, since there were 

3 different reference cell lines applied to identify ART regions. This analysis revealed 

that the use of the tissue-unmatched reference cells (such as IMR90 for LUAD and 

LUSC, MCF10 for BRCA) could only identify a small fraction of ART regions which 

were commonly identified by the matched cell-of-origin for each cancer type. Only 

an average of 14.8% ART regions were recurrently identified by all 3 reference cells 

in LUAD cells (pie charts in Figure 44), whilst higher fractions of recurrent ART 

regions were identified by two reference cells in LUSC cells (mean 29.7% in pie 
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charts in Figure 45) and in BRCA cells (mean 24.5% in pie charts in Figure 46). 

Although the application of 3 reference cells rather than 2 used for LUAD cells may 

bias the analyses, this indicated that the tissue-unmatched reference cells would 

induce large proportions of false positive ART regions in these three cancer types.  

 

 

Figure 44. Comparison of ART regions in 4 LUAD cells identified using T2P, TT1 

and IMR90 as the reference normal cells, separately. 

In this figure, “earlier (different types of earlier)” represented that some earlier RT 
regions were identified by at least two reference cell lines, but the types of earlier RT 
were different (such as earlier_switch when T2P was used as the reference, but 
earlier_noSwitch when IMR90 was used as the reference). The same to “later 
(different types of later)” regions. Besides, “discordant” regions meant that one ART 
region was identified as earlier replicated by one of the reference cell lines, but as 
later replicated by the other reference cell line. 
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Regarding the shared types of ART, recurrent ART regions were those identified by 
all reference cell lines, private ones were identified only by one reference cell line. 
Shared ART regions were identified by at least two but not all reference cell lines. 
(Abbreviations: ART, altered replication timing; LUAD, lung adenocarcinoma; T2P, 
type 2 pneumocytes; TT1, type 1 pneumocytes.) 
 

 

Figure 45. Comparison of ART regions in 3 LUSC cells identified using HBEC3 and 

IMR90 as the reference normal cells, separately. 

In this figure, “earlier (different types of earlier)” represented that some earlier RT 
regions were identified by at least two reference cell lines, but the types of earlier RT 
were different (such as earlier_switch when T2P was used as the reference, but 
earlier_noSwitch when IMR90 was used as the reference). The same to “later 
(different types of later)” regions. Besides, “discordant” regions meant that one ART 
region was identified as earlier replicated by one of the reference cell lines, but as 
later replicated by the other reference cell line. 
Regarding the shared types of ART, recurrent ART regions were those identified by 
all reference cell lines, private ones were identified only by one reference cell line. 
(Abbreviations: ART, altered replication timing; LUSC, lung squamous cell 
carcinoma; HBEC3, human bronchial epithelial cells.) 
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Figure 46. Comparing ART regions in 4 BRCA cells identified by HMEC and 

MCF10A as the reference normal cells, separately. 

In this figure, “earlier (different types of earlier)” represented that some earlier RT 
regions were identified by at least two reference normal cell lines, but the types of 
earlier RT were different (such as earlier_switch when T2P was used as the 
reference, but earlier_noSwitch when IMR90 was used as the reference). The same 
to “later (different types of later)” regions. Besides, “discordant” regions meant that 
one ART region was identified as earlier replicated by one of reference normal cell 
lines, but as later replicated by the other reference normal cell line. 
Regarding the shared types of ART, recurrent ART regions were those identified by 
all reference normal cell lines, private ones were identified only by one reference 
normal cell line. 
(Abbreviations: ART, altered replication timing; BRCA, breast carcinoma; HMEC, 
human mammary epithelial cells.) 
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Furthermore, recurrent and shared earlier RT regions identified in each cancer type 

were classified into three major types (bar charts in Figure 44, Figure 45 and Figure 

46): the discordant ART regions which were discordantly classified as earlier RT by 

one reference normal cell but as later RT by the other reference normal cell, the 

concordant ART regions which were concordantly classified as the same type of ART 

(including earlier/later_switch and earlier/later_noSwitch), and the partially 

concordant ones which were concordantly classified as earlier RT but exhibited the 

switched or non-switched RT when different reference normal cell lines were used 

(i.e., earlier / later RT regions highlighted by the lightest pink / green in Figure 44, 

Figure 45 and Figure 46). All other private earlier / later RT regions were classified 

as they were identified only by a specific reference normal cell line.  

 

This analysis demonstrated that the private ART regions which were only identified 

by IMR90 accounted for large numbers lines of ART regions in 50kb windows in 4/4 

LUAD cell lines (around 3,000-4,000) (Figure 44) and in 2/3 LUSC cell lines (around 

6,000) compared to the private ART regions identified by the cell-of-origin (Figure 

45). This indicated that many false positive ART regions were called in these cancer 

cells when the tissue-unmatched reference normal cell was used, which were 

probably caused by tissue-specific replication timing, rather than altered replication 

timing during malignant transformation. On the other hand, in the other 1/3 LUSC 

cell line (SW900) (Figure 45) and 4/4 BRCA cell lines (Figure 46), the numbers of 

private ART regions identified by the tissue-unmatched reference normal cells 

(IMR90 or MCF10A) were less than those identified by the matched cell-of-origins 

(HBEC3 or HMEC). This observation with SW900 could be attributed to the fact that 

SW900 was clustered closer to IMR90 than to HBEC3 in Figure 40. In addition, only 

a few ART regions were identified as discordant in all three cancer types when 

different reference normal cells were used, which to some extent also validated the 

robustness of identifying ART regions.  

 

In summary, the application of the tissue-unmatched reference normal cells to 

identify ART regions in cancer cells can induce a large number of false positive ART 

regions and lead to the losses of many authentic ART regions. In this case, the 

tissue-specific replication timing could mask the replication timing changes that are 

associated with the transition from normal to cancer cells during malignant 
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transformation. It is vital to utilise the optimal matched cell-of-origin of each cancer 

type to refine the identification of ART regions in cancer cells. Therefore, in the 

following analyses, ART regions in each cancer cell line were identified using the 

matched cell-of-origins for each cancer type (i.e., T2P for LUAD, HBEC3 for LUSC 

and HMEC for BRCA), based on their morphological origination and the tissue 

specificity of replication timing. 

4.2.6 Recurrent ART regions within and across three cancer types 

Whether there are genomic regions which are favourably affected by altered 

replication timing (i.e., hotspots for ART) and how extensively they are distributed 

across the genome, has remained largely elusive. This is mainly because there has 

been a lack of replication timing profiles of multiple cancer cell lines in each cancer 

type in the literature, which will now be enabled through my study. Therefore, I next 

investigated the genome regions with recurrently altered replication timing in LUAD, 

LUSC and BRCA.  

4.2.6.1 Identification of recurrent ART regions within each cancer type 

To explore the likelihood of identifying ART regions specifically in one cancer cell line 

or recurrently in multiple cell lines, each ART region in 50kb windows from multiple 

cell lines within each cancer type were compared. Similar classifications of the 

shared ART shown in Figure 44 were used but depending on the ART regions 

between multiple cancer cell lines when the cell-of-origin for each cancer type was 

used. In brief, all ART regions were grouped into different categories, depending on 

whether they were repeatedly identified in two or more cell lines or not and whether 

they exhibited the same type of altered replication timing or not (Figure 47 and Figure 

48).  
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Figure 47. Examples of recurrent ART regions in 50kb windows in LUAD cell lines. 

Examples of recurrent earlier (A) and later (B) ART regions identified in all four LUAD 
cell lines by the cell-of-origin, T2P. Several adjacent ART regions in 50kb windows 
in continuous with each other were shown.  
The lines represented the log2-ratios in 50kb windows in the cell-of-origin (dashed 
lines) or in the cancer cell lines (solid lines).  
The squares in pink or green colours highlighted the different types of recurrent ART 
regions. Earlier/Later_switch RT: ART regions with the switched replication timing 
(such as the earlier_switch in Figure 47A which was late replicated in T2P but early 
in all cancer cell lines).  
Earlier/Later_noSwitch RT: ART regions without the switched replication timing 
from cell-of-origin to cancer cell lines (such as the lighter green in Figure 47B).  
Earlier/Later (different types of earlier/later) RT: ART regions which were 
identified as ART_switch in one cancer cell line but as ART-nonSwitch in another 
cancer cell line (such as the lightest pink region in Figure 47A, which was 
earlier_noSwitch in A549 in purple line, but earlier_switch in the other three LUAD 
cell lines).  
(Abbreviations: ART, altered replication timing; T2P, type 2 pneumocytes; LUAD, 
lung adenocarcinoma; kb, kilo base pairs.) 
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Figure 48. Overlap of ART regions in 50kb windows between different cancer cell 

lines within each cancer type. 

A-C. The numbers of ART regions in 50kb windows being identified as recurrent, 
shared, or private in each cancer cell lines of LUAD (A), LUSC (B) and BRCA (C). 
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Earlier/Later_switch RT: ART regions with the switched replication timing (such as 
the earlier_switch in Figure 47A which was late replicated in T2P but early in all 
cancer cell lines).  
Earlier/Later_noSwitch RT: ART regions without the switched replication timing 
from cell-of-origin to cancer cell lines (such as the lighter green in Figure 47B).  
Earlier/Later (different types of earlier/later) RT: ART regions which were 
identified to show switched RT in one cancer cell line but no switched RT in another 
cancer cell line (for instance, the lightest pink region in Figure 47A, which was 
earlier_noSwitch in A549 in purple line, but earlier_switch in the other three LUAD 
cell lines).  
Discordant ART: ART regions which were identified as earlier in one cancer cell line 
but later in the other cancer cell lines. 
D. Proportions of each type of ART regions in 50kb windows being private, shared, 
recurrent in each cancer type. (Proportions less than 1% were not labelled in texts.) 
E. Proportions of recurrent ART regions across the genome in each cancer type. 
(Abbreviations: ART, altered replication timing; T2P, type 2 pneumocytes; LUAD, 
lung adenocarcinoma; LUSC, lung squamous cell carcinoma; BRCA, breast 
carcinoma; kb, kilo base pairs.) 
 

First, based on whether the same ART region was repeatedly identified in two or 

more cell lines, three groups of ART regions were observed in three cancer types 

(Figure 48A-C): recurrent ART regions which were identified in all cancer cell lines 

(examples shown in Figure 47), shared ART regions which were identified by at least 

two but not all cancer cell lines, and private ART regions which were identified only 

in one cancer cell line. 

 

Second, based on whether the same ART region exhibited the same type of altered 

replication timing or not, the recurrent and shared categories of ART regions were 

split into discordant or concordant ones: the discordant ART regions which exhibited 

different directions of altered replication timing (such as, earlier RT in one cancer cell 

line but later RT in another cancer cell line), and the concordant ART regions which 

were identified as the same direction of earlier or late ART in all cancer cell lines 

which were involved in ART (Figure 47). 

 

Within the concordant ART regions, there was a small fraction presenting the 

switched ART in one cancer cell line but the non-switched ART in another cancer 

cell line, which were thus summarised as earlier/later (different types of earlier/later) 

(an exemplary region with recurrent earlier RT in LUAD cells was shown in Figure 

47A). 
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In general, among all ART regions identified in each cancer type (Figure 48A-C), the 

fractions of recurrent ART regions were much less than the private or the shared 

regions (recurrent ART regions: 15.4% in BRCA, 3.7% in LUAD and 4% in LUSC) 

(Figure 48D). The low fractions of recurrent ART regions in each cancer type, may 

be caused by particular cancer cell lines from which the ART regions were quite 

different from the other cancer cell lines (Figure 48A-C). For instance, in LUSC 

(Figure 48B), H520 harboured the largest numbers of private ART regions (N=5,692) 

which accounted for 34% of all ART regions in LUSC cell lines, compared to the 

other two cell lines (21.5% in SW900 and 20.4% in H2170). This suggested that 

H520 exhibited a quite different profile of ART from the other LUSC cells and led to 

the low fraction of recurrent ART regions in LUSC cells. This was consistent with the 

clustering analyses in Figure 40 where H520 cells were grouped in the mixed cluster 

and were quite separated from other cell lines. 

 

One particular BRCA cell line, MDA453, was responsible for the low fraction of 

recurrent ART regions (Figure 48C). MDA453, which is a triple negative breast 

cancer (TNBC) cell line, exhibited the largest proportions of private ART regions 

among all ART regions in BRCA, compared with the other three hormone receptor 

(HR) positive or HER2 positive BRCA cell lines (16.7% in MDA453, higher than 9.4% 

in SK-BR3, 9.8% in MCF-7 and 7.7% in T47D). These findings could reflect the 

differences between TNBC and HR positive or HER2 positive BRCA, with regards to 

not only biological features but also their replication timing programme. This skewed 

distribution of private ART regions was not detected in LUAD cells. The proportions 

of private ART regions were similar among the four LUAD cell lines, even though 

A549 was identified to harbour the largest number of private ART regions in 50kb 

windows (N=2,344; 18.3% in A549, similar to 15.4% in H1792, 15.2% in H2009 and 

10.3% in H1650). This suggested that the low fraction of recurrent ART regions in 

LUAD was less likely biased by certain cell lines and that the altered replication timing 

profiles were heterogeneous in LUAD cells.  

 

In summary, a larger proportion of recurrent ART regions across the genome were 

identified in BRCA (6.1%), compared to LUAD (0.9%) and LUSC (1.3%) (Figure 48D-

E). Importantly, very few recurrent ART regions were identified as discordantly 

altered across the genome (0.04% in LUAD, 0.06% in LUSC, 0.01% in BRCA) 
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(Figure 48E), indicating that recurrent ART regions tend to exhibit the same direction 

of altered replication timing in each cancer type. This small fraction of discordant 

ART regions in each cancer type would be excluded in further analyses of recurrent 

ART regions. Whether and how these recurrent ART regions in each cancer type 

contribute to tumour evolution is a key question which has been explored in following 

sections. 

4.2.6.2 Recurrent ART regions across three cancer types 

To further investigate whether there were hotspots for ART regions across different 

cancer types, the recurrent ART regions identified within each cancer type were 

compared between LUAD, LUSC and BRCA (Figure 48C). A total of 3,790 ART 

regions in 50kb windows spanning 198.5 Mb of the genome were identified in all 

three cancer types (recurrent ART regions), 49% of which exhibited the concordant 

ART and 51% of which showed the discordant ART (Figure 49A-B). Within the 49% 

concordant ART regions, 30.2% were earlier and 18.8% were later replicated 

recurrently in three cancer types (Figure 49B).  

 

Next, to identify whether these recurrent ART regions across three cancer types 

carried cancer-associated genes (CAGs), all genes residing in these regions were 

identified. Lung and breast cancer associated genes were highlighted in Figure 49C-

D, which included cancer driver genes, oncogenes (OGs), tumour suppressor genes 

(TSGs), and other genes involved in the oncogenic signalling pathways. Within the 

concordant ART regions which contained 56 CAGs (Figure 49C), 14 OGs and 5 

TSGs were found in earlier RT regions, which was comparable to the number of later 

regions which contained 16 OGs and 3 TSGs. Within the discordant ART regions 

which contained 49 CAGs in total (Figure 49D), more TSGs were found than in the 

concordant ones (16 out of 49 CAGs in the discordant ART regions vs. 8 out of 56 

CAGs in concordant ART regions; P=0.036, Fisher's Exact test), even though the 

number of CAGs located in the earlier or later recurrent ART regions were not 

significantly different.  

 

Compared with other signalling pathways, the RTK/RAS (receptor tyrosine 

kinase/Ras) signalling pathway exhibited the largest number of genes in these 
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recurrent ART regions across three cancer types (9/56 genes in the concordant ones 

and 6/49 in the discordant ones) (Figure 49C-D). It has been reported that RTK/RAS 

and the growth factor-regulated phosphoinositide 3-kinase (PI3K)/AKT signalling 

pathway interfere with each other to regulate the transcription factors of metabolic 

pathways and thus play a key role in mediating cell proliferation, differentiation, and 

cell migration (Chang et al., 2003). Within the discordant ART regions, a total of 9 

genes involving in these two oncogenic signalling pathways were recurrently later 

replicated in LUSC cell lines, 6 of which were in the RTK/RAS signalling pathway 

(MRAS, RASGRP1, IRS2, RASA2, ROS1, and IGF1R) and another 3 were involved 

in the PI3K/AKT signalling pathway (PTEN, RICTOR and INPP4B). Conversely, the 

ART of these 9 genes varied in LUAD and BRCA. This indicated that the degrees of 

RTK/RAS and PI3K/AKT signalling pathway functioning in LUSC may be different 

from LUAD and BRCA, even though these genes were found to be mutated in all 

three cancer types.  

 

Genes involving in the Notch signalling pathway which plays a vital role in cell 

development and malignant transformation, were also identified to reside in these 

recurrent ART regions across three cancer types. Within the discordant ART regions 

(Figure 49D), 5/49 genes were involved in the Notch pathway (NCOR1, JAG1, 

DNER, CTBP2 and FBXW7), which were later replicated in BRCA (5/5 genes) and 

LUSC (4/5 genes, except for NCOR1 being earlier replicated), but earlier replicated 

in LUAD (5/5 genes). Considering that both BRCA and LUSC were originated from 

ductal epithelial cells, this may suggest that the Notch signalling pathway plays a role 

in the malignant transformation of epithelial cells.  

 

Taken together, there were genome regions which were preferentially affected by 

altered replication timing across lung and breast cancer, in which cancer-associated 

genes reside. These recurrent ART regions exhibited either concordant or discordant 

types of ART in different cancer types, indicating the different roles of recurrent ART 

in mediating the malignant transformation in different cancer types. To investigate 

the role of ART and recurrent ART during malignant transformation, it would be 

imperative to explore whether the mutation rates or the transcription levels of these 

genes is related with their distinct types of ART in patient tumours (seen in Chapter 

5). 
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Figure 49. Recurrent ART regions in 50kb windows identified across three cancer 

types. 

A. The numbers of recurrent ART regions in each cancer type identified only in one 
cancer type (private ART), or across two (shared ART) or all three (recurrent ART) 
cancer types. 
B. The proportions of each ART type among the recurrent ART regions in Figure 
49A. 
C-D. Cancer-associated genes exhibiting concordant (N=56 in Figure 49C) or 
discordant (N=49 in Figure 49D) ART located at the recurrent ART regions. (Cancer-
associated genes consisted of lung or breast cancer driver genes, oncogenes and 
tumour suppressor genes, and other genes involved in the oncogenic signalling 
pathways.) 
Earlier/Later_switch RT: ART regions with the same type of switched replication 
timing in three cancer types. 
Earlier/Later_noSwitch RT: ART regions without the switched replication timing in 
three cancer types. 
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Earlier/Later (different types of earlier/later) RT: ART regions which showed the 
same type of earlier or later RT in three cancer types but were identified to show 
switched RT in one cancer type but no switched RT in another cancer type.  
Discordant ART: ART regions which were identified as earlier in one cancer type 
but later in the other cancer type. 
(Abbreviations: ART, altered replication timing; LUAD, lung adenocarcinoma; LUSC, 
lung squamous cell carcinoma; BRCA, breast carcinoma; kb, kilo base pairs; OG, 
oncogenes; TSG, tumour suppressor genes.) 
 

4.2.7 DNA sequence compositions in earlier and later RT regions 

Next, the altered replication timing of genes across the genome was investigated. As 

discussed previously (methods in Chapter 2), to precisely quantify the altered 

replication timing of genes, the mean log2-ratio of each gene was calculated using 

the normalised log2-ratios in 1kb windows which created a higher resolution of 

replication timing profiles in cell lines. 

4.2.7.1 Increased gene density in earlier RT regions 

It has been reported that there are more genes distributed in early replicating regions. 

Whether genome regions with ART were also enriched with genes were further 

explored in this section (Figure 50). To do this, adjacent 50kb windows exhibiting the 

same type of replication timing or altered replication timing were first merged and 

classified as one single RT or ART event. The number of genes residing in each RT 

or ART event per 10kb was calculated to evaluate the distribution of genes with 

different types of RT or ART.  

 

First, the early and late RT in cancer cells, regardless of altered replication timing 

compared to the matched cell-of-origin, was analysed (Figure 50A). Early replicating 

regions exhibited an increased number of genes per 10kb compared with late ones 

(mean, 2.9/10kb vs. 1.66/10kb; P<0.0001) (Figure 50A). This was consistent with the 

literature that early replicating regions harboured a higher gene density than late 

regions. Additionally, genes residing in late RT regions were mostly large genes, 

leading the decreased gene counts identified in this analysis. 

 

Next, the genome regions in cancer cells were split into those with or without ART to 

compare the gene density (Figure 50B). Given that earlier_switch RT exhibited a 
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switched RT from late in the reference normal cells to early in cancer cells, the gene 

density in earlier_switch (late-to-early switch) RT was compared to late non-ART 

regions (and vice versa for later_switch (early-to-late switch) RT regions). These 

analyses revealed that the gene density in earlier_switch RT regions was 

significantly higher than in late non-ART regions in cancer (i.e., late_cancer) (mean, 

2.95/10kb vs. 1.92/10kb; P<0.0001). Inversely, the gene density in later_switch RT 

regions was significantly lower than early replicating regions without ART in cancer 

(i.e., early_cancer) (mean, 2.96/10kb vs. 3.7/10kb; P<0.0001) (Figure 50B). This 

data suggested that earlier RT tended to affect late replicating regions with more 

genes compared to those with less genes, regardless of the generally low gene 

density in late replicating regions.  
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Figure 50. Increased gene density in early RT and earlier RT regions. 

A. Increased gene density in early than in late RT regions in cancer cell lines. 
B. Increased gene density in earlier RT (late-to-early switch) regions compared with 
constitutive late non-ART regions in cancer cell lines (i.e., late_cancer). (P values 
were indicated as: ns, not significant, P≥0.05; *, P<0.05; **, P<0.01; ***, P<0.001; 
****, P<0.0001.) 
(Abbreviations: RT, replication timing; ART, altered replication timing; LUAD, lung 
adenocarcinoma; LUSC, lung squamous cell carcinoma; BRCA, breast carcinoma; 
kb, kilo base pairs.) 
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4.2.7.2 Increased fractions of cancer-associated genes in earlier RT regions 

To explore whether cancer-associated genes were preferentially affected by earlier 

or later RT, the fractions of cancer-associated genes with ART among genes 

replicated in early or late RT in reference normal cells were further compared (Figure 

51). All genes were split into those with early RT or those with late RT in the matched 

cell-of-origin. Among the early RT genes, the fractions of cancer-associated genes 

(including cancer type specific driver genes, oncogenes or tumour suppressor genes 

identified in COSMIC) were investigated; the same methodology was applied to late 

RT genes in reference normal cells (Figure 51A). 

 

Higher fractions of cancer driver genes (P=0.0028, Wilcoxon test), OGs (P=0.023, 

Wilcoxon test) or TSGs (P<0.001, Wilcoxon test) were observed to exhibit switched 

earlier RT among the late replicating genes, compared to those with switched later 

RT among the early replicating genes (Figure 51B). This suggested that there was 

an increased chance that cancer-associated genes located in late RT regions in 

reference normal cells were earlier replicated in cancer cells, whilst cancer-

associated genes in early RT regions in reference normal cells were less likely to 

exhibit the switched later RT in cancer cells. Given that there is an overall increase 

of gene mutation rates in late replicating regions, one potential hypothesis being the 

ART of cancer-associated genes in cancer may be a mechanism to protect these 

genes from being mutated in late S phase in cancer. More experimental work is 

warranted to explore the biological validity of this conclusion. 

 

Essential genes in each tissue type or cancer type were also analysed to explore the 

role of ART affecting essential or non-essential genes (Figure 51C-D). The lists of 

essential genes were extracted from publicly available databases in COSMIC or from 

published papers, which have used siRNA screening experiments to explore whether 

these genes are necessary for cellular function using genomic, transcriptomic, and 

proteomic data (Marcotte et al., 2012, 2016). All other genes which were not included 

in these essential gene lists but expressed in each cancer type in TCGA were 

classified as non-essential genes. Among essential genes being replicated in either 

early or late in reference normal cells (the upper plots in Figure 51C-D), no significant 

differences were detected between the fractions of genes with later or earlier 
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replicating timing (P=0.065, Wilcoxon test). This indicated that essential genes 

tended not to be affected by altered replication timing in cancer cells. However, 

among non-essential genes (the bottom plots in Figure 51C-D), a significantly higher 

fraction in late replicating genes becoming earlier replicated in cancer was detected, 

compared to the fraction in early replicating genes which became later replicated in 

cancer (P<0.001, Wilcoxon test). Combined with the fact that the proportions of 

earlier or later replicating regions among all ART regions were roughly half and half 

(Figure 43), it implied that among late replicating regions, those exhibiting relatively 

high gene density tended to be earlier replicated in cancer. 

 

 

Figure 51. Increased fractions of cancer-associated genes in earlier RT regions. 

A. Fractions of cancer-associated genes among early or late replicating genes in 
reference normal cells. (Y axis showed the fractions of genes in each gene groups. 
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The numbers on each bar showed the number of genes with ART in each gene 
groups.) 
B. Comparing fractions of cancer-associated genes with switched ART among early 
or late replicating genes in reference normal cells. 
C. Fractions of essential and non-essential genes among early or late replicating 
genes in reference normal cells. 
D. Comparing fractions of essential and non-essential genes with switched ART 
among early or late replicating genes in reference normal cells. 
(Abbreviations: RT, replication timing; ART, altered replication timing; LUAD, lung 
adenocarcinoma; LUSC, lung squamous cell carcinoma; BRCA, breast carcinoma; 
TSG, tumour suppressor genes.) 
 

To further validate these results, Fisher’s tests of gene counts with ART among early 

or late replicating genes in reference normal cells, compared with those without ART, 

were performed (Figure 52). Among late replicating genes in normal cells (Figure 

52A), the numbers of cancer type specific driver genes with earlier RT were 

significantly higher than those without ART, which was detected in all LUSC and 

BRCA cells and 2/4 LUAD cells (but not in H2009 and A549). The enrichment of 

TSGs with earlier RT was also detected in all BRCA cells, 2/3 LUSC cells (except for 

H520) and 1/4 LUAD cell line. No significant enrichment of driver genes or TSGs with 

later RT were identified among early replicating genes in normal cells (Figure 52B). 

The enrichment of oncogenes or essential genes with ART varied between different 

cell lines, independent of late or early replicating genes in normal cells (Figure 52A-

B). Nevertheless, these results revealed that cancer type specific driver genes and 

TSGs with late replicating timing in normal cells were preferentially replicated earlier 

in cancer cells. The quantification of positive selection of somatic mutations across 

the genome will be performed in Chapter 5, by estimating the dN/dS ratios (the 

normalized ratio of non-synonymous to synonymous mutations). 
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Figure 52. Fisher tests of gene counts with ART compared with those without ART 

in cancer cells. 

Fisher tests of cancer-associated genes and essential genes with ART among genes 
with late (A) or early (B) replication timing in reference normal cells. 
(Abbreviations: RT, replication timing; ART, altered replication timing; LUAD, lung 
adenocarcinoma; LUSC, lung squamous cell carcinoma; BRCA, breast carcinoma; 
TSG, tumour suppressor genes.) 
  

4.3 Conclusions 

The results in this chapter demonstrate the identification of altered replication timing 

in LUAD, LUSC and BRCA cells compared with the replication timing profiles of the 

matched cell-of-origin for each cancer type, which could contribute to our 

understanding of altered replication timing during malignant transformation from 

normal to cancer cells. 



Chapter 4. Results 2 

 

187 

 

4.3.1 Tissue-specific replication timing determining the choice of cell-of-

origin to identify altered replication timing in cancer cells 

The first question explored in this chapter addressed the tissue specificity of 

replication timing. As discussed previously, the replication timing programme is 

highly conserved but also dynamic during the normal cellular developmental process 

in different tissues (Hansen et al., 2010). Therefore, in order to identify the altered 

replication timing regions which are relevant in cancer development, it was 

necessary to consider the replication timing profiles of the originating normal cells 

(i.e., the cell-of-origin) of the matched cancer type. Otherwise, ART regions identified 

using the tissue-unmatched cells in cancer cells may mainly be attributed to the 

tissue-specificity of replication timing and thus mask the authentic ART regions 

occurring during malignant transformation.  

 

When comparing the similarities of replication timing profiles in 14 in-house and 16 

ENCODE cell lines, the differences of replication timing profiles among these cell 

lines mainly lay between the normal and cancer cells, which surpassed the tissue-

specificity of replication timing. This implied that altered replication associates with 

the malignant transformation from normal to cancer cells. Secondly, tissue specificity 

of replication timing was also identified, when the replication timing profiles of cell 

lines originating from the same tissue type were observed to cluster together. The 

tissue-specific replication timing may be explained by the facts that the selection of 

flexible replication origins to be fired in S phase is particular to a given cell type 

(Fragkos et al., 2015) and that the replication timing programme interplays with gene 

transcription which is tissue specific in order to highly transcribe genes essential to 

particular cell types (Müller and Nieduszynski, 2017). 

 

Furthermore, the false positive ART regions in each cancer cell line were also 

investigated when the tissue-unmatched cells were used as the reference. Only a 

small fraction of these false positive ART regions was commonly identified by the 

cell-of-origin in all three cancer types. This indicated that ART regions identified by 

the tissue-unmatched reference cells in cancer cells probably consisted of replication 

timing changes derived from both the tissue differentiation and the malignant 

transformation from normal cells. The matched cell-of-origin for each cancer type are 
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necessary to be used to explore the role of altered replication timing during malignant 

transformation, which would help minimize the noise caused by the tissue specificity 

of replication timing. 

4.3.2 Pervasiveness of altered replication timing in cancer cells 

The replication timing programme was found to be conservative in around 80%-90% 

of the genome between the cell-of-origin and cancer cells, which is consistent with 

the literature (Du et al., 2019; Sasaki et al., 2017). In this chapter, I identified six 

types of ART region (Figure 41): extreme earlier (late-to-early switch) and later 

(early-to-late switch) RT, earlier_switch (late-to-early switch) and later_switch (early-

to-late switch) RT, earlier_noSwitch and later_noSwitch (no switched replication 

timing, i.e., early-to-early or late-to-late) RT in each cancer cell line. A higher fraction 

of the genome exhibiting altered replication timing was detected in BRCA cells 

(20.4%), than in LUAD (9.9%) and LUSC cells (14.0%). Among ART regions in each 

cancer type, a higher fraction of recurrent ART regions was also identified in BRCA 

(15.4%), than in LUAD (3.7%) and LUSC (4%). This indicated that ART may play a 

different role in BRCA compared with LUAD and LUSC. There may be two possible 

explanations. The first one is that ART starts to interfere with malignant 

transformation at an earlier stage of tumour initiation in BRCA, compared to its role 

in LUAD and LUSC. Further analyses of RT and ART in association with genomic 

alterations and transcriptional activities in patients will be performed in Chapter 5 to 

provide more evidence to test this hypothesis.  

 

A second explanation is that the interplay between replication timing and 

transcriptional activities could determine to what degree a cancer would be affected 

by ART. As discussed previously in (Figure 5 in Chapter 1), early or late replication 

timing regions are well reconciled with open or condensed chromatin structures, and 

constitute the euchromatin or heterochromatin, respectively (Dileep et al., 2015a; 

Pope et al., 2014). Late replicating regions are less accessible and thus harder to be 

transcribed, compared to early replicating regions. Unlike LUAD and LUSC which 

are largely driven by driver gene mutations and other genomic alterations, BRCA 

consists of a group of malignant tumours which are mostly driven by hormonal 

receptors or HER2 at the protein level and would thus rely on the transcriptional 
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activities of these proteins to accomplish the malignant transformation from the cell-

of-origins to cancer cells. The close interplay between replication timing and 

transcriptional activities may function in a way to modulate the malignant 

transformation in BRCA. On the other hand, the association between late replication 

timing and increased mutation rates has been reported in multiple studies (Liu et al., 

2013; Woo and Li, 2012), which also suggests a role of ART in reshaping the 

genomic landscape of LUAD and LUSC. Further experimental work to explore the 

causal relationship between ART and genomic and transcriptional alterations is 

required to support this hypothesis. 

4.3.3 The role of altered replication timing in cancer cells 

In all three cancer types, the gene density in earlier_switch (late-to-early switch) RT 

regions was significantly higher than in the constitutive late replicating regions (which 

were late replicated in both the cell-of-origin and cancer cell line). Moreover, there 

were significantly more cancer driver genes and tumour suppressor genes in earlier 

RT regions among all late replicating genes, compared with other genes without 

earlier RT. This may demonstrate a positive selection of late replicating regions with 

high gene density in normal cells becoming earlier replicated in cancer cells, 

compared with those with low gene density. The biological mechanism behind this 

phenomenon could involve the interplay between replication timing and the spatial 

organization of the genome in the interphase nucleus (Figure 5 in Chapter 1). 

According to the scenario of the bodyguard protection hypothesis (Qiu, 2016), late 

replicating regions which mostly reside at the periphery of the nucleus and constitute 

the heterochromatin (Fu et al., 2018), could act as physical barriers to protect early 

replicating regions which reside in the interior of the nucleus from exogenous 

carcinogen insults. Therefore, it is reasonable to speculate that when the cells are 

faced with exogeneous or endogenous carcinogen insults, late replicating regions 

with high gene density may be shifted to become earlier replicated, in order to protect 

the genes residing in them from being mutated. Further experimental work is needed 

to explore the determinant of earlier or later RT in cancer. 
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4.4 Conclusions 

The main aim of the work presented in this chapter was to identify the ART regions 

in each cancer cell line and recurrent ART regions within and across LUAD, LUSC 

and BRCA. The tissue specificity of replication timing should be considered in such 

studies, and thus make it necessary to use the matched cell-of-origin for each cancer 

type to identify ART regions. Failure to use the matched cell-of-origin will lead to false 

positive ART regions which mask the authentic ART regions during malignant 

transformation in cancer. Although distinct profiles of ART regions were identified in 

different cell lines, there were hotspots of genome regions which were favourably 

affected by ART. A positive selection of late replicating regions with high gene 

density becoming earlier replicated was also highlighted. In addition, ART may 

function differently in BRCA and LUAD compared with in LUSC. To further 

investigate the role of ART during malignant transformation, integrated analyses of 

replication timing and genomic landscape in patient tumours will be performed in the 

next chapter. 
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Chapter 5. Results 3. The role of altered replication 

timing in reshaping the genomic and transcriptomic 

landscape in lung and breast cancer 

5.1 Introduction 

In Chapter 4, I investigated the general replication timing (RT) programme and 

altered replication timing (ART) in lung and breast cancer cell lines, compared with 

the matched cell-of-origin of each cancer type. Previous studies have reported that 

there is a skewed distribution of somatic mutations in late replicating regions in 

cancer (Liu et al., 2013; Woo and Li, 2012) and that somatic copy number alterations 

(SCNAs) exhibit a complicated relationship with replication timing (De and Michor, 

2011). However, how the actual perturbations from the normal replication timing 

programme to that observed in cancer remodels genomic alterations remains largely 

unknown. 

 

As discussed previously in Section 1.6 in Chapter 1, mutation distributions have been 

discovered to be skewed in late replicating regions across the genome, not only in 

normal cells (Stamatoyannopoulos et al., 2009) but also in cancer cells (Liu et al., 

2013; Woo and Li, 2012). In normal human cells, the frequency of single nucleotide 

polymorphism (SNPs) have been reported to be increasingly accumulated in late S 

phase compared to early S phase (Stamatoyannopoulos et al., 2009). In cancer cells, 

somatic mutation rates have been detected to increase dramatically in late replicating 

regions (Woo and Li, 2012) and even in regions in 3D proximity to late replicating 

regions (Akdemir et al., 2020), compared to early replicating regions. Nevertheless, 

cancer-associated genes have been found to be depleted in late replicating regions 

in cancer (Woo and Li, 2012), which suggested that it is beneficial for the cells to 

replicate cancer-associated genes early on during S phase to decrease the mutation 

rates of these genes and in the meantime, maintain the cellular functions of these 

genes in  cell proliferation, development and DNA repair (Chen et al., 2019b; Gómez-

González and Aguilera, 2019; Hamperl et al., 2017). Moreover, mutational signatures 

related to DNA repair deficiency, mismatch repair deficiency or APOBEC-mediated 

mutagenesis, have been found to show different relationships between early and late 
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replication timing regions (Morganella et al., 2016), even though the biological 

mechanisms behind these relationship have not been well documented. In addition, 

the relationship between replication timing and SCNA gains/losses is complicated, 

despite the fact that an overall increased rate of SCNAs have been reported in late 

replicating regions (De and Michor, 2011), as discussed in Section 1.6.2 in Chapter 

1. 

 

Given that the results in Chapter 4 have indicated that altered replication timing 

(ART) is pervasive across the genome in cancer cells, the goal of this chapter is to 

explore the role of altered replication timing in reshaping the genomic and 

transcriptomic landscape in lung and breast cancer. To achieve this goal, I used the 

replication timing profiles and the altered replication timing data of lung 

adenocarcinoma (LUAD), squamous cell carcinoma (LUSC) and breast cancer 

(BRCA) cell lines in the integrated analyses using sequencing data from patient 

tumours.  

 

In order to analyse the relationship between ART and genomic mutations, mutational 

processes, and gene transcription in tumour samples from patients were analysed in 

this chapter. Since whole genome sequencing (WGS) was performed during the 

Repli-seq protocol, WGS data, rather than whole exome sequencing (WES) data, of 

patient tumours were analysed, including 560 BRCAs from a published paper (Nik-

Zainal et al., 2016), 470 LUADs and 321 LUSCs from patients enrolled in the 100,000 

Genomes Project (Genomics England Lung Project, henceforth GEL Project) 

(http://www.genomicsengland.co.uk). Furthermore, expression levels of genes with 

or without ART were also analysed in this chapter, using the RNA-seq data of LUAD 

and LUSC from patients enrolled in TRACERx study (Jamal-Hanjani et al., 2017), 

and that of LUAD, LUSC and BRCA in TCGA (https://www.cancer.gov/tcga). In 

addition, publicly available WES and gene expression data corresponding to the 

cancer cell lines used in my in-house Repli-seq cohort were also analysed in parallel. 

 

In this chapter, I performed the experimental work processing the Repli-seq samples, 

with the help of Yanping Guo (UCL Cancer Institute) to set up the gating strategy of 

flow cytometry, and the help of Sophie Ward (Francis Crick Institute) to perform the 

library preparation and WGS. The bioinformatics pipeline for processing Repli-seq 

http://www.genomicsengland.co.uk/
https://www.cancer.gov/tcga
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data and WGS data from GEL Project analysed in this chapter was developed by 

Michelle Dietzen (UCL Cancer Institute) with whom I closely collaborated to perform 

the analyses of somatic mutations and mutational signatures. I conducted other 

analyses relating to gene expression and gene selection, unless otherwise specified. 

5.2 Results 

5.2.1 Increased mutation load in late and later replicating regions 

As discussed previously in Chapter 4, the log2-ratios of chromosomal regions were 

calculated in 50kb windows to identify regions with ART. Similarly, mutation load 

adjusted by copy numbers using the WGS data of patient tumours was also 

calculated in 50kb windows, making it feasible to map WGS data to those identified 

in our replication timing analyses.  

5.2.1.1 The correlation between mutation load and log2-ratios of replication 

timing in cancer cells and the normal cell-of-origin 

It has been reported that late replicating regions exhibit elevated mutation rates 

compared to early replicating regions (Liu et al., 2013; Woo and Li, 2012). Given the 

pervasiveness of altered replication timing between the cell-of-origin and cancer cells 

identified previously in this thesis, it remains largely unknown whether the mutation 

distribution in patient tumours would be influenced more by the replication timing of 

cancer cells or that of cell-of-origin. Therefore, the correlation between the mutation 

load and the log2-ratios of cancer cell lines and the matched cell-of-origin of each 

cancer type were first calculated (Figure 53). As the log2-ratios were positively 

correlated with replication timing (positive log2-ratios showing early replication timing 

and negative log2-ratios showing late replication timing), negative correlation 

coefficients between the mutation load and the log2-ratios indicate a closer 

correlation with late replication timing than early replication timing (and vice versa for 

the positive correlation coefficients). Additionally, the larger the absolute values of 

the correlation coefficients were, the more relevant the two observations were to 

each other. 

 

Two types of this correlation analysis were performed (Figure 53). First, the mutation 

load across the whole cohort of patient tumours (the column labelled with “total” in 
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Figure 53) was used to explore the correlation. Second, considering the various 

mutation burdens among different BRCA subtypes, to explore the correlation 

between mutation load and log2-ratios precisely, the BRCA patient cohort was 

specifically split into different subtypes, based on the phenotypes of hormone 

receptors present in cancer cell lines in the Repli-seq cohort (other columns labelled 

with BRCA subtypes in Figure 53). For instance, considering that SK-BR3 is a BRCA 

cell line positive for the human epidermal growth factor receptor 2 (HER2), the 

corresponsive BRCA subtype of patient tumours would only include those with 

positive HER2 but negative hormone receptor (HR); and vice versa for MCF-7 

(positive for the estrogen receptor (ER)), T47D (positive for the ER and the 

progesterone receptor (PR)), and MDA453 (triple negative breast cancer (TNBC) 

which is negative for the ER, PR and HER2). On the other hand, the LUAD and LUSC 

cohort was grouped differently. As previously shown in Section 3.2.6 in Chapter 3, a 

higher frequency of whole genome doubling (WGD) was discovered in pre-invasive 

lung lesions with a shared somatic common ancestor with the matched invasive 

tumour (the SCA group), compared to those without (the non-SCA group). To 

investigate whether somatic mutations acquired pre-WGD or post-WGD would show 

different correlations with the replication timing, mutations in the LUAD and LUSC 

cohort were split into those pre-WGD or post-WGD (columns labelled with pre-WGD 

or post-WGD in Figure 53). 

 

Across the whole cohort of patient tumours (the column labelled with “total” in Figure 

53), in 4/4 BRCA cell lines and 3/4 LUAD cells (except for one LUAD cell line, H1792) 

(Figure 53A-B), the increased mutation load was more related to the negative log2-

ratios in cancer cell lines than in the cell-of-origin (correlation coefficients between 

the two: mean -0.47 in 4/4 BRCA cell lines vs. -0.34 in HMEC; mean -0.63 in 3/4 

LUAD cell lines vs. -0.56 in T2P). This was consistent with the analysis within each 

BRCA subtype, which also showed that the mutation load was more closely 

correlated with the negative log2-ratios of cancer cell lines than the cell-of-origin. 

Conversely, in 3/3 LUSC cell lines and 1/4 LUAD cell line (H1792, driven by TP53, 

KEAP1 and KRAS mutations shown in Figure 40 in Chapter 4), the correlation 

coefficients between the increased mutation load and the negative log2-ratios in 

cancer cell lines were equivalent to or less than that in cell-of-origins (correlation 

coefficients: mean -0.58 in 3/3 LUSC cell lines vs. -0.64 in HBEC3; mean -0.53 in 
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H1792, the 1/4 LUAD cell line vs. -0.56 in T2P) (Figure 53). This suggested that there 

was an overall increase of mutation load in late replicating regions both in cancer 

cells and in the cell-of-origin, and that, while the late replication timing may be a 

prominent factor reshaping the somatic mutation load in BRCA and LUAD cells rather 

than in the cell-of-origins (Woo and Li, 2012), the late replication timing in LUSC cells 

may play an equivalent role in reshaping the mutation landscape both in LUSC and 

the cell-of-origin. 

 

Similar analyses of mutations pre-WGD and post-WGD in LUAD and LUSC (columns 

labelled with pre-WGD or post-WGD in Figure 53B-C) did not reveal a higher 

correlation coefficient compared to the analysis done for the whole cohort (the 

column labelled with “total” in Figure 53). Besides, the correlation coefficients 

between log2-ratios and pre- or post-WGD mutation load were not significantly 

different, suggesting that there may not be a crosstalk between replication timing and 

WGD regarding the accumulation of somatic mutations. This analysis may be limited 

by the fact that the mutation load was calculated from patient tumours and the log2-

ratios were from the cancer cell lines which were not genome doubled. Further 

experiments comparing replication timing profiles from diploids and tetraploids are 

warranted. 

 

However, whether these mutations were accumulated before or after the malignant 

transformation remains elusive. Nevertheless, in the following sections in this 

chapter, further analyses have been performed to explore the potential temporal 

order of somatic mutation accumulations and replication timing. 
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Figure 53. The correlation between the replication timing of log2-ratios and 

mutation load in 50kb windows in patient tumours. 

A. BRCA. The mutation load in the whole BRCA cohort (560 primary tumours) or in 
each BRCA subtype cohort correlated with late replication timing in cancer cell lines. 
B. LUAD and C. LUSC. The mutation load in the whole LUAD (470 primary tumours) 
or LUSC (321 primary tumours) cohort, and the mutation load pre- or post-WGD 
(whole genome doubling), correlated with late replication timing in cancer cell lines. 
While the mutation load was positive values, the negative log2-ratios showed late 
replication timing and the positive log2-ratios showed early replication timing. 
Therefore, the negative correlation coefficients in this figure represented the 
corelation between increased mutation load and late replication timing. Moreover, 
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the larger the absolute values of the correlation coefficients were, the more relevant 
the two observations were. 
(Abbreviations: nMutations, the number of mutations; nPatients, the number of 
patients in the corresponsive patient cohort; LUAD, lung adenocarcinoma; LUSC, 
lung squamous cell carcinoma; BRCA, breast carcinoma; ER, estrogen receptor; PR, 
progesterone receptor; HER2, human epidermal growth factor receptor 2; TNBC, 
triple negative breast carcinoma; +, positive ER, PR or HER2; HMEC, human 
mammary epithelial cells; T2P, type 2 pneumocytes; HBEC3, human bronchial 
epithelial cell 3; kb, kilobases; WGD, whole genome doubling.) 
 

5.2.1.2 Increased mutation load in late and later replicating regions in cancer 

Next, the mutation load in genome regions with different replication timing categories 

was compared across the patient cohorts of three cancer types. Mutational 

signatures present in genome regions with different replication timing types would be 

explored in the next section. As discussed previously in Chapter 4, earlier or later RT 

regions without switched replication timing between the cell-of-origin and the cancer 

cell lines may be due to technical noise, and thus were considered to be low 

confidence of ART calls. Therefore, in the analyses of ART in this chapter, ART 

regions with non-switched altered replication timing were excluded and only earlier 

(late-to-early switch) or later (early-to-late switch) regions with a switch were included 

and integrated with the WGS data from patient tumours, unless otherwise specified 

(Figure 54). 
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Figure 54. Cartoons to show earlier/later RT regions with a switched replication 

timing from cell-of-origin to cancer cell lines. 

A. A cartoon to show that only earlier (late-to-early switch) or later (early-to-late 
switch) RT regions with a switched replication timing from cell-of-origin to cancer cell 
lines were included for ART analyses in this chapter, unless otherwise specified. 
B. When a switched replication timing occurs from the cell-of-origin to the cancer cell, 
later RT regions (early-to-late switch) are compared to early RT regions as a 
reference control, and earlier RT regions (late-to-early switch) are compared with 
late RT regions as a reference control. 
(Abbreviations: RT, replication timing; ART, altered replication timing.) 
 

Given that there were more genome windows with not-altered RT compared to those 

with ART, a random sampling process was first performed to minimise the potential 

bias caused by the different numbers of windows in each category of replication 

timing regions (Figure 55A-C). In brief, the genome regions in 50kb windows were 
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split into four categories regarding their replication timing: earlier / later replication 

timing with switched RT from the cell-of-origin to the cancer cells, and early / late 

replicating regions with not-altered RT. Next, the same number of 1,000 windows 

from these four categories of genome regions was randomly selected 10,000 times 

and the mean mutation load of these 1,000 windows was calculated each time. 

Within regions with not-altered RT, late replication timing regions exhibited much 

higher mutation load than randomly selected early replicating regions in the three 

cancer types (Figure 55A-C), which was consistent with the literature (Liu et al., 

2013; Woo and Li, 2012). 

 

Furthermore, mutation load in earlier or later replicating regions was compared to 

regions with not-altered RT (Figure 55), as shown in Figure 54B. Later replicating 

regions (which were late replicated in cancer cells but early replicated in cell-of-

origin), carried increased mutation load compared with randomly selected early RT 

regions, suggesting that mutations in later replicating regions were mostly acquired 

after the switched replication timing from early RT in the cell-of-origin to late RT in 

cancer cells. On the other hand, the mutation load in earlier replicating regions (which 

were early replicated in cancer cells but late replicated in cell-of-origin), were lower 

than randomly selected late RT regions, implying that not many mutations had been 

acquired in these earlier replicating regions when they were late replicated in cell-of-

origin and then were switched to early RT in cancer cells. This also demonstrated 

that if one genome region became earlier replicated in cancer cells which were 

originally late replicating in cell-of-origin, it was less likely to acquire overall somatic 

mutations compared to other late RT regions. 
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Figure 55. Comparisons of mutation load in chromosomal regions with or without 

ART in three cancer types. 

A-C. Mean mutation load in randomly selected 1,000 genome regions in 50kb 
windows (X axes) for 10,000 times in genome regions with early, earlier (late-to-early 
switch), later (early-to-late switch), or late replication timing in BRCA (A), LUAD (B) 
and LUSC (C). 
D-F. Summary of comparing mutation load in randomly selected genome regions 
with or without ART in BRCA (D), LUAD (E) and LUSC (F). Solid circles represented 
the mean mutation load, and the lines showed the range of standard deviation (sd). 
In BRCA (Figure 55A and D), the mutation load in late/later RT regions was much 
higher than early/earlier ones, despite that the mutation load in late RT regions was 
similar to later ones and that the mutation load in early RT regions was similar to 
earlier ones. This implied that altered replication timing occurred at a very early 
phase during the malignant transformation to BRCA (i.e., TART.1 in Figure 56, which 
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was towards T0, the beginning of malignant transformation in BRCA before excessive 
mutations were accumulated in late RT regions). 
In LUAD (Figure 55B and E), the mutation load in late RT regions was much higher 
than early ones. Further, a gradual increase of mutation load from early RT towards 
earlier, later, and late RT was observed (i.e., TART.2 in Figure 56). 
Consistently, in LUSC (Figure 55C and F), the mutation load in late RT regions was 
much higher than early ones. However, elevated mutation load in earlier RT regions 
was detected compared to later ones in LUSC, suggesting that altered replication 
timing occurred at a relative late phase during the malignant transformation to LUSC 
(i.e., TART.3 in Figure 56, when somatic mutations had been accumulated in late RT 
regions, some of which became earlier replicated at the time of altered replication 
timing). 
(Abbreviations: BRCA, breast carcinoma; ER, estrogen receptor; PR, progesterone 
receptor; HER2, human epidermal growth factor receptor 2; TNBC, triple negative 
breast carcinoma; +, positive ER, PR or HER2; WGS, whole genome sequencing; 
kb, kilobases; sd, standard deviation.) 
 

 

Figure 56. Proposed conceptual model to show the potential temporal order of 

ART occurrence in relative to malignant transformation to LUAD, LUSC and BRCA. 

A. A proposed conceptual mode of temporal order of ART during malignant 
transformation. 
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T0 is the beginning of malignant transformation when the cell-of-origins are still in 
normal status. TLUSC, TLUAD and TBRCA suggest the time point of when the malignant 
transformation to LUSC, LUAD and BRCA has accomplished, respectively. TART.1, 
which is towards T0, is a time point when the ART occurs during the malignant 
transformation to BRCA. TART.2 is when the ART occurs during the malignant 
transformation to LUAD. TART.3 is when the ART occurs during the malignant 
transformation to LUSC. 
B-C. Cartoons showing the examples of comparing mutation load in early, earlier 
(late-to-early switch), later (early-to-late switch) and late replicating regions in BRCA 
(TART.1 in Figure 56A), LUAD (TART.2 in Figure 56A) and LUSC (TART.3 in Figure 56A). 
(Abbreviations: BRCA, breast carcinoma; ART, altered replication timing.) 
 

5.2.1.3 Comparing mutation load between late/later or between early/earlier 

RT regions 

Comparisons of the mutation load between later and late RT regions and between 

earlier and early RT regions were performed to potentially shed light on whether, and 

how excessively the somatic mutations had been acquired at the time that the 

switched replication timing occurred from cell-of-origin to cancer cells (Figure 55). 

This analysis would be based on the assumption that more overall mutations are 

acquired in late replicating regions than early ones, which is consistent with what I 

discussed above and the literature (Liu et al., 2013; Woo and Li, 2012). 

 

In BRCA, the mutation load in later replicating regions was similar to late replicating 

regions in (Figure 55A, D), suggesting that somatic mutations were equally 

accumulated in late and later replicating regions in BRCA. Earlier replicating regions 

contained similar mutation load to early replicating regions in BRCA. Both 

observations implied that the later or earlier RT occurred at an early phase during 

the malignant transformation to BRCA (i.e., TART.1 in Figure 56, which was towards 

T0, the beginning of malignant transformation in BRCA), when it was probably before 

excessive somatic mutations had been acquired in late replicating regions. Besides, 

after the switched replication timing, less mutations were accumulated in earlier 

regions in cancer cells which were originally late replicated in the cell-of-origin, whilst 

most mutations were acquired in the late and later replicating regions in cancer cells 

(Figure 56). 
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Conversely, in LUSC (Figure 55C, F), the mutation load in later replicating regions 

(which were late replicated in cancer cells but early replicated in the cell-of-origin), 

was much lower than late replicating regions. This suggested that the switched 

replication timing from early in cell-of-origin to late in cancer cells occurred at a late 

phase during the malignant transformation to LUSC. Besides, in LUSC, earlier 

replicating regions (which were early replicated in cancer cells but late replicated in 

cell-of-origin), harboured increased mutation load than early replicating regions in 

LUSC. This implied that there had been mutations accumulated in earlier replicating 

regions at the time which they were late replicated in cell-of-origin but swtiched to 

early replication timing in cancer cells, which further validated the occurrence of ART 

at a late phase during the malignant transformation to LUSC (i.e., TART.3 in Figure 56, 

which was a time point after TART.1 and TART.2 when ART occurred during the 

malignant transformation to BRCA and LUAD, respectively). These results will be 

discussed in more detail in the Discussion section (Section 5.3 in Chapter 5). 

 

A similar trend to what was seen in LUSC was also observed in LUAD (Figure 55B, 

E), where, later replicating regions exhibited decreased mutation load than late 

regions and earlier replicating regions exhibited increased mutation load than early 

regions. Like LUSC, this suggested that later replication timing (which were late 

replicated in cancer cells but early replicated in cell-of-origin) occurred at a relatively 

late phase of malignant transformation to LUAD, because somatic mutations had 

been accumulated in these later replicating regions at the time when the switched 

replication timing from early in cell-of-origin to late in cancer cells occurred. 

Conversely, unlike LUSC in which earlier replicating regions harboured higher 

mutation load than later ones, the mutation load in earlier replicating regions in LUAD 

remained lower than later ones. This implied that ART occurred at a slightly later 

phase during the malignant transformation to LUSC compared with LUAD (i.e., TART.2 

in Figure 56, which was a time point after TART.1 when ART occurred during the 

malignant transformation to BRCA, but before TART.3 when ART occurred during the 

malignant transformation to LUSC). However, there was an exception among LUAD 

cell lines, H1792, from which the comparison of mutation load between earlier/early 

and between later/late replicating regions resembled what I observed in LUSC. 

Notably, the co-mutations of TP53 and KEAP1 were detected both in this LUAD cell 

line (H1792) and one of the LUSC cell lines (H2170), from which the mutation load 
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in earlier regions were slightly higher than later ones. This suggested that LUADs 

driven by co-mutations of TP53 and KEAP1 may resemble LUSC which exhibited a 

punctuated equilibrium evolution model (Jamal-Hanjani et al., 2017) and thus lead to 

poor survival benefits of this subgroup of patients (Saleh et al., 2021).  

 

Taken together, the distinct levels of mutations accumulated between later/late and 

between earlier/early replicating regions implied a potential temporal order of when 

the altered replication timing occurred during the malignant transformation to LUAD, 

LUSC and BRCA, respectively (Figure 56).  

5.2.2 The dN/dS analysis of gene mutations with earlier or later RT 

Although late replicating regions are enriched with recurrently mutated genes in 

cancer, there is an overall depletion of cancer driver genes among these late 

replicating gene mutations (Woo and Li, 2012). To explore whether genes with earlier 

or later replication timing would be positively selected during tumour evolution, I 

calculated the dN/dS ratio, which is the normalized ratio of non-synonymous to 

synonymous mutations, to quantify the positive selection of mutations across the 

genome (Martincorena et al., 2017; Williams et al., 2020). In this analysis, gene 

mutations from patient tumours including BRCA (Nik-Zainal et al., 2016), LUAD and 

LUSC (from GEL Project) were analysed. 

 

First, genes with non-switched ART were excluded from the analyses of dN/dS ratios 

(Figure 57), in which case earlier_swtich and extreme.earlier RT were combined as 

earlier (late-to-early switch) RT (and vice versa for later RT, that is, early-to-late 

switch) (Figure 57A). In all cancer cell lines, the dN/dS ratios of gene mutations were 

around 1 (q-values > 0.1) (Figure 57B-D), suggesting that these non-synonymous 

mutations were overall selectively neutral.  

 

Next, to investigate whether genes exhibiting extremely earlier or later replication 

timing from the cell-of-origin to cancer cell lines would be positively selected, I 

performed the same analysis of dN/dS ratios in genes which were initially classified 

into six types of ART (Figure 58A). Consistently, there were no genes with particular 

type of earlier or later replication timing which were positively or negatively selected 
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(q-values > 0.1) (Figure 58B-D). This indicated that all non-synonymous substitutions 

were accumulated neutrally in earlier or later replicating regions during the tumour 

evolution. 

 

 

Figure 57. Analyses of dN/dS ratio of gene mutations with earlier or later 

replication timing in three cancer types. 

When earlier/later_noSwitch regions were excluded from this analysis (A), the dN/dS 
ratios of gene mutations in patient tumours exhibiting earlier (late-to-early switch) or 
later (early-to-late switch) replication timing were analysed in each cancer cell line in 
BRCA (B), LUAD (C) and LUSC (D). 
Solid circles represented the mean dN/dS ratios of genes with each type of 
replication timing, the 95% confidence interval of which were shown by the lines. 
(Abbreviations: dN/dS, the normalized ratio of non-synonymous to synonymous 
mutations; RT, replication timing; ART, altered replication timing.) 
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Figure 58. Analyses of dN/dS ratio of gene mutations with six types of ART in three 

cancer types. 

When earlier/later_noSwitch regions were included in this analysis (A), the dN/dS 
ratios of gene mutations in patient tumours exhibiting six different types of ART were 
analysed in each cancer cell line in BRCA (B), LUAD (C) and LUSC (D). 
Solid circles represented the mean dN/dS ratios of genes with each type of 
replication timing, the 95% confidence interval of which were shown by the lines. 
(Abbreviations: dN/dS, the normalized ratio of non-synonymous to synonymous 
mutations; RT, replication timing; ART, altered replication timing.) 
 

5.2.3 Mutational signatures in genome regions with and without ART 

Next, I assessed which mutational processes were prominent in different genome 

regions with different replication timing categories. To focus on genome regions 

where I had high confidence of identifying RT and ART, four categories of genome 

regions were included based on their replication timing across multiple cancer cell 

lines from each cancer type: constantly early replicating regions which were early 

replicated in all cancer cell lines (and vice versa for late replicating regions) (Figure 

59A), earlier replicating region which were identified as earlier replicating in more 

than one cancer cell line (and vice versa for later replicating regions) (Figure 59B). 

All other genome regions which did not fall into these four categories were excluded 

from this analysis, in order to remove noise of altered replication timing identified in 
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only one cancer cell line. Second, the Hierarchical Dirichlet Process (HDP) (Shiraishi 

et al., 2015) was run to extract mutational signatures from single base substitutions 

(SBS) (Section 2.8.1 in Chapter 2. Methods) located in these four categories of 

genome regions for LUAD, LUSC and BRCA (Figure 60A-C). 

 

 

Figure 59. Cartoons to show four categories of genome regions with constantly 

early/late or shared earlier/later replication timing in each cancer type used for 

mutational signature analyses. 

A. Constantly early or late replicating regions with not-altered replication timing 
identified in all cancer cell lines in each cancer type. 
B. Earlier (late-to-early switch) or later (early-to-late switch) replicating regions with 
altered replication timing identified in more than one cancer cell line in each cancer 
type. 
(Abbreviations: ART, altered replication timing; non-ART, not altered replication 
timing.) 
 

Many mutational signatures were shared across different genome regions with 

different replication timing (Figure 60D-F), such as SBS1 (related to ageing) and 

APOBEC mutational signatures (SBS2 and SBS13) in all three cancer types. The 

activities of SBS1 were equivalent across these genome regions, probably because 

SBS1 correlates with the ageing process and thus distributes evenly in different 

genome regions regardless of their replication timing. Additionally, compared to 

late/later replicating regions, the activities of APOBEC mutational signatures were 

slightly increased in earlier or early replicating regions in BRCA, and were gradually 

increased in earlier and early replicating regions in LUAD and LUSC, which was 
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consistent with the literature (Kazanov et al., 2015). Given that the differences 

between activities of APOBEC mutational signatures between early/earlier and 

late/later were not significant, one explanation for this is that there are particular 

forms of APOBEC-mediated mutagenesis relating to replication timing. This 

possibility will be further explored in the next sections. 

 

Furthermore, there were other mutational signatures which were commonly identified 

in different genome regions in particular cancer types, such as SBS3 (related to 

homologous recombination-based DNA damage repair deficiency) and SBS5 (of 

unknown aetiology) in BRCA (Figure 60D), SBS4 (related to tobacco smoking) in 

LUAD and LUSC (Figure 60E-F). SBS3, which was only identified in BRCA samples 

(Figure 60A and D), was active in the four categories of genome regions in BRCA, 

suggesting that homologous recombination (HR) based DNA damage repair was 

deficient across the genome in BRCA but proficient in LUAD and LUSC. The activity 

of SBS4 (tobacco smoking) was increased in late/later replicating regions in LUAD 

and LUSC, compared with early/earlier replicating regions (Figure 60E-F), 

suggesting that exogeneous carcinogen induced mutations were accumulated in late 

S phase which was ongoing even after the altered replication timing. This also 

implied that tobacco smoking induced mutations were well tolerated by the cell.  
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Figure 60. Mutational signatures identified in genome regions with or without ART 

in three cancer types. 

A-C. Overview of mutational signatures identified in genome regions with or without 
ART in BRCA (A), LUAD (B) and LUSC (C), using the Hierarchical Dirichlet Process 
(HDP). Mutational signatures labelled as HDP1, HDP2 and HDP3 were those that 
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were newly identified by Hierarchical Dirichlet Process. (Early and late RT regions 
were those identified in all cancer cell lines of each cancer type. Earlier and later RT 
regions were those identified in more than one cancer cell line of each cancer type.) 
D-F. Comparisons of different exposures of mutational signatures which were shared 
between four categories of genome regions with or without ART in BRCA (D), LUAD 
(E) and LUSC (F), in relative to that seen in late replicating regions. Y axis 
represented the values of the mutational activities in early/earlier/later RT regions 
minus that of late RT regions (mean values shown as solid circles and 95% 
confidence interval shown in bars). Positive values meant that the particular 
mutational signature exposure was higher in early/earlier/later RT regions than that 
seen in late ones (vice versa for negative values on Y axis.) 
Aetiology of single base substitutions in this figure (Alexandrov et al., 2020): SBS1: 
related to ageing and closely related with the activity of SBS5; SBS2 and SBS13: 
APOBEC mediated mutagenesis; SBS3: related to defective homologous 
recombination-based DNA damage repair and somatic BRCA1 and BRCA2 gene 
mutations in breast cancers; SBS4: related to tobacco smoking; SBS5: of unknown 
aetiology in many cancer types; SBS6, SBS21, SBS26 and SBS44: related to DNA 
mismatch repair deficiency; SBS8: of unknown aetiology which is associated with 
CC>AA mutations in multiple cancer types; SBS9: related to error-prone DNA 
replication by polymerase eta (Pol η) as part of somatic hypermutation; SBS10c: 
related to defective POLD1 proofreading with lagging replication strand bias; SBS12: 
of unknown aetiology detected in some liver cancer samples; SBS17b: of unknown 
aetiology but possibly related to chemotherapy and damage inflicted by reactive 
oxygen species; SBS18: possibly related to damage by reactive oxygen species; 
SBS25: of unknown aetiology but possibly related to chemotherapy; SBS40: of 
unknown aetiology but possibly related to ageing in some cancer types; SBS41: of 
unknown aetiology; SBS89: of unknown aetiology which are found in normal 
colorectal epithelial cells and may be most active in the first decade of life; SBS92: 
related to tobacco smoking found in bladder tumours and normal urothelium from 
ever-smokers. 
(Abbreviations: SBS, single base substitutions; HDP, newly identified mutational 
signatures by the Hierarchical Dirichlet Process; MMR, mismatch repair.) 
 

Moreover, some other mutational signatures were specifically identified in regions 

with particular types of replication timing (Figure 60A-C). For instance, in LUAD and 

LUSC, SBS44 (related to DNA mismatch repair deficiency) was only active in altered 

(either earlier or later) replicating regions, whilst in BRCA, SBS44 and other 

mutational signatures relating to DNA mismatch repair deficiency (such as SBS6, 

SBS21 and SBS26) were detected across the four categories of genome regions. 

This implied that DNA mismatch repair deficiency was pervasive across different 

genome regions in BRCA, but favourably active in earlier or later replicating regions 

in LUAD and LUSC. Notably, SBS9, which has been reported to be partially due to 

mutations induced during replication by DNA polymerase eta (Pol η) as part of 

somatic hypermutation, was only active in early and earlier replicating regions in 
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BRCA. There may be two explanations for this observation. DNA Pol η has been 

reported as a key protein in translesion synthesis (TLS) which is a DDR mechanism 

(Cruet-Hennequart et al., 2010). The efficiency of TLS is vital to repair DNA lesions 

by activating homologous recombination but its tolerance of DNA damage could also 

induce somatic mutations (Knobel and Marti, 2011). This could imply that TLS was 

active in early and earlier replicating regions to repair DNA damage which in turn 

induced a specific mutational spectrum. However, DNA Pol η, which is recruited by 

the DNA mismatch repair (MMR) pathway, could lead to error-prone DNA synthesis 

(Zlatanou et al., 2011) and thus induce this particular mutational signature, SBS9 

(Alexandrov et al., 2013). This could also suggest that DNA MMR mechanism, which 

is directed to gene-rich euchromatin during the cell cycle (Jiricny, 2006), is more 

active and essential in early/earlier replicating regions than late/later ones. 

 

Taken together, distinct DNA damage repair pathways were activated in altered 

replication timing regions in BRCA compared to LUAD and LUSC. The exposure to 

homologous recombination related DNA damage repair deficiency (involved in 

SBS3) was decreased in early/earlier replicating regions than late/later ones in 

BRCA (Figure 60A and D). The relative proficiency of DNA HR repair pathways in 

early/earlier replicating regions compared to late/later ones in BRCA may induce 

increased levels of translesion synthesis and thus error-prone replication regulated 

by Pol η inducing SBS9. Moreover, DNA mismatch repair deficiency was identified 

in four categories of genome regions in BRCA (involved in mutational signatures 

such as SBS44, SBS26, SBS21 and SBS6) but was only identified in earlier and later 

replicating regions in LUAD and LUSC (SBS44 in Figure 60B-C). This implies that 

DNA MMR pathway was deficient in earlier/later replicating regions but proficient in 

early/late replicating regions in LUAD and LUSC. 

5.2.4 Increased APOBEC3 mutagenesis enriched in early replicating regions 

in cancer 

As APOBEC mutational signatures were not found to be differently activated 

between early and late replicating regions which was inconsistent with the increase 

in APOBEC during early S phase reported in the literature (Kazanov et al., 2015), I 

then explored whether there were specific subgroups of APOBEC related 
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mutagenesis functioning differently in different replication timing regions. APOBEC3 

enzymes, members of the APOBEC family, function as cytosine deaminases to 

deaminate single stranded DNA (ssDNA) and preferentially generate C>T or C>G 

point mutations in a stringent TCT or TCA trinucleotide (i.e., TCW) motif in human 

tumours (Roberts et al., 2013) to induce the APOBEC3 mutational spectrum (Smith 

et al., 2012). Two patterns of hypermutation have been identified previously, 

depending on how many mutations are clustered together with an intermutational 

distance less than 1kb (kilobase), that is, kataegis when more than four mutations 

are clustered together (focal hypermutation), and omikli events when 2 to 4 mutations 

are clustered together (diffuse hypermutation) (Mas-Ponte and Supek, 2020). Other 

mutations with an intermutational distance more than 1kb are classified as 

unclustered mutations. Mutations involved in Omikli events could be grouped into 

those relating to APOBEC3-mediated mutagenesis and those that do not. Omikli 

events characterised by APOBEC3 mutations, are found to increase in early 

replicating regions compared to late ones, which is mainly due to the fact that there 

are increased levels of ssDNA in early rather than late replicating regions (Mas-Ponte 

and Supek, 2020). However, whether earlier replicating regions would be enriched 

with APOBEC3 mutational signatures remains unknown.  

 

To explore whether APOBEC3 enzymes play a role not only in early but also earlier 

replicating regions, the method published previously to identify clustered and 

unclustered APOBEC3 mutations (including C>G and C>T mutations) were 

implemented (Mas-Ponte and Supek, 2020) using WGS data from the patient 

tumours. I also performed the identification of kataegis and other unclustered 

mutations and compared this with omikli events to explore their enrichment in 

genome regions with different types of replication timing. The genome regions were 

split into four categories by splitting the log2-ratios of each 50kb window into four 

quartiles (Q1-Q4), in which case Q1 represented latest replication timing and Q4 

represented earliest replication timing (Figure 61). 
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Figure 61. The enrichment of omikli and kataegis events relating to log2-ratios of 

early/late replication timing regions in cancer cell lines and cell-of-origins of three 

cancer types. 

A-C. The enrichment of APOBEC omikli (clustered) and unclustered events in 
genome regions with distinct log2-ratios in BRCA (A), LUAD (B) and LUSC (C). 
D-F. The enrichment of APOBEC kataegis (clustered) and unclustered events in 
genome regions with distinct log2-ratios in BRCA (D), LUAD (E) and LUSC (F). 
X axis represented four quartiles (Q1-Q4) from the smallest towards the largest 
values of log2-ratios in each cancer cell line. Since the smallest values (which were 
also negative to classify late replication timing) showed late replication timing (vice 
versa for largest log2-ratios as early replication timing), Q1 represented late RT and 
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Q4 represented early RT, while Q2 showed less late RT than Q1 and Q3 showed 
less early than Q4. 
Blue colours showed the clustered C>G or C>T mutations (dark blue for omikli events 
and light blue for kataegis events), which were split into two subgroups, that is, those 
relating to APOBEC-mediated mutagenesis, and those that did not. Besides, other 
C>G or C>T mutations which were classified as unclustered mutations were shown 
in green colour. 
Y axis represented the log2-transformed data of the number of mutations in Q1-Q4 
divided by the number of mutations in Q1, showing the relative trend of mutations 
from Q1 (late RT) towards Q2 (less late RT), Q3 (less early RT) and Q4 (early RT). 
Therefore, the positive Y values showed an increase of mutations in particular 
quartiles compared to Q1 (late RT); and vice versa for negative Y values which 
showed a decrease of mutations in particular quartiles compared to Q1 (late RT). 
(Abbreviations: APOBEC, Apolipoprotein B mRNA-editing enzyme catalytic 
polypeptide-like; Q, quartile; l2r, log2-ratios; BRCA, breast carcinoma; LUAD, lung 
adenocarcinoma; LUSC, lung squamous cell carcinoma.) 
 
 
Omikli events with clustered APOBEC3 related C>G (in all three cancer types) and 

C>T (in BRCA and LUSC cell lines) point mutations were increased from Q1 towards 

Q4 (Figure 61A-C), whilst the unclustered APOBEC3 mutations and non-APOBEC 

related omikli events were decreased in early replicating regions compared to late 

ones, as previously reported (Mas-Ponte and Supek, 2020). Conversely, when 

kataegis events were split into APOBEC3 or non-APOBEC3 mediated mutations 

(Figure 61D-F), the non-APOBEC3 kataegis events were enriched in early replicating 

regions in BRCA and LUSC, even though the opposite trend was observed in LUAD 

cell lines. This implies that two distinct mechanisms were re-modelling the clustered 

mutations enriched in early replicating regions: one is APOBEC3-mediated 

mutagenesis (omikli events), and the other one is non-APOBEC3 related 

mutagenesis (kataegis events). The enrichment of APOBEC3-mediated omikli 

events in early replicating regions has been reported to probably associate with the 

activated DNA mismatch repair (MMR) pathway in early S phase (Mas-Ponte and 

Supek, 2020). DNA MMR is a very efficient DNA repair mechanism which is mostly 

directed to early replicating euchromatic regions where transcriptionally active genes 

are enriched (Jiricny, 2006), hence MMR could preferentially protect these genes 

from being mutated (Belfield et al., 2018; Supek and Lehner, 2015). However, DNA 

MMR pathway is a double-edged sword, which could in turn generate ssDNA as the 

intermediates which are substrates of APOBEC cytidine deaminases (Roberts et al., 

2012, 2013). This process further induces mutagenesis by activating APOBEC 
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enzymes which is the endogenous carcinogen leading to APOBEC mutational 

signatures. 

5.2.5 APOBEC omikli events enriched with cancer-associated genes 

APOBEC3 mutational processes can positively select cancer driver gene mutations 

and promote subclonal diversification during tumour evolution (Venkatesan et al., 

2021) and during malignant transformation as previously discussed in Section 3.2.5 

in Chapter 3. To further refine the role of APOBEC3 related omikli events, I explored 

whether the APOBEC3 omikli events were enriched in cancer-associated genes 

compared to non-APOBEC3 related omikli mutations or other unclustered mutations 

by performing Fisher’s Exact tests (Figure 62). In BRCA, APOBEC3 omikli events 

with early/earlier RT were significantly enriched with cancer-associated genes 

(Figure 62B), whilst APOBEC3 omikli events with different replication timing types in 

LUSC and LUAD (except for earlier events in LUAD) were significantly enriched with 

cancer-associated genes (Figure 62C-D). This suggested that compared to other 

unclustered APOBEC3 mutations, clustered mutations induced by APOBEC3-

mediated mutagenesis may contribute to the enrichment of cancer-associated genes 

and thus be positively selected to promote malignant transformation and tumour 

evolution.  
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Figure 62. The enrichment of cancer-associated genes in APOBEC3 omikli events 

with different replication timing types. 

Genes were split into those with early/late, earlier (late-to-early switch) or later (early-
to-late switch) replication timing (A). Fisher’s Exact tests were performed to 
investigate the enrichment of cancer-associated genes in APOBEC3 related omikli 
mutations compared to non-APOBEC3 related omikli mutations or other unclustered 
mutations with different replication timing types in BRCA (B), LUAD (C) and LUSC 
(D).  
Y axis represented the odds ratio of Fisher’s exact tests. Solid circles represented 
the odds ratio of genes with each type of replication timing, the 95% confidence 
interval of which were shown by the lines. 
(Abbreviations: A3B, Apolipoprotein B mRNA-editing enzyme catalytic polypeptide-
like DNA cytosine deaminase 3B; RT, replication timing.) 
 

5.2.6 The expression levels of genes with or without ART in cancer 

It has been reported that early replication timing is associated with increased gene 

expression (Müller and Nieduszynski, 2017), mainly due to the high gene density, 

open chromatin structure and the enrichment of essential genes in chromosome 

regions replicated in early S phase. However, whether earlier replicating genes 

would now show increased expression levels in cancer cell lines if they had been 

late replicating in the cell-of-origin remains largely unknown. Here, I analysed the 
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expression data of each cancer cell line in our Repli-seq cohort from the DepMap 

Portal (https://depmap.org/portal/download/), RNA-seq data in TCGA and in the 

TRACERx study, and compared the expression levels of genes with early/late or 

earlier/later replication timing identified in my Repli-seq work.  

 

In this section, TPM (transcripts per million) of each gene were used to quantify the 

gene expression level in cell lines. In TCGA and Tx421 from which RNA-seq data of 

both tumour samples and adjacent normal tissues were available, the log2 fold 

change (log2.FC) of each gene in tumour compared to normal tissues was calculated 

using the differential expression (DE) analyses using the limma R package (Ritchie 

et al., 2015) (https://bioconductor.org/packages/limma/). In the DE analyses, all 

expressed genes were classified to be significantly (either increased or decreased) 

expressed, or stably expressed in tumour compared to adjacent normal tissues 

(methods in Section 2.8.3 in Chapter 2). 

5.2.6.1 Genes with earlier or later RT showed distinct expression level 

patterns 

I first validated what was in literature that in cancer cells, early replicating genes 

exhibit increased expression levels compared to late replicating genes using RNA-

seq data from three datasets (Figure 63).  

 

Next, Fisher’s Exact tests of gene counts with earlier or later ART were performed 

using data in TCGA and TRACERx. Among late replicating genes in cell-of-origins, 

two dimensions were used to define each gene, regarding whether it was earlier 

replicated or not and whether it was significantly differentially expressed (i.e., 

increased or decreased) or stably expressed in tumour (Figure 64). The same 

Fisher’s tests were performed among early replicating genes in cell-of-origins, 

depending on whether they were later replicated in cancer cells and whether they 

were significantly changed in expression (Figure 64). Later replicating genes were 

significantly enriched with decreased expression compared to those with early RT in 

cell-of-origin. In addition, earlier replicating genes were significantly depleted and 

exhibited decreased expression compared to genes with late RT in the cell-of-origin. 

 

https://depmap.org/portal/download/
https://bioconductor.org/packages/limma/
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Figure 63. Higher expression level of early replicating genes than late replicating 

genes in three datasets. 

A. Gene expression in cancer cell lines. Y axis showed the mean log2-transformed 
TPM (transcripts per million) of genes with early or late replication timing. 
B-C. Gene expression in TCGA (B) and TRACERx (C). Y axis showed the mean log2 
fold change (log2.FC) of genes with early or late replication timing between the 
patient tumours and adjacent normal tissues. Since most genes were stably 
expressed in tumours compared to adjacent normal tissues, the mean log2.FC was 
around 0. The negative log2.FC of late replicating genes suggested decreased 
expression levels compared to early ones. 
(Abbreviations: ART, altered replication timing; TPM, transcripts per million; log2.FC, 
log2 fold change of gene expression between tumours and adjacent normal tissues; 
sd, standard deviation.) 
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Figure 64. Genes with earlier or later replicating timing being differentially 

expressed in tumours. 

Later replicating genes were enriched with decreased expression compared with 
those showing stable expression in tumours in TCGA (A) or TRACERx (B). 
Y axis showed the odds ratios of Fisher’s Exact test (95% confidence interval shown 
in lines) when the numbers of earlier/later replicating genes showing decreased or 
increased expression level, were compared to those showing stable expression level 
in tumours. 



Chapter 5. Results 3 

 

220 

 

(Abbreviations: ART, altered replication timing; DEG, differentially expressed genes; 
odds ratio, the odds ratio of Fisher’s Exact test; Fisher.q, the false discovery rate of 
Fisher’s Exact test.) 
 

Next, I explored whether the expression level of genes with earlier or later ART were 

distinct from a set of randomly selected genes without ART. Given that there were 

much less genes with ART compared to those without ART, this bootstrap test would 

help exclude the potential bias caused by the unevenly distributed numbers of genes 

with or without ART. In brief, this analysis was done for early or late replicating genes 

in cell-of-origins separately. For instance, among late replicating genes in cell-of-

origins, some of them were earlier replicated in cancer (earlier ART) while others 

were still late replicated in cancer (late RT). Hence, the mean expression level of 

those earlier replicating genes was first calculated. Second, the same number of 

earlier ART genes was randomly selected from other late RT genes in cell-of-origins 

for 1,000 times. Third, the mean expression levels of these 1,000 randomly selected 

late RT genes and the 95% confidence interval (CI) were calculated, to be compared 

with the original mean expression of earlier ART genes (Figure 65). Vice versa for 

early replicating genes in cell-of-origins, some of which were later replicated in 

cancer (later ART) while some of others were still early replicated in cancer (early 

RT). The bootstrapping test further validated that earlier replicating genes showed 

increased expression level than randomly selected late replicating genes in three 

cancer types (except for two LUSC cell lines, that is, H2170 and SW900). 

Conversely, later replicating genes showed decreased expression level compared to 

those with early replicating genes (except for one LUSC cell line, SW900). 

 

Taken together, earlier replication timing correlated with increased expression levels 

of genes, whilst the later replication timing correlated with decreased gene 

expression levels.  It is also possible that the role of earlier or later replication timing 

may be different in some LUSC cell lines (such as SW900) compared to LUAD, 

BRCA or other LUSC cell lines (such as H520). 
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Figure 65. Bootstrapping tests showing the increased expression levels of genes 

with earlier replication timing. 

Bootstrapping test of gene expression in TCGA (A) and TRACERx (B). 
Late replicating genes in the cell-of-origin were used as the reference to earlier (late-
to-early switch) replicating genes in cancer cell lines (vice versa for early replicating 
genes in the cell-of-origin as reference to later (early-to-early switch) replicating 
genes in cancer cell lines).  
The randomly sampling was performed in this way: first, the number of genes with 
earlier or later RT was counted (shown in texts); second, the same number of genes 
with late or early RT in the cell-of-origin was randomly selected from the reference 
gene lists for 1,000 times; third, the mean log2 fold change (log2.FC) (shown in solid 
circles) and the 95% confidence interval (shown in error bars) were plotted. The 
original mean log2.FC of genes with earlier or later replication timing (shown in 
diamonds) in each cancer cell line was also calculated. 
(Abbreviations: ART, altered replication timing; Log2.FC, log2 fold change of genes 
in tumour compared to normal tissues.) 
 

5.2.6.2 Expression of essential genes tended not to be affected by earlier or 

later RT 

Considering the fact that essential genes are vital to fundamental cellular functions 

including cell proliferation, differentiation, and development, I next investigated 

whether earlier or later RT would affect the increased or decreased expression of 
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essential genes to a similar extent as non-essential genes. In this section, tissue 

specific essential gene lists were used, and a background gene list was generated 

for each cancer type for further analyses. The lung essential gene list was derived 

from Achilles Therapeutics (data source from https://depmap.org/portal/download/) 

and the breast essential gene list was derived from a published paper (Marcotte et 

al., 2016), and non-essential genes consisted of other expressed genes in each 

cancer type. Next, separate lists of cancer-associated genes (CAGs) were used, 

including oncogenes (OGs) and tumour suppressor genes (TSGs) which were 

extracted from COSMIC consensus gene lists (https://cancer.sanger.ac.uk/census), 

and the lung or breast cancer driver genes, amplified or deleted driver genes which 

were assembled from GISTIC peaks in TCGA lung or breast cancer samples. The 

background gene list for each cancer type consisted of all other expressed genes 

which were not included in the lists of essential genes or the CAGs. 

 

I firstly compared the overall expression level of essential and non-essential genes 

without or with ART (Figure 66). Among genes with early replication timing, the 

expression levels of essential genes were much higher than non-essential genes, 

which was also observed among late replicating genes (Figure 66A). Among earlier 

replicating genes, the essential genes also exhibited increased expression levels 

compared to non-essential ones (Figure 66B). Among later replicating genes in 

LUAD and LUSC, I observed a trend of increasing expression for essential genes 

compared to non-essential genes. However, in BRCA, the later replicated essential 

genes showed a similar expression level to the non-essential ones. 

 

Therefore, given that essential genes were constantly highly expressed, I next 

explored whether essential genes with ART would exhibit altered expression level 

compared to other essential genes without ART, and whether non-essential genes 

with ART would exhibit altered expression level compared to other non-essential 

genes without ART compared to other non-essential genes without ART (Figure 67). 

In this analysis, I re-defined the non-essential genes which consisted of expressed 

genes excluding essential genes or cancer-associated genes (Methods seen in 

Section 2.7.6 in Chapter 2) (henceforth, background genes). Among all background 

genes with or without ART, later replicating genes showed decreased expression 

level than those with early replication timing in cell-of-origins, whilst earlier replicating 

https://depmap.org/portal/download/
https://cancer.sanger.ac.uk/census
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genes showed increased expression level than those replicating late in the cell-of-

origin. However, among all essential genes in LUAD and LUSC, the expression level 

of genes with earlier or later ART were not significantly different from other essential 

genes with late or early RT in the cell-of-origins, suggesting that the expression of 

essential genes in LUAD and LUSC tended not to be affected by earlier or later 

replication timing. Considering that most essential genes were already early 

replicated, and their expression level was already quite high compared with non-

essential genes, it was less likely for them to become earlier replicated or 

increasingly expressed. This implied that the cancer cell would like to maintain the 

early replication timing and the similarly high expression levels of essential genes to 

how they were in the cell-of-origin. 

 

Additional analyses of CAGs were performed to explore their altered expression level 

in cancer (Figure 68). Although cancer driver genes and oncogenes with earlier ART 

in BRCA were found to be increasingly expressed compared to late RT genes in cell-

of-origins, other CAG lists in BRCA and the counterpart analyses in LUAD and LUSC 

indicated that CAGs tended not to be affected by earlier or later ART in cancer cells. 

However, the caveats of this analysis were that, only a few amplified or deleted genes 

showed ART in cancer, making it underpowered to interpret the bootstrapping 

results. 
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Figure 66. Comparison of the expression level of essential and non-essential 

genes in three datasets. 

Within the same type of replication timing, expression levels of essential genes were 
increased compared to non-essential genes in cell lines (A), TCGA (B) and 
TRACERx (C). 
Log2-transformed TPM of genes in cancer cell lines were plotted (A), whilst log2 fold 
changes of genes in tumour samples compared to adjacent normal tissues in TCGA 
(B) and TRACERx (C) were calculated. 
(Abbreviations: ART, altered replication timing; TPM, transcripts per million; log2.FC, 
log2 fold change of genes in tumours compared to normal tissues; sd, standard 
deviation.) 
 



Chapter 5. Results 3 

 

225 

 

 
Figure 67. Bootstrapping tests of expression levels of essential genes and 

background genes with earlier or later RT.  

A-B. Expression of later (A) or earlier (B) replication timing genes in TCGA. 
C-D. Expression of later (C) or earlier (D) replication timing genes in TRACERx. 
Late replicating genes in the cell-of-origin were used as the reference to earlier 
replicating genes in cancer cell lines (vice versa for early replicating genes in the 
cell-of-origin as reference to later replicating genes in cancer cell lines). In each 
panel, the upper plot was to compare expression level of essential genes with 
earlier/later replication timing in cancer to that of essential genes with late/early RT 
in the cell-of-origin (as the reference gene list). The lower plot was to compare 
expression level of background genes with earlier/later replication timing to that of 
background genes with late/early RT in the cell-of-origin (as the reference gene list). 
The essential gene lists and background gene lists (which were neither essential nor 
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cancer-associated genes) for each cancer type were defined as previously stated in 
Chapter 2. 
The randomly sampling was performed in this way: first, the number of genes with 
earlier or later RT was counted (shown in texts); second, the same number of genes 
with late or early RT in the cell-of-origin was randomly selected from the reference 
gene list for 1,000 times; third, the mean log2 fold change (log2.FC) (shown in solid 
circles) and the 95% confidence interval (shown in bars) were plotted. The original 
mean log2.FC of genes with earlier or later replication timing (shown in diamonds) in 
each cancer cell line was also calculated. 
(Abbreviations: ART, altered replication timing; TPM, transcripts per million.) 
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Figure 68. Bootstrapping tests of expression of cancer-associated genes with ART 

compared with background genes. 

A-B. Expression of later (A) or earlier (B) replication timing genes in TCGA. 
C-D. Expression of later (C) or earlier (D) replication timing genes in TRACERx. 
Late replicating genes in the cell-of-origin were used as the reference to earlier 
replicating genes in cancer cell lines (vice versa for early replicating genes in the 
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cell-of-origin as reference to later replicating genes in cancer cell lines). In each 
panel, each type of cancer-associated genes with earlier/later replication timing was 
shown in diamonds. The background genes with late/early RT in the cell-of-origin 
were used as the reference gene list. 
The randomly sampling was performed in this way: first, the number of cancer-
associated genes with earlier or later RT was counted (shown in texts); second, the 
same number of genes with late or early RT in the cell-of-origin was randomly 
selected from the reference gene list for 1,000 times; third, the mean log2 fold change 
(log2.FC) (shown in solid circles) and the 95% confidence interval (shown in bars) 
were plotted. The original mean log2.FC of genes with earlier or later replication 
timing (shown in diamonds) in each cancer cell line was also calculated. 
(Abbreviations: ART, altered replication timing; log2.FC, log2 fold change of gene 
expression in tumour compared to normal tissues.) 
 

5.2.7 Pathways enriched in genes with earlier or later replication timing in 

cancer 

Next, I analysed what pathways were enriched in these earlier or later replicating 

genes in each cancer type, using gene set enrichment analyses (GSEA). In each 

cancer type, genes with the same type of either earlier or later ART in at least two 

cancer cell lines were included in these analyses, in order to exclude potential noise 

of defining ART genes which occurred only in one cancer cell line. The log2 fold 

change of each gene in tumour compared to the adjacent normal tissues was used 

as inputs for the GSEA analyses.  

 

Among earlier replicating genes in BRCA (Figure 69), those with low expression in 

tumours were enriched in pathways related to breast normal-like tissue, whereas 

those with high expression in tumours were enriched in pathways related to cell 

proliferation and differentiation, such as BRCA2 network, mitosis and cell cycle. In 

LUSC, earlier ART genes with high expression were enriched in pathways related to 

BRCA1 network and the RNA polymerase which is the main transcription enzyme 

regulating transcription of genes. In LUAD, earlier ART genes with high expression 

were enriched in pathways related to cellular development such as lung basal cell 

proliferation, differentiation, and progenitors of hepatocellular carcinoma (HCC).  

 

Some pathways were also identified among later replicating genes in each of these 

three cancer types (Figure 70). Later replicating genes with low expression level in 

LUAD and LUSC, were enriched in lung alveolar epithelial type 1 cells and 
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transmembrane transport, whilst those with low expression in BRCA were enriched 

with ductal normal and basal cells, suggesting that these later replicating genes were 

more expressed in the normal tissues than tumour samples. Several pathways 

related to cell development, differentiation and keratinocyte differentiation were 

significantly enriched in later replicating genes with high expression in LUSC. This 

GSEA analysis implied that genes with recurrently earlier and later ART functioned 

as a vital role in cellular differentiation, development, and predictors of poor survival 

benefits. The earlier replication timing of these genes may magnify the functions of 

these pathways and in part promote malignant transformation. 

 

 

Figure 69. GSEA pathways enriched in genes with earlier replication timing. 

(Abbreviations: GSEA, gene set enrichment analyses; NES, normalised enrichment 
scores; P<0.01, pathways with an adjusted p value less than 0.05.) 
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Figure 70. GSEA pathway analyses of genes with later replication timing. 

(Abbreviations: GSEA, gene set enrichment analyses; NES, normalised enrichment 
scores; P<0.01, pathways with an adjusted p value less than 0.05.) 
 

5.3 Conclusions 

In this chapter, I explored the role of altered replication timing in remodelling the 

genomic and transcriptomic landscape in lung and breast cancer. I first investigated 

the increased mutation load in late and later replicating regions compared to early 

replicating regions in cancer cell lines. This analysis demonstrated that there were 

somatic mutations which were dependent on the late replication timing but were not 

prominent in early replication timing regions. This also implies that when analysing 

the mutation distribution in early and late replicating regions in cancer cells, the 

replication timing profiles of cancer cell lines should be used, rather than any random 

normal cell line which is however the common practice in the literature (Woo and Li, 

2012). 
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Next, based on the assumption that somatic mutations were mostly accumulated in 

late S phase but less in early S phase, a potential temporal order of altered replication 

timing relative to the malignant transformation could be deciphered, relating to 

whether most of the late replicating mutations had been accumulated before the 

switched ART from the cell-of-origin to cancer cell lines (Figure 56). To do this, I 

compared the mutation load between later and late replication timing regions and 

between earlier and early replication timing regions and found that ART may occur 

at a very early phase when it was towards the beginning of malignant transformation 

to BRCA. This was because the mutation load in later replicating regions was similar 

to late replicating regions and that in earlier replicating regions was also comparable 

to that in early replicating regions, implying that in BRCA, most mutations in later 

replicating regions were accumulated after ART and that earlier replicating regions 

had been protected from being mutated once the ART occurred.  

 

Conversely, ART may occur at a late phase of malignant transformation to LUSC 

(Figure 56), due to the fact that there had been accumulation of somatic mutations 

in earlier replicating genes which were late replicated in the cell-of-origin and that the 

mutation load in later replicating regions in LUSC was much lower than late 

replicating regions. This suggested that the earlier or later replicating mutations that 

were accumulated after ART, were less than those that were accumulated before 

ART. There may be two potential explanations about why ART occurred at a late 

phase of malignant transformation to LUSC. One explanation is that the cell-of-origin 

of LUSC is located at the bronchial epithelium where more of the mutations may be 

due to the tobacco smoking and thus be well tolerated and accumulated before the 

switched altered replication timing occurs. A second explanation could be that LUSC 

mostly follows a punctuated equilibrium evolution model, since less early clonal 

drivers were detected in LUSC than LUAD (Jamal-Hanjani et al., 2017). Under this 

scenario, outbursts of genetic alterations are acquired in a very fit cell clone within a 

short time period. This very fit clone would then proliferate quickly to complete the 

malignant transformation, which would not leave enough time for the altered 

replication timing to reshape the genomic landscape in LUSC. This similar trend of 

accumulating somatic mutations in late replicating regions before the malignant 

transformation was also observed in MDA453, the triple negative breast cancer 
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(TNBC) cell line (Figure 55 and Figure 56), from which the difference of mutation 

load between early/earlier and late/later replicating region was not as divergent as 

other BRCA cells lines. This was consistent with the previous report that TNBCs also 

tend to acquire punctuated bursts of genetic alterations within a short time period 

(Gao et al., 2016). These results suggest that the potential temporal order of ART 

may be distinct in different cancer types, have not been reported previously, mainly 

due to the lack of Repli-seq data from multiple cancer types and the lack of matched 

cell-of-origins to identify ART regions accurately. 

 

Furthermore, I explored whether particular mutation processes were prominent in 

genome regions with different replication timing types. Distinct DNA damage repair 

pathways may play different roles in remodelling mutations between BRCA and 

LUAD/LUSC. In BRCA, SBS3 (associated with DNA HR repair pathway deficiency) 

was less active in early/earlier replicating regions compared to late/later ones, whilst 

SBS9 (associated with error-prone replication regulated by Pol η during DNA 

translesion synthesis) was only active in early/earlier replicating region in BRCA. This 

suggest that, in early/earlier replicating regions where DNA HR repair pathway was 

relative proficient compared to late/later replicating regions, DNA translesion 

synthesis was activated to repair DNA damage during DNA homologous 

recombination, which in turn induced a specific mutational spectrum (Knobel and 

Marti, 2011). Thus, increased levels of random ssDNA which were generated during 

DNA homologous recombination and Pol η related DNA translesion synthesis 

(Roberts et al., 2012), also led to increased APOBEC-mediated mutagenesis in 

early/earlier replicating regions compared to late/later replicating regions. 

Conversely, in LUAD and LUSC, SBS3 and SBS9 were not detected in any of these 

four categories of genome regions. However, DNA MMR deficiency regulated 

mutational process (SBS44) was only present in regions with altered (earlier/later) 

replication timing, but absent in regions without ART.  

 

Although there was an overall increase of somatic mutations in late and later 

replicating regions in cancer, APOBEC mutational signature has been reported to 

increase in early replicating regions compared to late ones (Kazanov et al., 2015). 

However, DNA replication timing for IMR90 cells (the foetal lung fibroblast), rather 

than lung cancer cell lines, were used to be mapped to somatic mutations from lung 
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cancers in the literature (Kazanov et al., 2015), the unmatched cell type of which 

would lead to confounding results. In my work, when the replication timing profiles 

and altered replication timing for each cancer type were investigated with the 

application to the matched cell-of-origin, I validated a slightly increase of APOBEC 

mutational signature from late/later replicating regions towards earlier and early 

replicating regions. Further, a specific pattern of clustered APOBEC3 mutational 

burden (known as APOBEC3 omikli events) was identified to increase in early 

replicating regions compared to late ones in BRCA, LUAD and LUSC. This pattern 

of hypermutation has been reported to relate to the activities of DNA mismatch repair 

(MMR) in early S phase during the cell cycle (Mas-Ponte and Supek, 2020). DNA 

MMR is mostly directed to early replicating and transcriptionally active euchromatic 

regions (Jiricny, 2006), in which case MMR could preferentially protect these early 

replicating genes from being mutated (Belfield et al., 2018; Supek and Lehner, 2015). 

However, DNA MMR could also activate the endogenous APOBEC-mediated 

mutagenesis by generating ssDNA, the substrates of APOBEC enzymes, as its 

intermediates and thus induce additional mutations. This suggested that efficient 

MMR in early and earlier replicating regions remodels APOBEC3 mutations, whilst 

the somatic mutations in late and later replicating regions are dependent on other 

mutational processes such as tobacco smoking which are well tolerated. 

Furthermore, a significant enrichment of cancer-associated genes was discovered in 

APOBEC3 omikli events, which strongly validated the role of APOBEC3-mediated 

mutagenesis in positive selection of driver gene mutations during the malignant 

transformation to lung and breast cancer. 

 

In addition, I identified that altered replication timing could affect the expression 

levels of genes across the cancer genome. In general, later replicating genes in 

cancer cells were found to exhibit decreased expression levels compared with early 

replicating genes in the cell-of-origin, and earlier replicating genes showed increased 

expression level compared to late replicating genes in the cell-of-origin. However, 

not all genes were affected by the altered replication timing equivalently. The 

expression of essential genes and cancer-associated genes tended not to be 

remodelled by earlier or later replication timing in cancer. This is mainly because 

most essential genes were already early replicated and thus less likely to become 

earlier replicated. On the other hand, the reasons why essential or cancer-associated 
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genes are earlier replicated may be that the cell wants to protect these genes from 

being mutated in late S phase or needs to repair the mutations of these genes in 

early S phase when DDR mechanisms are proficient, rather than increases their 

expression levels. Further exploration of the potential mechanisms will be discussed 

in Chapter 6. 

 

In summary, my results in this chapter revealed increased mutation load and 

decreased gene expression in late and later replicating regions in lung and breast 

cancer. These results demonstrated a temporally early occurrence of ART during the 

malignant transformation to BRCA when few mutations had been acquired in late S 

phase, which however occurred at a late phase during the malignant transformation 

to LUAD and LUSC after some somatic mutations had been accumulated in late S 

phase. Further investigation of mutational signatures revealed that distinct DNA 

damage repair deficiency may activate mutational processes in regions with earlier 

or later replication timing. The facts that increasing levels of APOBEC3 related 

clustered mutations (omikli events) was detected in early replicating regions 

compared to late ones and that these APOBEC3 omikli events were enriched with 

cancer-associated genes, suggested the role of APOBEC3-mediated mutagenesis 

in positive selection of cancer clones during malignant transformation and tumour 

evolution.  
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Chapter 6. Discussion 

6.1 Introduction 

In this thesis, detailed genomic analyses of phylogenetic evolutionary patterns from 

pre-invasive towards invasive lung disease has been demonstrated to yield insights 

into the potential mechanisms of malignant transformation of non-small cell lung 

cancer (NSCLC). More specifically, apolipoprotein B mRNA-editing enzyme catalytic 

polypeptide-like (APOBEC) enzymes have been discovered to contribute to 

subclonal diversification during tumour evolution (Jamal-Hanjani et al., 2017; 

Roberts et al., 2013) and pre-invasive divergence during malignant transformation in 

this work. Mutational processes, such as smoking signatures and APOBEC 

mutational signatures could be considered to time the potential latent period of pre-

invasive development after the clonal phylogenetic divergence and to investigate 

how somatic mutations in pre-invasive lesions are positively selected during the 

malignant transformation. 

 

However, how the genetic landscape in cancer has been reshaped during the 

process of malignant transformation remains elusive. Given that the replication 

timing programme, which deciphers the temporal order of DNA replication in S phase 

in each cell cycle, has been reported to relate to genetic alterations in normal and 

cancer cells. It largely remains unknown whether the replication timing changes 

during malignant transformation from the cell-of-origin towards cancer cells would 

remodel the genetic alterations in cancer. Therefore, in this thesis, further exploration 

of altered replication timing in lung adenocarcinoma (LUAD) and lung squamous cell 

carcinoma (LUSC) cell lines compared to their matched cell-of-origin revealed how 

somatic mutations are accumulated and positively selected during the process of 

switching replication timing in cancer. Moreover, the altered replication timing in 

breast carcinoma (BRCA) cell lines has also been investigated to reveal the common 

and distinct features of altered replication timing between lung and breast cancer. A 

clustered APOBEC3 mutational spectrum enriched in early and earlier replicating 

regions in cancer shed light on the different mechanisms of accumulating mutations 

in early and late S phase (Mas-Ponte and Supek, 2020) and on the positive selection 

of cancer-associated genes (CAGs) in early and earlier replicating regions mediated 
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by APOBEC3 mutagenesis. Finally, the interplay between gene expression and 

replication timing has been investigated to decipher how the expression of different 

classes of genes can be remodelled by altered replication timing. 

 

In this chapter, based on the analyses conducted in this thesis, I will explore the 

mechanical and biological processes of phylogenetic divergence and how the 

genomic and transcriptomic landscape have been remodelled during malignant 

transformation within the context of what has been reported in the current literature. 

Potential limitations of this work will be discussed, in order to propose potential 

research ideas for future studies. Furthermore, future directions and some clinical 

implications of the findings in this thesis will also be discussed in this chapter. 

6.2 Phylogenetic divergence between pre-invasive and invasive 

lung lesions 

In Results Section 3.2 in Chapter 3, with the application of the WES data of matched 

pre-invasive lesions and multi-regional invasive tumour regions in a cohort of patients 

within TRACERx, I first explored the potential genomic trajectories during malignant 

transformation from pre-invasive towards invasive lung disease. Phylogenetic 

construction analyses indicated two major patterns of phylogenetic relationships 

between matched pre-invasive lesions and invasive tumours, depending on whether 

they shared a common somatic ancestor (the SCA group) or did not (the non-SCA 

group). In the SCA group, at least one clonal mutation cluster, consisting of a 

minimum of 5 clonal single-nucleotide variations (SNVs), was identified to be shared 

between the pre-invasive and invasive lesions. For some cases in the SCA group, 

additional subclonal mutation clusters, each of which consisted of a minimum of 5 

clonal or subclonal SNVs, were also shared between the pre-invasive and invasive 

lesions (Figure 16 in Chapter 3). Conversely, in the non-SCA group, no clonal 

mutation clusters have been identified to be shared between the pre-invasive and 

invasive lesions, even though there may be one or two gene mutations acquired both 

in the pre-invasive and invasive lesions. For these cases in the non-SCA group, 

these gene mutations would be considered as convergent evolution between the pre-

invasive and invasive lesions. 
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Previous studies analysing pre-invasive lesions have either failed to include multi-

regional WES of matched invasive tumours (Chen et al., 2019; Teixeira et al., 2019), 

or performed the phylogenetic construction based on presence or absence of 

alterations in regions (Hu et al., 2019; Li et al., 2020; Ren et al., 2019), as opposed 

to clonal and subclonal mutation clustering which more accurately infers evolutionary 

phylogenies. Such approaches in the literature are unable to accurately suggest 

clones and diverse subclones within each tumour and would lack the identification of 

the temporal nature of genetic alterations from pre-invasive towards invasive disease.  

 

In this pre-invasive cohort, there were 7/22 LUADs and 11/13 LUSCs in the SCA 

group (involving 3 AAH, 4 AIS, 2 MIA and 15 CIS lesions), and 15/22 LUADs and 

2/13 LUSCs in the non-SCA group (involving 18 AAH, 3 AIS, 4 MIA and 1 CIS lesion). 

To understand the potential mechanisms to explain the two types of phylogenetic 

relationships, the relative spatial distances between the pre-invasive and invasive 

lesions were first analysed. Within SCA pre-invasive lesions, 8/15 CIS lesions were 

located at the same FFPE or were continuous with LUSC, 5/15 CIS were sampled 

from the surgically resected bronchial margin, and only 2/15 CIS were identified in 

the background lung parenchyma, whereas 6/9 AAH/AIS/MIA were identified in the 

background lung parenchyma and 3/9 AAH/AIS/MIA were sampled from FFPE 

blocks close to the invasive tumours. Additionally, there were another 3/20 AAH in 

the non-SCA group were identified to be on the same FFPE with LUAD regions, but 

none of them shared a common somatic ancestor with the matched LUAD. This 

implied that the close spatial distance between pre-invasive and invasive lesions did 

not entirely account for the phylogenetic relationship of a shared common somatic 

ancestor. Notably, the LUSC precursors and LUAD precursors are quite distinct from 

each other by definition: to make the diagnoses of pre-invasive lesions, LUAD pre-

invasive lesions have to be spatially separate from the tumour (Travis et al., 2015), 

whilst LUSC pre-invasive lesions are often continuous with the tumour (Hirsch et al., 

2001). This may be the major factor resulting in the differences in the SCA/non-SCA 

balance between LUSC and LUSC. 

 

Therefore, in the context of the current literature combined with the analyses of 

phylogenetic evolutionary patterns of pre-invasive lung diseases, I explored the 
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potential mechanical and biological processes promoting the clonal phylogenetic 

divergence during the malignant transformation of lung cancer. 

6.2.1 Mechanical processes promoting the clonal phylogenetic divergence 

during tumour evolution 

The mechanisms of phylogenetic divergence between pre-invasive and invasive 

lesions have not been fully explored. The process of cell migration has been 

previously proposed to explain the evolutionary divergence between pre-invasive 

and invasive lesions, which has been reported in different cancer types from organs 

with ductal systems (Makohon-Moore et al., 2018b; Notta et al., 2016; Pipinikas et 

al., 2014; Stachler et al., 2015). Migrated cells during this process likely colonise in 

the ductal system and develop spatial and temporal divergence promoting the 

development of invasive tumours. What’s more, clonal expansions in multiple sites 

of Barrett’s mucosa in spatial proximity has been discovered (Lavery et al., 2016). 

This cell migration process in an anatomical ductal system has been reported to lead 

to the dissemination of precancerous cells before the development of invasive 

tumours, such as Barrett’s oesophagus and matched oesophageal carcinomas 

(Stachler et al., 2015, 2021), pancreatic intraepithelial neoplasm (PanINs) and 

pancreatic carcinomas (Matthaei et al., 2011; Notta et al., 2016). Similar analyses of 

cell migration have also been performed between invasive tumours, such as 

pancreatic carcinomas (Makohon-Moore et al., 2018b) and LUSC (Pipinikas et al., 

2014).  

 

The phenomenon that cell migration is likely to occur in anatomical ductal systems 

may be due to feasibility of mechanical movement (McDonald et al., 2015). Firstly, 

abnormal epithelial cells are present in the surface layer of ductal epithelium, and 

thus external forces, such as coughing, the fluid secretion of sputum or pancreatic 

juice, may potentially promote the movement of abnormal epithelial cells alongside 

the ductal system. Only abnormal epithelial cells which are able to survive such 

changes in the microenvironment can re-attach to the epithelium at another distant 

site after which there may be subsequent malignant transformation.  
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Secondly, specific to anatomic structures within the lung, “spread through air spaces” 

(STAS) may be yet another source of cell migration particularly in lung cancer. STAS 

has been reported as occurring in all architectural subtypes of mucinous and non-

mucinous LUAD (Kadota et al., 2015) or LUSC (Kadota et al., 2015), According to 

current criteria of diagnosing STAS (Shih and Mino-Kenudson, 2020), STAS is 

characterised by the spread of tumour cells floating inside the alveolar space, 

whereas AAH/AIS/MIA are mainly featured with in-situ growth patterns lining the 

alveolar walls.  

 

However, there is limited evidence about whether cells migrating by STAS can re-

attach to the alveolar walls and form another separate lesion (Yagi et al., 2020), 

though it is unclear whether this could resemble a pre-invasive lesion. This newly 

formed pre-invasive lesion originating from the migrated cells could either keep 

evolving or regress over time. If this is possible, these pseudo pre-invasive lesions 

may have accumulated more genetic mutations and SCNAs, and thus would be more 

aggressive than those pre-invasive lesions that originate from the most recent 

common ancestor, despite their equivalently lower grade of morphological changes. 

A case study was reported to show evidence of early metastasis through air space 

among multiple ground-glass opacities (GGOs) which were considered to be early 

stage LUADs, suggesting high risks of intrapulmonary metastases (Li et al., 2018). 

Further exploration of biomarkers and stringent strategies for early screening and 

early diagnoses, are warranted to differentiate these pseudo pre-invasive lesions 

from those developing from the most recent common ancestor.  

 

In addition, the distinct spectrum between glandular lesions originating from 

pneumocytes in the distal lung tissues and squamous dysplasia originating from the 

bronchial epithelial cells could lead to different frequencies of phylogenetic 

evolutionary patterns in LUAD and LUSC. In our pre-invasive cohort, I observed an 

increased frequency of LUSC in the SCA group (11/13 LUSCs) compared to LUAD 

(7/22 LUADs). This suggested that unlike AAH/AIS/MIA residing in the peripheral 

lung parenchyma which may undergo gradual evolution by accumulating genomic 

alterations over time, CIS lesions, which are located at the bronchial epithelium and 

thus faced with exogeneous carcinogen insults such as smoke and air pollution, may 

exhibit a punctuated equilibrium of genomic evolution. Moreover, some CIS lesions 
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identified in this work were found to be continuous with the adjacent LUSC. This 

implies that some CIS lesions were possibly the in-situ extension of the invasive 

clones in LUSC, which could explain why in the SCA group, more CIS lesions shared 

additional subclonal mutational clusters with the invasive lesion, compared to 

AAH/AIS/MIA. However, this interpretation is limited by the fact that the WES data of 

earlier stages of squamous pre-invasive lesions (such as low-grade dysplasia) were 

not included in this analysis.  

6.2.2 Biological processes promoting the clonal phylogenetic divergence 

during tumour evolution 

The biological processes promoting the phylogenetic divergence between the pre-

invasive and invasive lesions remain largely elusive. Firstly, evidence of driver gene 

mutations has been shown in precursors to pancreatic carcinomas (Makohon-Moore 

et al., 2018b). Makohon-Moore and colleagues analysed the WES data of pancreatic 

ductal adenocarcinoma and various levels of precursor lesions; low- and high- grade 

pancreatic intraepithelial neoplasia (LG- and HG- PanIN), from the same pancreas 

(Makohon-Moore et al., 2018b). They identified that matched PanIN and PDAC 

lesions in 6/8 patients shared driver and passenger gene mutations, 4 of which also 

carried unique driver gene mutations. This data suggested that there was a common 

ancestral precursor during the initiation of these multiple lesions and that the clonal 

expansion had occurred before seeding PanIN. A similar path-skipping model was 

proposed in multiple CIS lesions along bronchial ducts driven by the shared driver 

gene mutations (Pipinikas et al., 2014), even though no WES or WGS data were 

utilised for these analyses. Therefore, precursor lesions could have acquired genetic 

alterations required for malignant transformation prior to cell migration along the 

ductal system.  

 

Secondly, during this process of cell migration, subclones within the pre-invasive or 

invasive lesions harbouring APOBEC-mediated mutagenesis and genome instability, 

are positively selected and thus more feasible to develop into invasive tumours than 

those without active APOBEC mutagenesis. In this work, I found that APOBEC 

mutational signatures were more enriched in the SCA pre-invasive lesions compared 

with the non-SCA ones. APOBEC-mediated mutagenesis, which is relatively 
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pervasive in pan-cancers (Roberts et al., 2013; Roper et al., 2019), has been 

identified to induce subclonal heterogeneity leading to tumour evolution (Jamal-

Hanjani et al., 2017) and metastases (Roper et al., 2019). Previous work in our team 

revealed that APOBEC enzymes could induce under-replication of chromosomes 

and promote genome instability during tumour evolution (Venkatesan et al., 2021). 

Coupled with an increased mutation burden and genome instability, APOBEC-

mediated mutagenesis presenting in the SCA pre-invasive lesions could propagate 

in invasive tumours, whereas the non-SCA pre-invasive lesions display a lack of 

APOBEC mutational signatures. Therefore, although both pre-invasive lesions in the 

SCA group and the non-SCA group harboured driver gene mutations at the early 

stage of initiation, those with the onset of APOBEC-mediated mutagenesis are highly 

likely to carry the potential to progress towards invasive tumours. 

6.3 Study limitations and clinical implications of analyses of 

pre-invasive lung diseases 

Although this study has been performed with one of the largest WES datasets to 

analyse matched pre-invasive lesions and multi-regional invasive tumours from the 

same patient with NSCLC, it was still limited by the small number of patients, 

especially when LUAD and LUSC pre-invasive lesions were split into different 

subgroups for further analyses. 

 

Secondly, pre-invasive lesions in this cohort were sampled from archived FFPE 

which could generate FFPE related artificial mutations during fixation (Bhagwate et 

al., 2019). These FFPE artificial mutations are characterised by C>T/G>A transitions 

which are also characteristics of the smoking signature and APOBEC mutational 

signatures in cancer respectively. To minimise the bias induced by FFPE artefacts, 

two measurements were taken through our analyses. Firstly, the enzyme Uracil-

NGlycosilase (UNG) was used to remove deaminated cytosine during the process of 

DNA extraction. Furthermore, a strict and systemic filter of FFPE artefacts was 

applied, with the consideration of SNVs identified in the matched fresh frozen 

invasive tumours (Methods Section 2.4.1.3 in Chapter 2).  
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Thirdly, there is the caveat of potential cross-contamination during the sampling 

process which is impossible to trace and account for. This cross-contamination might 

occur due to collapsed pressure when surgeons remove the surgically resected lung 

lobes out of the chest through a small hole during VATS (video-assisted 

thoracoscopic surgery) or could occur during the sampling process for pathological 

diagnoses when the same instruments may be used to collect both the primary 

tumours and the normal lung parenchyma tissues. Besides, on occasion there was 

also in sufficient detail in the records of where the background lung tissues were 

collected during the pathological diagnoses at the pathological departments. There 

is the possibility that an AAH or AIS may represent the very edge of in-situ disease 

having continuity with the main tumour (Moore et al., 2019), the full lepidic extent of 

which is not apparent to the pathologist who at the time of the sampling dissection 

and is therefore labelled as background lung tissue. In this case, similar to the 

scenario that some CIS lesions in our pre-invasive cohort have been identified to be 

in physical continuum of adjacent LUSC, it is possible that a lesion labelled as 

AAH/AIS/MIA could be the in-situ extension of the invasive tumour (Moore et al., 

2019). However, overall, this is considered unlikely since the background lung tissue 

is typically sampled macroscopically distant from the tumour, though it is impossible 

in most cases to trace the actual spatial localisation of these AAH/AIS/MIA lesions 

found in background diagnostic FFPE blocks, relative to the main tumour. 

 

Additionally, how many normal lung parenchyma samples were taken for 

pathological review could influence the chances of identifying potential pre-invasive 

lesions embedded in the background lung. The more normal parenchyma samples 

were collected, the more chance there was to identify potential pre-invasive lesions. 

This is because most pre-invasive lesions are invisible on the imaging scans and 

thus, we could only rely on the pathological diagnosis of lung tissues sampled, rather 

than the imaging scans, to determine where they are located in the lung lobes. 

However, practice varies between recruiting centres in the study, and thus varies 

between patients. There are likely to be additional pre-invasive lesions from patients 

in this cohort, or from other patients within the TRACERx study which had not been 

sampled and therefore are not included in this pre-invasive cohort.  
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Therefore, to understand more about pre-invasive disease, it is imperative to set up 

prospective studies with the aim of sampling background lung tissues widely and in 

more detailed fashion, to explore the spatial link and any continuity between pre-

invasive lesions and their main tumours, rather than an approach of making use of 

routinely collected background diagnostic blocks. Furthermore, the detailed 

exploration of phylogenetic divergence between the pre-invasive and invasive lung 

diseases in this thesis sheds lights on our understanding of malignant transformation 

of invasive tumours. Further work is warranted to explore potential biomarkers 

indicating the risks of pre-invasive lesions diverged from an invasive tumour, which 

could be implicated to improve the strategies of long-term follow up of patients with 

high risks of developing invasive tumours and assist the surgeons to determine how 

extensively the dissection of a primary tumour should be performed.  

 

Further work exploring the transcriptional activities and methylation landscape 

between the matched pre-invasive and invasive lesions is imperative for integrated 

analyses. Additionally, the immune microenvironment also plays a prominent role in 

promoting the malignant transformation by assisting anormal cells escaping from 

immune surveillance in squamous CIS (Mascaux et al., 2019; Teixeira et al., 2019) 

and in AIS/MIA (Chen et al., 2019; Zhang et al., 2019). The frequent focal 6p LOH 

was reported to facilitate immune escape during tumour evolution (Chen et al., 2019). 

However, none of these previous studies have compared the dynamic immune 

microenvironment between the matched pre-invasive and invasive lesions within the 

same patient. Further exploration of the immune landscape in the pre-invasive and 

multi-regional invasive lesions is ongoing within our group by staining these matched 

samples with a comprehensive panel of immune biomarkers. 

6.4 The pervasiveness of altered replication timing in lung and 

breast cancer compared to the cell-of-origin 

The genomic landscape and evolution patterns in different types of solid tumours 

from lung (Jamal-Hanjani et al., 2017; Zhang et al., 2014), breast (De Mattos-Arruda 

et al., 2019), oesophagus (Hao et al., 2016; von Loga et al., 2020; Murugaesu et al., 

2015), and gastrointestinal tissues (Hu et al., 2019b; Liu et al., 2017), have been 

extensively explored in the literature. Mutational processes such as APOBEC-
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mediated mutagenesis have been shown to contribute to promoting the tumour 

subclonal diversification (Jamal-Hanjani et al., 2017; Venkatesan et al., 2021). 

However, few studies have investigated how the genomic landscape in cancer has 

been remodelled during malignant transformation from the cell-of-origin towards the 

establishment of cancer cells. 

 

Replication timing, the highly regulated temporal order of DNA replication during S 

phase, has been reported to relate to genomic (Kenigsberg et al., 2016; Koren et al., 

2012; Woo and Li, 2012), transcriptomic (Müller and Nieduszynski, 2017; Siefert et 

al., 2017), and epigenetic (Du et al., 2019) alterations in cancer. The work in this 

thesis further explored whether altered replication timing (ART) in cancer cells 

compared to the matched cell-of-origin of each cancer type contributed to the 

malignant transformation in lung and breast cancer.  

 

To answer this question, the replication timing profiles of the matched cell-of-origin 

of each cancer type was first investigated to identify the altered replication timing in 

each cancer cell line, an analysis that was lacking in the literature. As discussed 

previously, the replication timing programme is highly conserved but also dynamic 

during the normal developmental process in different tissues (Hansen et al., 2010). 

Therefore, in order to identify the altered replication timing regions which are relevant 

to malignant transformation, it was necessary to consider the replication timing 

profiles of the originating normal cells (i.e., the cell-of-origin) of the matched cancer 

type. Otherwise, altered replication timing (ART) regions identified using the 

unmatched normal cells in cancer cells (such as IMR90, the foetal lung fibroblast) 

may mainly be attributed to the tissue-specificity of replication timing and thus mask 

the authentic ART regions occurring during malignant transformation. Second, 

multiple cancer cell lines from each cancer types should be included to identify 

regions with recurrently altered replication timing. The results presented in Figure 48 

in Chapter 4 also highlight the potential limitations of using a single cancer cell line 

to identify ART regions, as a large proportion of ART regions was only identified in 

one cancer cell line and only a small fraction of ART regions was commonly identified 

by at least two cancer cell lines. Therefore, these two conditions have been met and 

fully explored in this work, making it feasible to investigate the role of ART during the 

malignant transformation of lung and breast cancer. 
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6.4.1 The replication timing changes between the cell-of-origin and cancer 

cells surpass the tissue-specific replication timing 

When comparing the similarities of replication timing profiles in 14 in-house 

experiments and 16 ENCODE downloaded cell lines, I identified that the differences 

in the replication timing programme mainly lay between the normal and cancer cells 

(Figure 40 in Chapter 4). Three major clusters of cell lines were identified, that is, the 

normal cluster, the cancer cluster, and the mixed cluster. The replication timing 

profiles could differentiate the cancer cells from the normal cells in this cohort, even 

though a few cancer cells might be clustered closer to the normal cell lines or 

grouped in the mixed cluster.  

 

Within the normal or cancer cluster, cell lines derived from the same tissue type were 

clustered together, such as four BRCA cell lines being clustered together on the 

cancer cluster, and the two fibroblasts (BJ from the foreskin and IMR90 from foetus 

lung) clustered together on the normal cluster. This implied that the replication timing 

changes between the cell-of-origin and cancer cells surpass the tissue-specific 

replication timing, which is in part consistent with literature but supported by a larger 

Repli-seq cohort of cell lines (Du et al., 2019).  

 

Nevertheless, for the first time, the analyses in this work showed the necessity of 

using the Repli-seq of the matched cell-of-origin of each cancer type to identify the 

altered replication timing in cancer cell lines. When comparing the ART regions 

identified by the correct cell-of-origin (such as T2P for LUAD cell lines) and the wrong 

normal cells (such as IMR90 for LUAD or LUSC cell lines), a large proportion of 

additional ART regions were identified by the wrong normal cells. These false 

positive calling of ART regions would confound our understanding of the ART 

contributing to malignant transformation. 

6.4.2 Regions with altered replication timing are pervasive and distributed 

across the genome in cancer 

In this thesis, I identified six types of ART region (Figure 41): extreme earlier (late-

to-early switch) and later (early-to-late switch) RT, earlier_switch (late-to-early 

switch) and later_switch (early-to-late switch) RT, earlier_noSwitch and 
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later_noSwitch (no switched replication timing, i.e., early-to-early or late-to-late) RT 

in each cancer cell line. In lung and breast cancer, a total of 7%-18% of the genome 

presents altered replication timing between the cell-of-origin and the cancer cell lines, 

which is consistent with literature (Du et al., 2019; Koren et al., 2012). The 

proportions of regions with earlier or later RT are similar to each other, both of which 

are distributed across the whole genome and are not significantly enriched on 

specific chromosomes.  

 

Moreover, it is noteworthy that there are genome regions which are favourably 

affected by altered replication timing across lung and breast cancer, which has never 

been reported before using Repli-seq data of multiple cancer cell lines from the same 

cancer type. Although only a small fraction of the genome regions shows recurrently 

altered replication timing within each cancer type (4% in LUAD and LUSC, 16% in 

BRCA) or across cancer types (less than 1% of the genome), some cancer-

associated genes have been found to reside in these recurrent ART regions. The 

altered replication timing of these regions might contribute to remodelling the 

genomic landscape and promoting the malignant transformation in cancer.  

6.5 Increased mutation loads in later replicating regions 

implying the occurrence of ART before malignant 

transformation 

The late replicating regions have been reported to carry increased mutation rates 

compared to early replicating regions (Cui et al., 2012; Kenigsberg et al., 2016; 

Stamatoyannopoulos et al., 2009). This is largely due to the progressively poorer 

efficiency of DNA damage repair later during S phase (Knijnenburg et al., 2018). 

Moreover, the genes residing in late replicating regions are mostly tissues specific, 

rather than fundamental to cellular functions, the mutations of which could be 

tolerated (Dileep et al., 2015b; Sima and Gilbert, 2014). A bodyguard hypothesis has 

previously been proposed (Hsu, 1975) and further investigated (Qiu, 2016), which 

could explain the accumulation of gene mutations in late replication timing too. In 

response to some exogeneous common carcinogens such as tobacco smoking and 

ultraviolet exposure, the cell would direct the genome regions depleted of 

fundamental or house-keeping genes towards the periphery of the nucleus, in order 
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to protect other genome regions located in the interior of the nucleus from these 

carcinogen insults. 

 

Results in Chapter 5 (Figure 55 and Figure 56) further demonstrated the increased 

mutation loads in later replicating regions in cancer cell lines. Comparisons of the 

mutation loads between later and late replication timing regions and between earlier 

and early replication timing regions, could imply a potential temporal order of altered 

replication timing and malignant transformation (Figure 55 and Figure 56 in Chapter 

5). Analyses in this work suggested that ART occurred at a quite early phase of 

malignant transformation to BRCA before somatic mutations in late replicating 

regions had been accumulated, whilst ART occurred at a relatively late phase of 

malignant transformation to LUSC because there had been accumulation of somatic 

mutations in earlier replicating genes which were late replicated in normal cells. 

Additionally, ART may also occur at a late phase during the malignant transformation 

to LUAD. However, unlike LUSC in which earlier replicating regions harboured higher 

mutation load than later ones, the mutation load in LUAD remained lower in earlier 

replicating regions than later ones. This implied that compared to LUSC, ART 

occurred at a relative early phase during the malignant transformation to LUAD. 

These results suggested that ART occurs at different time points relative to the 

malignant transformation in different cancer types, which has not been reported 

previously in the literature. Further experimental work is required to explore the 

distinct biological processes in different cancer types.  

6.6 Particular mutational processes activated in different 

replication timing regions in lung and breast cancer 

In this thesis, I also investigated the distinct DNA damage repair pathways being 

active in different replication timing regions 

6.6.1 DNA homologous recombination related mutational processes in BRCA 

In BRCA, SBS3 (single base substitutions 3) (associated with DNA homologous 

recombination (HR) repair pathway deficiency) was less active in early/earlier 

replicating regions compared to late/later ones. This implied the relative proficiency 

of DNA HR repair in early/earlier replicating regions compared to late/later ones in 
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BRCA. During DNA HR repair, translesion synthesis is an intermediate step to repair 

DNA damage (Cruet-Hennequart et al., 2010) which is however error-prone and 

could induce a specific mutation spectrum (Knobel and Marti, 2011). This error-prone 

replication during DNA translesion synthesis has been reported to be induced by 

DNA polymerase eta (Pol η) (Gali et al., 2017) and generate the specific mutation 

spectrum, SBS9 (Alexandrov et al., 2013). Consistently, as shown in this thesis 

(Figure 60 in Chapter 5), SBS9 (associated with error-prone replication regulated by 

Pol η during DNA translesion synthesis) was only active in early/earlier replicating 

region in BRCA. 

6.6.2 DNA mismatch repair related mutational processes in lung and breast 

cancer 

Further analyses revealed that, although there is an overall increase of somatic 

mutations in late and later replicating regions revealed in this work and in the 

literature (Cui et al., 2012; Kenigsberg et al., 2016; Stamatoyannopoulos et al., 2009), 

two particular mutational signatures are identified to be enriched in early and earlier 

replicating regions compared to late and later ones, that is, APOBEC mutational 

signatures and SBS9 (associated with error-prone replication regulated by Pol η 

during DNA translesion synthesis), both of which relate to the DNA mismatch repair 

(MMR) pathway (Roberts et al., 2012, 2013; Zlatanou et al., 2011).  

 

First, APOBEC mutational signatures have been found to increase in early replicating 

regions compared to late ones (Kazanov et al., 2015), even though the replication 

timing profile of IMR90 (foetal lung fibroblasts), rather than lung cancer cell lines, 

was used. I further identify that the activities of APOBEC mutational signatures are 

also increased in earlier replication regions compared to late/later ones. This is 

mainly due to the increased levels of single strand DNA (ssDNA) in early S phase 

which is the substrate of APOBEC enzymes (Smith et al., 2012). What’s more, a 

particular type of clustered APOBEC mutations (known as APOBEC3 omikli events) 

is discovered to increase from late replicating timing towards early replication timing 

in lung and breast cancer, consistent with the literature (Mas-Ponte and Supek, 

2020). The activation of this particular APOBEC3-mediated mutagenesis is 

dependent on the DNA mismatch repair (MMR) pathway which could generate 
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single-strand DNA (ssDNA) as intermediates during the DNA repair process of 

excising a short DNA segment with mutations (Chae et al., 2016; Knijnenburg et al., 

2018), and thus provide ssDNA as the substrates of APOBEC enzymes (Roberts et 

al., 2012, 2013). DNA MMR is a very efficient DNA repair mechanism which is mostly 

directed to early replicating euchromatic regions where transcriptionally active genes 

are enriched (Jiricny, 2006), hence MMR could preferentially protect these genes 

from being mutated (Belfield et al., 2018; Supek and Lehner, 2015). However, DNA 

MMR pathway is a double-edged sword, which could in turn induce mutagenesis by 

activating APOBEC enzymes which is the endogenous carcinogen leading to 

APOBEC mutational signatures. 

 

On the other hand, DNA MMR could recruit the error-prone DNA polymerase eta (Pol 

η) and thus induce low-fidelity DNA replication in S phase (Zlatanou et al., 2011). 

This process induces another particular type of mutational signature, SBS9 which 

has been reported to be partially due to mutations induced during replication by DNA 

polymerase eta (Pol η) as part of somatic hypermutation (Alexandrov et al., 2013). 

This is consistent with my observation that SBS9 is only active in early and earlier 

replicating regions in BRCA, even though it is not detected in LUAD or LUSC (Figure 

60 in Chapter 5). In LUAD and LUSC, the other DNA MMR related mutational 

process, that is, SBS44 (related to DNA mismatch repair deficiency) is only active in 

earlier/later replicating regions. However, in BRCA, SBS44 and other mutational 

signatures relating to DNA mismatch repair deficiency (such as SBS6, SBS21 and 

SBS26) are equivalently detected across early/earlier and late/later replicating 

regions. This implies that distinct DNA MMR related mutational processes are 

activated in lung cancer compared to breast cancer. DNA homologous recombination 

is prominent in BRCA, whilst other mechanisms activating DNA MMR pathway are 

prominent in LUAD and LUSC, both of which induce increased levels of ssDNA as 

intermediates and thus activate APOBEC enzymes.  

 

APOBEC-mediated mutagenesis has been proven to induce chromosome instability 

during tumour diversification in the literature (Venkatesan et al., 2021) and in the 

results in this thesis (Section 3.2.5 in Chapter 3). The fact that DNA MMR pathway 

is mostly directed to early replicating and transcriptionally active euchromatic regions 

(Jiricny, 2006), is consistent with my results showing the increased level of APOBEC 
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mutational signatures in early/earlier replicating regions compared to late/later 

replicating regions. Taken together, APOBEC-mediated mutagenesis enriched in 

early and earlier replicating regions, contribute remarkably to reshaping genomic 

landscape and exaggerating chromosome instability during the malignant 

transformation and tumour evolution. 

 

Nevertheless, the mechanisms of APOBEC-mediated mutagenesis leading to or 

exaggerating chromosome instability in early or late replicating regions may be 

different according to different studies in the literature. The mechanisms of 

early/earlier replication timing have been explored in some experimental work in cell 

lines. It has been shown that the induction of oncogenes (such as MYC or CCNE1) 

could advance replication timing (i.e., earlier RT) by accelerating the entry to S phase 

during the cell cycle (Macheret and Halazonetis, 2018). This type of advanced 

replication timing may largely result from the activation of excessive intergenic 

replication origins (i.e., dormant origins) which aims to accomplish the replication of 

genome regions (Macheret and Halazonetis, 2018). Although this process is 

necessary to maintain normal cellular functions, the additional activation of dormant 

replication origins could induce whole chromosome instability (W-CIN) via triggering 

chromosome mis-segregation (Schmidt et al., 2021). On the other hand, the 

dysregulation of fired replication origins or the increased risks of collisions between 

replication and transcription machineries in early replicating regions, would delay the 

replication timing (i.e., later RT) by delaying the chromosome condensation prior to 

the mitosis, leading to mis-segregation and chromosome instability (Smith et al., 

2001). 

 

Although more studies are imperative to explore the mechanisms of altered 

replication timing in cancer, the analyses in this work demonstrate the role of altered 

replication timing in remodelling the genomic landscape and potentially genome 

instability in cancer during malignant transformation. 
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6.7 Study limitations in analysing altered replication timing in 

cancer cell lines 

Some limitations relating to the analyses of altered replication timing in this thesis 

should be taken into consideration. Firstly, the matched cell-of-origins used for 

LUAD, LUSC and BRCA cell lines are commercially available immortalised cell lines, 

despite that they were derived from the matched originating tissue type. However, 

compared with other unmatched immortalised cell lines (such as IMR90), the use of 

these matched cell-of-origins is better suited to identify altered replication timing 

regions in cancer cell lines. In this case, the confounding factors relating to tissue-

specific replication timing could be minimised. Secondly, some cancer cell lines, 

which are also commercially available, have been transformed by Simian virus 40 

(SV40) which could alter the replication timing in these cancer cell lines. The 

application of multiple cancer cell lines in this work could assist the identification of 

ART regions with high confidence, by focusing on ART regions present in at least 

two cancer cell lines. Besides, considering the tissue-specificity of replication timing 

and altered replication timing, the analyses in three cancer types could not 

comprehensively reveal the role of ART in pan-cancer. Further work including more 

cancer types is warranted. 

6.8 Future directions implicating altered replication timing in 

tumour evolution 

As shown in Chapter 5, altered replication timing may occur before the malignant 

transformation. As discussed previously, earlier replication timing relating to the 

excessive firing of dormant replication origins could induce whole chromosome 

instability (CIN) (Schmidt et al., 2021), suggesting a complex interplay between ART 

and CIN. Given that the clonal somatic mutations before or after whole genome 

doubling (WGD) are used to infer the temporal order of clonal events during tumour 

evolution, further work exploring the relative temporal order of WGD and ART may 

broaden our understanding of the temporal order of early events during malignant 

transformation. 
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Moreover, applying ART in cancer cell lines to the multi-region WGS data of patient 

tumours would contribute to the early recognition of gene mutations which may be 

positively selected during tumour evolution and thus guide the early interference of 

therapeutics. A further outlook from these studies would be to identify altered 

replication timing using single cell sequencing data, which could help construct the 

intra-tumour heterogeneity of altered replication timing and identify the phylogenetic 

relationship between ART and genetic alterations. 

6.9 Conclusions 

The analyses presented in this thesis demonstrated two different phylogenetic 

relationships between the matched pre-invasive and invasive lesions within the same 

patient enrolled in TRACERx study. Some pre-invasive lesions share a common 

somatic ancestor with the invasive tumour (the SCA group), whilst some others do 

not (the non-SCA group), which may partly reflect the differences in LUAD and LUSC 

precursors by definition. APOBEC-mediated mutagenesis may play a role in the 

subclonal diversification of SCA pre-invasive lesions but absent in non-SCA pre-

invasive lesions. Combined with how long the patient had ceased smoking prior to 

the diagnoses, the co-existence of smoking signatures in the pre-invasive and the 

invasive subclonal mutations might suggest that some pre-invasive lesions have 

diverged from the invasive tumour years ago prior to the diagnosis. Convergent 

evolution patterns of somatic mutations or copy number alterations are also identified 

during the development of pre-invasive and invasive lesions in the non-SCA group. 

 

Secondly, experimental work investigating the altered replication timing in lung and 

breast cancer is performed to explore the malignant transformation of invasive 

tumours. With the application of the matched cell-of-origin and multiple cancer cell 

lines to the Repli-seq protocol, the altered replication timing regions have been 

explicitly identified in cancer cell lines in this thesis. Altered replication timing is quite 

pervasive across the cancer genome. The increased mutation load in later replicating 

regions compared to early or earlier ones, demonstrates a potential temporal order 

of ART before the massive accumulation of somatic mutations in late replicating 

regions during the malignant transformation. In BRCA, ART occurs at a relative early 

phase which is towards the beginning of malignant transformation to BRCA. 
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Conversely, ART occurs at a relative late phase during the malignant transformation 

to LUAD and LUSC, when somatic mutations have been accumulated in late 

replicating regions, some of which are switched to early RT in cancer (i.e., earlier 

RT). 

 

Thirdly, distinct mutational processes related to different DNA mismatch repair 

pathways are identified in lung cancer compared to breast cancer. DNA homologous 

recombination is prominent in earlier and early replicating regions in BRCA, during 

which DNA translesion synthesis regulated by the error-prone DNA Pol η is activated 

to induce particular mutational signatures. On the other hand, other mechanisms 

activating DNA MMR pathway are prominent in earlier and later replicating regions 

in LUAD and LUSC. Both mutational processes induce increased levels of ssDNA 

as intermediates and thus activate APOBEC enzymes. Further experimental work is 

imperative to validate these findings. 

 

Finally, a specific pattern of clustered APOBEC3 mutations (known as APOBEC3 

omikli events) is found to be increasingly accumulated in early and earlier replicating 

regions, implying the DNA mismatch repair dependent process. The significant 

enrichment of cancer-associated genes among clustered APOBEC3 omikli events 

compared to other unclustered mutations, suggests the positive selection of 

APOBEC3-mediated mutagenesis during malignant transformation of lung and 

breast cancer. 

 

In summary, pre-invasive lung lesions which share a somatic common ancestor with 

their matched invasive tumours, compared to those which do not, are enriched with 

APOBEC mutational signatures and elevated mutation burden. The genome regions 

with earlier (which are late replicated in the cell-of-origin but early replicated in cancer 

cells) and early (which are early replicated in both the cell-of-origin and cancer cells) 

replication timing in S phase, may be the hotspots for the activation of APOBEC-

mediated endogenous mutagenesis. On the other hand, the genome regions with 

later (which are early replicated in the cell-of-origin but late replicated in cancer cells) 

and late (which are late replicated in both the cell-of-origin and cancer cells) 

replication timing in S phase, acquire accumulated somatic mutations due to their 

vulnerabilities to other mutagenic insults, contributing to the overall elevated mutation 
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burden in cancer. In conclusion, genome regions with either earlier or later replication 

timing from the cell-of-origin towards cancer cells, could contribute to reshaping 

genomic landscape and exaggerating chromosome instability during the malignant 

transformation and tumour evolution. 
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Chapter 7. Appendix 

7.1 Appendix 1: List of abstracts published during this PhD 

Genomic evolutionary patterns in matched pre-invasive and invasive lung 

disease in TRACERx 

Haoran Zhai, et al. (Oral presentation at AACR 2022, New Orleans, LA, USA) 

 

Investigating the role of altered replication timing during tumor evolution in 

lung and breast cancer 

Haoran Zhai, et al. (A short talk at AACR 2022, New Orleans, LA, USA) 

 

7.2 Appendix 2: Recipes for buffers used in the Repli-seq 

protocol 

The buffers used during the Repli-seq protocol (Section 2.6.1 in Chapter 2) are listed 

in Table 4. 

 

Table 4. Recipes for buffers used in the Repli-seq protocol. 

 

(Abbreviations: M, molar; mM, millimolar; wt, weights; vol, volume; PI, propidium 
iodide; PBS, phosphate buffered saline; FBS, foetal bovine serum.) 
 

10x IP buffer

(To prepare 50ml buffer) 5ml of 1M sodium phosphate (pH 7.0), 14ml of 5M 

NaCl and 2.5ml of 10% (wt/vol) Triton X-100 in 28.5ml molecular biology grade 

water.

1x IP buffer 10x IP buffer being diluted in molecular biology grade water (vol/vol, 1:9)

Digestion buffer 
50mM Tris-HCl (pH 8.0), 10mM EDTA and 0.5% (wt/vol) SDS in molecular 

biology grade water.

Low TE buffer 10 mM Tris-HCl (pH 8.0), 0.1 mM EDTA in molecular biology grade water

TE buffer 10mM Tris-HCl (pH 8.0), 1mM EDTA in molecular biology grade water

PI staining buffer (For per million cells) 50μl 50μg/ml ribonuclease A and 150μl 100μg/ml PI

SDS-PK buffer

(To prepare 50ml buffer) 2.5 ml of 1M Tris-HCl (pH 8.0), 1ml of 0.5M EDTA, 

10ml of 5M NaCl and 1.25ml of 20% SDS in 35.25ml autoclaved distilled water.

(Warm the buffer to 56°C before use to completely dissolve SDS)

Washing buffer PBS with 1% (vol/vol) FBS
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7.3 Appendix 3: Gene lists used in this thesis 

7.3.1 Oncogenes and tumour suppressor genes in the COSMIC census gene 

list 

Oncogenes (OGs) (Table 5) and tumour suppressor genes (TSGs) (Table 6) were 

downloaded from the COSMIC census gene list (https://cancer.sanger.ac.uk/census) 

(Sondka et al., 2018). 

 

Table 5. Oncogenes included in the COSMIC census gene list. 

https://cancer.sanger.ac.uk/census
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ABI1 ABL1 ABL2 ACKR3 ACSL3 ACSL6 ACVR1 AFF1

AFF3 AFF4 AKAP9 AKT1 AKT2 ALDH2 ALK ARHGAP26

ARHGEF12 ARNT ASPSCR1 ATF1 ATIC ATP1A1 ATP2B3 BCL10

BCL11A BCL11B BCL2 BCL3 BCL5 BCL6 BCL7A BCL9

BCR BIRC3 BRAF BRD3 BRD4 BTG1 C12orf9 C15orf65

C2orf44 CACNA1D CALR CAMTA1 CANT1 CARD11 CARS CASC5

CBFA2T3 CBFB CCDC6 CCNB1IP1 CCND1 CCND2 CCND3 CCNE1

CD274 CD74 CD79A CD79B CDH11 CDK4 CDK6 CDX2

CEBPA CEP89 CHCHD7 CHIC2 CHN1 CIITA CLIP1 CLP1

CLTC CLTCL1 CNBP CNTRL COL1A1 COX6C CREB1 CREB3L1

CREB3L2 CRLF2 CRTC1 CRTC3 CSF3R CTNNB1 DCTN1 DDIT3

DDX10 DDX5 DDX6 DEK DUX4L1 EBF1 EGFR EIF3E

EIF4A2 ELF4 ELK4 ELL ELN EML4 EPS15 ERBB2

ERBB3 ERC1 ERG ESR1 ETNK1 ETV1 ETV4 ETV5

ETV6 EWSR1 EZH2 EZR FAM131B FCGR2B FCRL4 FEV

FGFR1 FGFR1OP FGFR2 FGFR3 FGFR4 FHIT FIP1L1 FLI1

FLT3 FNBP1 FOXA1 FOXL2 FOXO1 FOXO3 FOXO4 FOXP1

FSTL3 FUS GAS7 GATA1 GATA2 GMPS GNA11 GNAQ

GNAS GOLGA5 GOPC GPC3 GPHN H3F3A H3F3B HERPUD1

HEY1 HIP1 HIST1H3B HIST1H4I HLA-A HLF HMGA1 HMGA2

HMGN2P46 HNRNPA2B1 HOOK3 HOXA11 HOXA13 HOXA9 HOXC11 HOXC13

HOXD11 HOXD13 HRAS HSP90AA1 HSP90AB1 IDH1 IDH2 IGH

IGK IGL IKBKB IL2 IL21R IL6ST IL7R IRF4

ITK JAK1 JAK2 JAK3 JAZF1 JUN KAT6A KAT6B

KCNJ5 KDM5A KDR KDSR KIAA1549 KIAA1598 KIF5B KIT

KLF4 KLK2 KMT2A KRAS KTN1 LASP1 LCK LCP1

LHFP LIFR LMNA LMO1 LMO2 LPP LRIG3 LSM14A

LYL1 MAF MAFB MALAT1 MALT1 MAML2 MAP2K1 MAP2K2

MDM2 MDM4 MDS2 MECOM MED12 MET MITF MKL1

MLF1 MLLT1 MLLT10 MLLT11 MLLT3 MLLT4 MLLT6 MN1

MNX1 MPL MSI2 MSN MTCP1 MUC1 MYB MYC

MYCL MYCN MYD88 MYH11 MYH9 MYO5A MYOD1 NAB2

NACA NCKIPSD NCOA1 NCOA2 NCOA4 NDRG1 NFATC2 NFE2L2

NFIB NFKB2 NIN NKX2-1 NONO NPM1 NR4A3 NRAS

NRG1 NSD1 NT5C2 NTRK1 NTRK3 NUMA1 NUP214 NUP98

NUTM1 NUTM2A NUTM2B OLIG2 OMD P2RY8 PAFAH1B2 PAX3

PAX5 PAX7 PAX8 PBX1 PCM1 PCSK7 PDCD1LG2 PDE4DIP

PDGFB PDGFRA PDGFRB PER1 PICALM PIK3CA PIM1 PLAG1

PLCG1 PML POU2AF1 POU5F1 PPARG PPFIBP1 PPP2R1A PPP6C

PRCC PRDM16 PRRX1 PSIP1 PTPN11 PTPRK PWWP2A RABEP1

RAC1 RAD51B RAF1 RALGDS RANBP17 RANBP2 RAP1GDS1 RARA

RBM15 REL RET RHOA RHOH RMI2 RNF213 RNF217-AS1

ROS1 RPL10 RPL22 RPL5 RPN1 RSPO2 RSPO3 RUNDC2A

RUNX1 RUNX1T1 SDC4 SEPT5 SEPT6 SEPT9 SET SETBP1

SF3B1 SFPQ SH3GL1 SLC34A2 SLC45A3 SMO SND1 SOX2

SPECC1 SRGAP3 SRSF2 SRSF3 SS18 SS18L1 SSX1 SSX2

SSX4 STAT3 STAT5B STAT6 STIL STRN SUZ12 SYK

TAF15 TAL1 TAL2 TBX3 TCEA1 TCF12 TCF3 TCF7L2

TCL1A TCL6 TERT TET1 TFE3 TFEB TFG TFPT

TFRC THRAP3 TLX1 TLX3 TMPRSS2 TNFRSF17 TOP1 TPM3

TPM4 TPR TRA TRAF7 TRB TRD TRIM24 TRIM27

TRIM33 TRIP11 TRRAP TSHR TTL U2AF1 USP6 VTI1A

WHSC1 WHSC1L1 WIF1 WWTR1 XPO1 YWHAE ZBTB16 ZCCHC8

ZNF198 ZNF278 ZNF331 ZNF384 ZNF521
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Table 6. Tumour suppressor genes included in the COSMIC census gene list. 

 

 

7.3.2 Genes involved in the oncogenic signalling pathways from TCGA 

Genes involved in the previously defined oncogenic signalling pathways from TCGA 

(Table 7) were downloaded from the supplementary files in a previously published 

paper (Sanchez-Vega et al., 2018).  

 

Table 7. Genes included in oncogenic signalling pathways. 

AMER1 APC ARID1A ARID1B ARID2 ASXL1 ATM ATR

ATRX AXIN1 AXIN2 BAP1 BCOR BLM BMPR1A BRCA1

BRCA2 BRIP1 BUB1B CASP8 CBL CBLB CBLC CDC73

CDH1 CDK12 CDKN1B CDKN2A CDKN2A(p14) CDKN2C CHEK2 CIC

CNOT3 COL2A1 CREBBP CUX1 CYLD DAXX DDB2 DICER1

DNM2 DNMT3A ECT2L EP300 ERCC2 ERCC3 ERCC4 ERCC5

EXT1 EXT2 FAM46C FANCA FANCC FANCD2 FANCE FANCF

FANCG FAS FBXO11 FBXW7 FH FLCN FLT4 FUBP1

GATA3 GRIN2A HNF1A IKZF1 KDM5C KDM6A KLF6 KMT2C

KMT2D MAP2K4 MAP3K1 MAP3K13 MAX MEN1 MLH1 MSH2

MSH6 MUTYH NBN NCOR1 NF1 NF2 NFKBIE NOTCH1

NOTCH2 PALB2 PBRM1 PHF6 PHOX2B PIK3R1 PMS1 PMS2

POLE POT1 PRDM1 PRF1 PRKAR1A PTCH1 PTEN PTPRB

PTPRC RAD21 RB1 RECQL4 RNF43 SBDS SDHAF2 SDHB

SDHC SDHD SETD2 SH2B3 SMAD4 SMARCA4 SMARCB1 SMARCD1

SMARCE1 SOCS1 SPEN SPOP STAG2 STK11 SUFU TBL1XR1

TET2 TNFAIP3 TNFRSF14 TP53 TSC1 TSC2 UBR5 VHL

WAS WRN WT1 XPA XPC ZRSR2
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Pathway Gene OG.TSG is.MUT is.AMP is.DEL Pathway Gene OG.TSG is.MUT is.AMP is.DEL

Cell_Cycle CDKN1A TSG TRUE FALSE TRUE HIPPO FAT1 TSG TRUE FALSE TRUE

Cell_Cycle CDKN1B TSG TRUE FALSE TRUE HIPPO FAT2 TSG TRUE FALSE FALSE

Cell_Cycle CDKN2A TSG TRUE FALSE TRUE HIPPO FAT3 TSG TRUE FALSE FALSE

Cell_Cycle CDKN2B TSG TRUE FALSE TRUE HIPPO FAT4 TSG TRUE FALSE FALSE

Cell_Cycle CDKN2C TSG TRUE FALSE TRUE HIPPO DCHS1 TSG TRUE FALSE FALSE

Cell_Cycle CCND1 OG TRUE TRUE FALSE HIPPO DCHS2 TSG TRUE FALSE FALSE

Cell_Cycle CCND2 OG FALSE TRUE FALSE HIPPO CSNK1E TSG TRUE FALSE FALSE

Cell_Cycle CCND3 OG TRUE TRUE FALSE HIPPO CSNK1D TSG TRUE FALSE FALSE

Cell_Cycle CCNE1 OG FALSE TRUE FALSE HIPPO AJUBA OG FALSE FALSE FALSE

Cell_Cycle CDK2 OG TRUE FALSE FALSE HIPPO LIMD1 OG FALSE FALSE FALSE

Cell_Cycle CDK4 OG TRUE TRUE FALSE HIPPO WTIP OG FALSE FALSE FALSE

Cell_Cycle CDK6 OG TRUE TRUE FALSE MYC MAX TSG TRUE FALSE FALSE

Cell_Cycle RB1 TSG TRUE FALSE TRUE MYC MGA TSG TRUE FALSE TRUE

Cell_Cycle E2F1 OG FALSE TRUE FALSE MYC MLX TSG TRUE FALSE FALSE

Cell_Cycle E2F3 OG FALSE TRUE FALSE MYC MLXIP OG FALSE FALSE FALSE

HIPPO STK4 TSG TRUE FALSE FALSE MYC MLXIPL OG FALSE FALSE FALSE

HIPPO STK3 TSG TRUE FALSE FALSE MYC MNT TSG TRUE FALSE FALSE

HIPPO SAV1 TSG TRUE FALSE TRUE MYC MXD1 FALSE FALSE FALSE

HIPPO LATS1 TSG TRUE FALSE TRUE MYC MXD3 FALSE FALSE FALSE

HIPPO LATS2 TSG TRUE FALSE TRUE MYC MXD4 FALSE FALSE FALSE

HIPPO MOB1A TSG TRUE FALSE FALSE MYC MXI1 TSG TRUE FALSE FALSE

HIPPO MOB1B TSG TRUE FALSE FALSE MYC MYC OG TRUE TRUE FALSE

HIPPO YAP1 OG FALSE TRUE FALSE MYC MYCL OG FALSE FALSE FALSE

HIPPO WWTR1 OG FALSE FALSE FALSE MYC MYCN OG TRUE TRUE FALSE

HIPPO TEAD1 OG FALSE FALSE FALSE NOTCH ARRDC1 OG FALSE TRUE FALSE

HIPPO TEAD2 OG TRUE FALSE FALSE NOTCH CNTN6 TSG TRUE FALSE TRUE

HIPPO TEAD3 OG FALSE FALSE FALSE NOTCH CREBBP TSG TRUE FALSE TRUE

HIPPO TEAD4 OG FALSE FALSE FALSE NOTCH EP300 TSG TRUE FALSE TRUE

HIPPO PTPN14 TSG TRUE FALSE TRUE NOTCH HES1 TSG TRUE FALSE FALSE

HIPPO NF2 TSG TRUE FALSE TRUE NOTCH HES2 TSG TRUE FALSE TRUE

HIPPO WWC1 TSG TRUE FALSE FALSE NOTCH HES3 TSG TRUE FALSE TRUE

HIPPO TAOK1 TSG TRUE FALSE FALSE NOTCH HES4 TSG TRUE FALSE TRUE

HIPPO TAOK2 TSG TRUE FALSE FALSE NOTCH HES5 TSG TRUE FALSE TRUE

HIPPO TAOK3 TSG TRUE FALSE FALSE NOTCH HEY1 TSG TRUE FALSE TRUE

HIPPO CRB1 TSG TRUE FALSE FALSE NOTCH HEY2 TSG TRUE FALSE FALSE

HIPPO CRB2 TSG TRUE FALSE FALSE NOTCH HEYL TSG TRUE FALSE FALSE

HIPPO CRB3 TSG TRUE FALSE FALSE NOTCH KAT2B TSG TRUE FALSE TRUE

HIPPO LLGL1 TSG FALSE FALSE FALSE NOTCH KDM5A OG FALSE TRUE FALSE

HIPPO LLGL2 TSG FALSE FALSE FALSE NOTCH NOTCH1 TSG TRUE FALSE TRUE

HIPPO HMCN1 TSG FALSE FALSE FALSE NOTCH NOTCH2 TSG TRUE FALSE TRUE

HIPPO SCRIB FALSE FALSE FALSE NOTCH NOTCH3 TSG TRUE FALSE TRUE

HIPPO HIPK2 OG FALSE FALSE FALSE NOTCH NOTCH4 TSG TRUE FALSE TRUE
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Pathway Gene OG.TSG is.MUT is.AMP is.DEL Pathway Gene OG.TSG is.MUT is.AMP is.DEL

NOTCH NOV TSG TRUE FALSE TRUE NOTCH DLK1 FALSE FALSE FALSE

NOTCH NRARP OG FALSE FALSE FALSE NOTCH DLL1 FALSE FALSE FALSE

NOTCH PSEN2 TSG TRUE FALSE TRUE NOTCH DLL3 FALSE FALSE FALSE

NOTCH LFNG FALSE FALSE FALSE NOTCH DLL4 FALSE FALSE FALSE

NOTCH ITCH FALSE FALSE FALSE NOTCH DNER TSG TRUE FALSE FALSE

NOTCH NCSTN FALSE FALSE FALSE NOTCH DTX1 FALSE FALSE FALSE

NOTCH SPEN TSG TRUE FALSE FALSE NOTCH DTX2 FALSE FALSE FALSE

NOTCH JAG1 FALSE FALSE FALSE NOTCH DTX3 FALSE FALSE FALSE

NOTCH APH1A FALSE FALSE FALSE NOTCH DTX3L FALSE FALSE FALSE

NOTCH FBXW7 TSG TRUE FALSE TRUE NOTCH DTX4 FALSE FALSE FALSE

NOTCH FHL1 FALSE FALSE FALSE NOTCH EGFL7 FALSE FALSE FALSE

NOTCH THBS2 TRUE FALSE FALSE NRF2 NFE2L2 OG TRUE TRUE FALSE

NOTCH HDAC2 FALSE FALSE FALSE NRF2 KEAP1 TSG TRUE FALSE TRUE

NOTCH MFAP2 FALSE FALSE FALSE NRF2 CUL3 TSG TRUE FALSE TRUE

NOTCH CUL1 TSG TRUE FALSE FALSE PI3K EIF4EBP1 OG FALSE FALSE FALSE

NOTCH RFNG FALSE FALSE FALSE PI3K AKT1 OG TRUE TRUE FALSE

NOTCH NCOR1 TSG TRUE FALSE TRUE PI3K AKT2 OG TRUE TRUE FALSE

NOTCH NCOR2 TSG TRUE FALSE TRUE PI3K AKT3 OG TRUE FALSE FALSE

NOTCH MFAP5 FALSE FALSE FALSE PI3K AKT1S1 OG FALSE FALSE FALSE

NOTCH HDAC1 OG TRUE FALSE FALSE PI3K DEPDC5 FALSE FALSE FALSE

NOTCH NUMB FALSE FALSE FALSE PI3K DEPTOR OG FALSE FALSE FALSE

NOTCH JAG2 TSG TRUE FALSE FALSE PI3K INPP4B TSG TRUE FALSE TRUE

NOTCH MAML3 TSG TRUE FALSE FALSE PI3K MAPKAP1 OG FALSE FALSE FALSE

NOTCH MFNG FALSE FALSE FALSE PI3K MLST8 OG TRUE FALSE FALSE

NOTCH CIR1 FALSE FALSE FALSE PI3K MTOR OG TRUE FALSE FALSE

NOTCH CNTN1 FALSE FALSE FALSE PI3K NPRL2 TSG TRUE FALSE FALSE

NOTCH MAML1 FALSE FALSE FALSE PI3K NPRL3 TSG TRUE FALSE FALSE

NOTCH MAML2 FALSE FALSE FALSE PI3K PDK1 OG FALSE FALSE FALSE

NOTCH NUMBL FALSE FALSE FALSE PI3K PIK3CA OG TRUE TRUE FALSE

NOTCH PSEN1 FALSE FALSE FALSE PI3K PIK3CB OG TRUE TRUE FALSE

NOTCH PSENEN FALSE FALSE FALSE PI3K PIK3R1 TSG TRUE FALSE TRUE

NOTCH RBPJ FALSE FALSE FALSE PI3K PIK3R2 OG TRUE TRUE FALSE

NOTCH RBPJL FALSE FALSE FALSE PI3K PIK3R3 TSG TRUE FALSE FALSE

NOTCH RBX1 FALSE FALSE FALSE PI3K PPP2R1A TSG TRUE FALSE FALSE

NOTCH SAP30 FALSE FALSE FALSE PI3K PTEN TSG TRUE FALSE TRUE

NOTCH SKP1 FALSE FALSE FALSE PI3K RHEB OG TRUE TRUE FALSE

NOTCH SNW1 FALSE FALSE FALSE PI3K RICTOR OG TRUE TRUE FALSE

NOTCH CTBP1 FALSE FALSE FALSE PI3K RPTOR OG TRUE TRUE FALSE

NOTCH CTBP2 FALSE FALSE FALSE PI3K RPS6 OG FALSE FALSE FALSE

NOTCH ADAM10 FALSE FALSE FALSE PI3K RPS6KB1 OG TRUE FALSE FALSE

NOTCH APH1B FALSE FALSE FALSE PI3K STK11 TSG TRUE FALSE TRUE

NOTCH ADAM17 FALSE FALSE FALSE PI3K TSC1 TSG TRUE FALSE TRUE

PI3K TSC2 TSG TRUE FALSE TRUE
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Pathway Gene OG.TSG is.MUT is.AMP is.DEL Pathway Gene OG.TSG is.MUT is.AMP is.DEL

TGF-Beta TGFBR1 TSG TRUE FALSE TRUE RTK_RAS MAPK1 OG TRUE TRUE FALSE

TGF-Beta TGFBR2 TSG TRUE FALSE TRUE RTK_RAS NF1 TSG TRUE FALSE TRUE

TGF-Beta ACVR2A TSG TRUE FALSE TRUE RTK_RAS RASA1 TSG TRUE FALSE TRUE

TGF-Beta ACVR1B TSG TRUE FALSE FALSE RTK_RAS CBL TSG TRUE FALSE TRUE

TGF-Beta SMAD2 TSG TRUE FALSE TRUE RTK_RAS ERRFI1 TSG TRUE FALSE TRUE

TGF-Beta SMAD3 TSG TRUE FALSE TRUE RTK_RAS CBLB FALSE FALSE FALSE

TGF-Beta SMAD4 TSG TRUE FALSE TRUE RTK_RAS CBLC FALSE FALSE FALSE

RTK_RAS ABL1 OG TRUE FALSE FALSE RTK_RAS INSR FALSE FALSE FALSE

RTK_RAS EGFR OG TRUE TRUE FALSE RTK_RAS INSRR FALSE FALSE FALSE

RTK_RAS ERBB2 OG TRUE TRUE FALSE RTK_RAS IRS1 FALSE FALSE FALSE

RTK_RAS ERBB3 OG TRUE TRUE FALSE RTK_RAS SOS2 FALSE FALSE FALSE

RTK_RAS ERBB4 OG TRUE FALSE FALSE RTK_RAS SHC1 FALSE FALSE FALSE

RTK_RAS PDGFRA OG TRUE TRUE FALSE RTK_RAS SHC2 FALSE FALSE FALSE

RTK_RAS PDGFRB OG FALSE FALSE FALSE RTK_RAS SHC3 FALSE FALSE FALSE

RTK_RAS MET OG TRUE TRUE FALSE RTK_RAS SHC4 FALSE FALSE FALSE

RTK_RAS FGFR1 OG TRUE TRUE FALSE RTK_RAS RASGRP1 FALSE FALSE FALSE

RTK_RAS FGFR2 OG TRUE TRUE FALSE RTK_RAS RASGRP2 FALSE FALSE FALSE

RTK_RAS FGFR3 OG TRUE TRUE FALSE RTK_RAS RASGRP3 FALSE FALSE FALSE

RTK_RAS FGFR4 OG TRUE TRUE FALSE RTK_RAS RASGRP4 FALSE FALSE FALSE

RTK_RAS FLT3 OG TRUE FALSE FALSE RTK_RAS RAPGEF1 FALSE FALSE FALSE

RTK_RAS ALK OG TRUE FALSE FALSE RTK_RAS RAPGEF2 FALSE FALSE FALSE

RTK_RAS RET OG TRUE FALSE FALSE RTK_RAS RASGRF1 FALSE FALSE FALSE

RTK_RAS ROS1 OG TRUE FALSE FALSE RTK_RAS RASGRF2 FALSE FALSE FALSE

RTK_RAS KIT OG TRUE TRUE FALSE RTK_RAS FNTA FALSE FALSE FALSE

RTK_RAS IGF1R OG FALSE TRUE FALSE RTK_RAS FNTB FALSE FALSE FALSE

RTK_RAS NTRK1 OG TRUE FALSE FALSE RTK_RAS RCE1 FALSE FALSE FALSE

RTK_RAS NTRK2 OG FALSE FALSE FALSE RTK_RAS ICMT FALSE FALSE FALSE

RTK_RAS NTRK3 OG TRUE FALSE FALSE RTK_RAS MRAS FALSE FALSE FALSE

RTK_RAS SOS1 OG TRUE FALSE FALSE RTK_RAS PLXNB1 FALSE FALSE FALSE

RTK_RAS GRB2 OG TRUE FALSE FALSE RTK_RAS MAPK3 FALSE FALSE FALSE

RTK_RAS PTPN11 OG TRUE FALSE FALSE RTK_RAS ARHGAP35 FALSE FALSE FALSE

RTK_RAS KRAS OG TRUE TRUE FALSE RTK_RAS RASA2 FALSE FALSE FALSE

RTK_RAS HRAS OG TRUE TRUE FALSE RTK_RAS RASA3 FALSE FALSE FALSE

RTK_RAS NRAS OG TRUE FALSE FALSE RTK_RAS RASAL1 FALSE FALSE FALSE

RTK_RAS RIT1 OG TRUE FALSE FALSE RTK_RAS RASAL2 FALSE FALSE FALSE

RTK_RAS ARAF OG TRUE FALSE FALSE RTK_RAS RASAL3 FALSE FALSE FALSE

RTK_RAS BRAF OG TRUE TRUE FALSE RTK_RAS SPRED1 FALSE FALSE FALSE

RTK_RAS RAF1 OG TRUE TRUE FALSE RTK_RAS SPRED2 FALSE FALSE FALSE

RTK_RAS RAC1 OG TRUE TRUE FALSE RTK_RAS SPRED3 FALSE FALSE FALSE

RTK_RAS MAP2K1 OG TRUE FALSE FALSE RTK_RAS DAB2IP FALSE FALSE FALSE

RTK_RAS MAP2K2 OG TRUE FALSE FALSE RTK_RAS SHOC2 FALSE FALSE FALSE

RTK_RAS PPP1CA FALSE FALSE FALSE
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(Abbreviations: OG, oncogenes; TSG, tumour suppressor genes; MUT, mutations; 
AMP, amplifications; DEL, deletions.) 
 

7.3.3 Driver genes in lung and breast cancer 

The lung cancer driver genes (Table 8) were extracted from two previously published 

papers (Campbell et al., 2016; Lawrence et al., 2013). The breast cancer driver 

genes (Table 9) were extracted from one previously published paper (Bertucci et al., 

2019) 

 

Pathway Gene OG.TSG is.MUT is.AMP is.DEL Pathway Gene OG.TSG is.MUT is.AMP is.DEL

RTK_RAS SCRIB FALSE FALSE FALSE WNT FRAT2 OG FALSE FALSE FALSE

RTK_RAS PIN1 FALSE FALSE FALSE WNT FZD1 OG FALSE FALSE FALSE

RTK_RAS KSR1 FALSE FALSE FALSE WNT FZD10 OG FALSE FALSE FALSE

RTK_RAS KSR2 FALSE FALSE FALSE WNT FZD2 OG FALSE FALSE FALSE

RTK_RAS PEBP1 FALSE FALSE FALSE WNT FZD3 OG FALSE FALSE FALSE

RTK_RAS ERF TSG FALSE FALSE FALSE WNT FZD4 OG FALSE FALSE FALSE

RTK_RAS PEA15 FALSE FALSE FALSE WNT FZD5 OG FALSE FALSE FALSE

RTK_RAS JAK2 OG TRUE TRUE FALSE WNT FZD6 OG FALSE FALSE FALSE

RTK_RAS IRS2 OG FALSE FALSE FALSE WNT FZD7 OG FALSE FALSE FALSE

TP53 TP53 TSG TRUE FALSE TRUE WNT FZD8 OG FALSE FALSE FALSE

TP53 MDM2 OG FALSE TRUE FALSE WNT FZD9 OG FALSE FALSE FALSE

TP53 MDM4 OG FALSE TRUE FALSE WNT WNT1 OG FALSE FALSE FALSE

TP53 ATM TSG TRUE FALSE TRUE WNT WNT10A OG FALSE FALSE FALSE

TP53 CHEK2 TSG TRUE FALSE FALSE WNT WNT10B OG FALSE FALSE FALSE

TP53 RPS6KA3 OG TRUE FALSE FALSE WNT WNT11 OG FALSE FALSE FALSE

WNT CHD8 FALSE FALSE FALSE WNT WNT16 OG FALSE FALSE FALSE

WNT LEF1 OG FALSE FALSE FALSE WNT WNT2 OG FALSE FALSE FALSE

WNT LGR4 OG FALSE FALSE FALSE WNT WNT3A OG FALSE FALSE FALSE

WNT LGR5 OG FALSE FALSE FALSE WNT WNT4 OG FALSE FALSE FALSE

WNT LRP5 OG FALSE FALSE FALSE WNT WNT5A OG FALSE FALSE FALSE

WNT LRP6 OG FALSE FALSE FALSE WNT WNT5B OG FALSE FALSE FALSE

WNT LZTR1 FALSE FALSE FALSE WNT WNT6 OG FALSE FALSE FALSE

WNT NDP FALSE FALSE FALSE WNT WNT7A OG FALSE FALSE FALSE

WNT PORCN OG FALSE FALSE FALSE WNT WNT7B OG FALSE FALSE FALSE

WNT RSPO1 OG FALSE FALSE FALSE WNT WNT8A OG FALSE FALSE FALSE

WNT SFRP1 TSG TRUE FALSE TRUE WNT WNT8B OG FALSE FALSE FALSE

WNT SFRP2 TSG TRUE FALSE FALSE WNT WNT9A OG FALSE FALSE FALSE

WNT SFRP4 TSG TRUE FALSE FALSE WNT WNT9B OG FALSE FALSE FALSE

WNT SFRP5 TSG TRUE FALSE FALSE WNT AMER1 TSG TRUE FALSE TRUE

WNT SOST TSG TRUE FALSE FALSE WNT APC TSG TRUE FALSE TRUE

WNT TCF7L1 TSG TRUE FALSE FALSE WNT AXIN1 TSG TRUE FALSE TRUE

WNT TLE1 TSG TRUE FALSE FALSE WNT AXIN2 TSG TRUE FALSE FALSE

WNT TLE2 TSG TRUE FALSE FALSE WNT DKK1 TSG TRUE FALSE TRUE

WNT TLE3 TSG TRUE FALSE FALSE WNT DKK2 TSG TRUE FALSE FALSE

WNT TLE4 TSG TRUE FALSE FALSE WNT DKK3 TSG TRUE FALSE FALSE

WNT WIF1 TSG TRUE FALSE FALSE WNT DKK4 TSG TRUE FALSE TRUE

WNT ZNRF3 TSG TRUE FALSE TRUE WNT GSK3B TSG TRUE FALSE FALSE

WNT CTNNB1 OG TRUE FALSE FALSE WNT RNF43 TSG TRUE FALSE TRUE

WNT DVL1 OG FALSE FALSE FALSE WNT TCF7 TSG TRUE FALSE FALSE

WNT DVL2 OG FALSE FALSE FALSE WNT TCF7L2 TSG TRUE FALSE TRUE

WNT DVL3 OG FALSE FALSE FALSE WNT CHD4 FALSE FALSE FALSE

WNT FRAT1 OG FALSE FALSE FALSE



Chapter 7. Appendix 

 

263 

 

Table 8. Driver genes in lung cancer. 

 

 

Table 9. Driver genes in breast cancer. 

 

 

7.3.4 Amplified and deleted genes in lung and breast cancer 

The amplified or deleted genes located at the GISTIC peaks (Mermel et al., 2011) 

from TCGA data were extracted from a published paper (Watkins et al., 2020). The 

amplified and deleted genes in LUAD (Table 10 and Table 11), LUSC (Table 12 and 

Table 13), and BRCA (Table 14 and Table 15) are included in the following tables as 

specified. 

 

Table 10. Amplified genes at the GISTIC peaks of LUAD in TCGA. 

 

 

Table 11. Deleted genes at the GISTIC peaks of LUAD in TCGA. 

TP53 KEAP1 STK11 CDKN2A KRAS U2AF1 SMARCA4 EGFR

MET NF1 RIT1 BRAF PIK3CA RBM10 ERBB2 ARID1A

ATM SLC4A5 NBPF1 STX2 MAP2K1 RB1 FAT1 APC

KMT2C NRAS SMAD4 CDKN1B CTNNB1 ARHGAP35 ARID2 CDK12

KMT2D NFE2L2 HRAS HLA-A FBXW7 PTEN EP300 RASA1

FGFR3 NSD1 ASXL1 NOTCH1 SERPINB13 SETD2 MGA CMTR2

DOT1L PTPRU ARHGEF12 KLHL5 PPP3CA ATF7IP KARS RAF1

FANCM STIM1 KDM6A CUL3 IRF6 PASK COL5A2 ZFP36L1

B2M DSN1 ITGBL1 KLF5 SGK223 NCOA6 ELL2 CREBBP

PLXNB2 LATS1

AKT1 ARID1A BRCA1 CASP8 CBFB CDH1 CDKN1B CHD4

CTCF ERBB2 FBXW7 FOXA1 GATA3 GPS2 KMT2C KRAS

MAP2K4 MAP3K1 NCOR1 NF1 PIK3CA PIK3R1 PTEN PTPRD

RB1 RUNX1 SF3B1 TBX3 TP53 MLL3 SPEN MLL

TBL1XR1 HIST1H3B MED23 CUL4B STAG2 MYB RAB40A

ARNT BMP8A MACF1 LRRC31 LRRIQ4 KIT TERT PRKAA1

PTGER4 TTC33 NEURL1B BYSL CCND3 TAF8 EGFR MET

ITGB8 MACC1 MIR1208 AKR1C2 AKR1C3 CCND1 FGF19 ORAOV1

CPM MDM2 KRAS CASC1 LYRM5 CYP27B1 METTL1 TSFM

METTL21B RNA5SP39 LIG4 TNFSF13B ABHD13 SFTA3 ZNF668 TUBD1

MIR4728 ERBB2 LAMA3 URI1 NPBWR2 MIR647 MIR1914 C20ORF135

SLC2A4RG MYT1 OPRL1 TCEA2 TPD52L2 TNFRSF6B ARFRP1 RGS19

PRPF6 GMEB2 STMN3 RTEL1 SOX18 LIME1 UCKL1 PCMTD2

ZNF512B DNAJC5 ZGPAT ZBTB46 SAMD10 ABHD16B C20orf201 LINC00176

LINC00261 PPM1F RN7SL742P RN7SL697P LAGE3 G6PD UBL4A SLC10A3

PLXNA3 FAM3A
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Table 12. Amplified genes at the GISTIC peaks of LUSC in TCGA. 

 

 

Table 13. Deleted genes at the GISTIC peaks of LUSC in TCGA. 

IGSF21 LRP1B MIR2115 NME6 MIR4797 PROS1 STX19 RN7SKP144

RN7SL120P CHL1 CNTN6 CNTN4 RN7SKP13 RN7SL358P ZNF721 ABCA11P

MIR571 ZNF141 ZNF732 ZNF876P ZNF718 ZNF595 ATP5I DGKQ

GAK IDUA MYL5 PDE6B PCGF3 CPLX1 SLC26A1 FGFRL1

PIGG MFSD7 TMEM175 RNF212 RN7SKP248 CCSER1 FKSG52 MIR582

PDE4D HSPA4 PARK2 TBX18 RN7SL872P RNA5SP251 CSMD1 RN7SKP41

POTEA FNTA SGK196 HGSNAT CDKN2A C9orf53 RN7SL5P PTPRD

CBWD3 PGM5P2 RNA5SP284 RN7SL787P RNA5SP283 RN7SL544P FAM27E1 RN7SL722P

FAM27E2 RN7SL565P RN7SL343P FAM95B1 RN7SL763P FAM74A6 FAM74A2 RN7SL422P

FAM74A1 RN7SL462P FAM74A5 RN7SL640P PGM5 ZNF658 SPATA31A7 CNTNAP3

ANKRD20A1 CBWD5 FOXD4L3 FOXD4L4 SPATA31A6 FAM74A4 ANKRD20A3 ANKRD20A2

FAM27A SPATA31A2 SPATA31A4 CBWD6 SPATA31A1 FOXD4L6 FOXD4L5 FAM27D1

SPATA31A3 SPATA31A5 CBWD7 FAM74A3 CNTNAP3B ANKRD20A4 FOXD4L2 FAM27E3

FAM27C FAM27B MIR1299 MIR4477A MIR5699 RN7SL754P RNA5SP298 RNA5SP297

TUBB8 ZMYND11 DIP2C PRR26 ADAM8 UTF1 VENTX MIR202

OPCML HRAS RASSF7 LRRC56 C11orf35 C11orf34 PTS ETV6

SNORA49 GALNT9 EP400 NOC4L PUS1 DDX51 EP400NL ALG10B

RNA5SP359 RNA5SP358 ALG10 SYT10 CPNE8 TUBA3C RNA5SP24 LINC00442

PHF2P2 TFDP1 JAG2 NUDT14 PWRN2 CAPN3 PIH1 WWOX

MIR3176 MIR5587 ITFG3 HBZ SNRNP25 POLR3K WASIR2 WASH4P

DDX11L10 ARHGDIG HBA1 HBA2 HBM HBQ1 MPG NME4

CAPN15 NPRL3 AXIN1 RGS11 RHBDL1 PIGQ RAB11FIP3 STUB1

MRPL28 DECR2 LUC7L RAB40C TMEM8A RHBDF1 PDIA2 ITFG3

WDR24 C16orf13 FAM195A RHOT2 WFIKKN1 C16orf11 WDR90 NHLRC4

JMJD8 FAM157C TUBB8P7 URAHP TUBB3 SNORD68 AFG3L1P C16orf3

DPEP1 FANCA GAS8 MC1R CHMP1A RPL13 SPG7 CDK10

VPS9D1 TUBB3 PRDM7 TCF25 CPNE7 DEF8 DBNDD1 SPIRE2

CENPBD1 ZNF276 SPATA2L SPATA33 MIR3183 TIMM22 DBIL5P DOC2B

RPH3AL GEMIN4 GLOD4 RNMTL1 VPS53 NXN FAM57A FAM101B

C17orf97 PMAIP1 RBFA RBFADN NFATC1 CTDP1 TXNL4A ADNP2

KCNG2 PQLC1 PARD6G HSBP1L1 OR4F17 FAM138F WASH5P PPAP2C

BSPH1 RN7SL192P SMARCA4 ANGPT4 WFDC10B MIR3617 SAMSN1 FAM19A5

MIR4535 TBL1X

VPS45 PLEKHO1 REL NFE2L2 ATP11B CLOCK ZDHHC11B CCDC127

LRRC14B PLEKHG4B SDHA SLC9A3 TRIP13 PDCD6 TPPP EXOC3

CEP72 AHRR BRD9 ZDHHC11 C5orf55 MIR4456 HCN1 EYS

FAM83B EGFR CDK6 WHSC1L1 CASC8 UNC13B ATP8B5P ANO1

RN7SL804P FRS2 RNU4ATAC16P FAM138D NINJ2 KDM5A SLC6A12 SLC6A13

WNK1 CCDC77 B4GALNT3 IQSEC3 ADPRHL1 SLC25A21 MTA1 TEX22

CERS3 CDC42EP4 TAF4B RN7SKP146 CETN1 TYMS YES1 CLUL1

ENOSF1 COLEC12 C18orf56 KCNK6 SPINT2 CATSPERG C19orf33 YIF1B

PPP1R14A CCNE1 MIR3193 C20orf187 MAPK1 LCA10 L1CAM
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Table 14. Amplified genes at the GISTIC peaks of BRCA in TCGA. 

 

 

Table 15. Deleted genes at the GISTIC peaks of BRCA in TCGA. 

RNA5SP55 MIR1976 HMGN2 RN7SL490P LIN28A DHDDS ZNF683 LRP1B

KCNJ13 TPO PXDN SNTG2 FOXP1 MIR1284 VGLL4 RN7SL751P

ROBO1 MIR3923 PROS1 STX19 ROBO2 FAT1 RN7SKP248 CCSER1

KCNIP4 RN7SKP105 MARCH1 FKSG52 MIR582 PDE4D RAPGEF6 IRF4

EXOC2 DUSP22 HUS1B PARK2 MIR595 AUTS2 RN7SL872P RNA5SP251

CSMD1 CDKN2A C9orf53 CBWD3 PGM5P2 RNA5SP284 RN7SL787P RNA5SP283

RN7SL544P FAM27E1 RN7SL722P FAM27E2 RN7SL565P RN7SL343P FAM95B1 RN7SL763P

FAM74A6 FAM74A2 RN7SL422P FAM74A1 RN7SL462P FAM74A5 RN7SL640P PGM5

ZNF658 SPATA31A7 CNTNAP3 ANKRD20A1 CBWD5 FOXD4L3 FOXD4L4 SPATA31A6

FAM74A4 ANKRD20A3 ANKRD20A2 FAM27A SPATA31A2 SPATA31A4 CBWD6 SPATA31A1

FOXD4L6 FOXD4L5 FAM27D1 SPATA31A3 SPATA31A5 CBWD7 FAM74A3 CNTNAP3B

ANKRD20A4 FOXD4L2 FAM27E3 FAM27C FAM27B MIR1299 MIR4477A LINGO2

MIR876 MIR873 RN7SL5P PTPRD PTEN KLLN RNA5SP298 RNA5SP297

TUBB8 ZMYND11 AKR1C3 TSPAN4 NCAPD3 ACAD8 B3GAT1 THYN1

JAM3 GLB1L2 VPS26B GLB1L3 RN7SKP53 CNTN5 SPPL3 RB1

LPAR6 LINC00442 PHF2P2 OR5AU1 B2M PWRN1 PWRN2 PIH1

WWOX CREBBP METRNL EVI2A EVI2B NF1 OMG MIR4733

USP22 RBFA RBFADN NFATC1 CTDP1 TXNL4A ADNP2 KCNG2

PQLC1 PARD6G HSBP1L1 OR4F17 FAM138F WASH5P PPAP2C ANKRD20A11P

CYP4F29P ANKRD30BP2 BAGE2 RN7SL52P TEKT4P2 MIR3648 TPTE POTED

MIR3687 PRDM15 ARSA RN7SL500P DENND6B TTLL8 ALG12 RN7SKP252

ACR CHKB CPT1B TYMP MAPK11 MAPK12 SBF1 PPP6R2

ZBED4 SCO2 RABL2B MLC1 MAPK8IP2 PLXNB2 BRD1 NCAPH2

MOV10L1 MIOX PANX2 CRELD2 ADM2 TRABD HDAC10 SHANK3

TUBGCP6 LMF2 KLHDC7B C22orf34 IL17REL PIM3 ODF3B SYCE3

MIR3667 LINC00528 BID COL4A5 IRS4 MIR548F5 MIR3915 RNA5SP501

DMD FTHL17 KDM6A CLCN4 MID1 WWC3

MCL1 GOLPH3L GCSAML PIK3CA KCNMB3 FGD5 ANKRD17 COX18

TERT MIR587 RN7SKP204 ZNF703 MYC IKBKB POLB FAM208B

ZMIZ1 CCND1 ORAOV1 QSER1 CLNS1A AQP11 CPSF6 RNU4ATAC16P

FAM138D NINJ2 KDM5A SLC6A12 SLC6A13 WNK1 CCDC77 B4GALNT3

IQSEC3 F10 FOXA1 IGF1R ERBB2 VMP1 USP22 C19orf12

NOTCH3 ISOC2 ZNF217
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7.3.5 Essential genes in lung and breast tissues 

Lung essential genes (Table 16) were downloaded from those processed by the 

Achilles Therapeutics which are publicly available on the DepMap data portal 

(https://depmap.org/portal/download/). Breast essential genes were extracted from 

the supplementary files in a previously published paper (Marcotte et al., 2016), 

including general essential genes for breast tissues (Table 17) and BRCA subtype 

specific essential genes. The latter includes basal-like BRCA specific essential 

genes (Table 18), essential genes both for HER2 (human epidermal growth factor 

receptor 2) positive and luminal BRCA (Table 19), HER2 positive (Table 20) or 

luminal BRCA specific essential genes (Table 21). 

 

MST1L ESPNP CROCCP2 MFAP2 CROCC ATP13A2 NBPF1 MIR3675

S1PR1 CXXC11 RNA5SP122 BOK DTYMK PDCD1 ATG4B THAP4

GAL3ST2 ING5 NEU4 D2HGDH MIR5193 FAM212A FAT1 SPON2

EFNA5 TCP10 TTLL2 GPR31 C6orf123 UNC93A TCP10L2 GMDS

LYRM2 KMT2C MIR339 COX19 GPER ADAP1 SUN1 GET4

CYP2W1 C7orf50 ZFAND2A GPR146 RN7SL872P RNA5SP251 CSMD1 RN7SKP41

POTEA FNTA SGK196 HGSNAT CDKN2B CBWD3 PGM5P2 RNA5SP284

RN7SL787P RNA5SP283 RN7SL544P FAM27E1 RN7SL722P FAM27E2 RN7SL565P RN7SL343P

FAM95B1 RN7SL763P FAM74A6 FAM74A2 RN7SL422P FAM74A1 RN7SL462P FAM74A5

RN7SL640P PGM5 ZNF658 SPATA31A7 CNTNAP3 ANKRD20A1 CBWD5 FOXD4L3

FOXD4L4 SPATA31A6 FAM74A4 ANKRD20A3 ANKRD20A2 FAM27A SPATA31A2 SPATA31A4

CBWD6 SPATA31A1 FOXD4L6 FOXD4L5 FAM27D1 SPATA31A3 SPATA31A5 CBWD7

FAM74A3 CNTNAP3B ANKRD20A4 FOXD4L2 FAM27E3 FAM27C FAM27B MIR1299

MIR4477A MIR4669 RN7SL5P PTPRD PTEN KLLN CYP2E1 SYCE1

FRG2B SPRN RN7SL838P ODF3 PSMD13 IFITM1 IFITM3 IFITM2

PKP3 SIRT3 BET1L SIGIRR RIC8A ATHL1 PTDSS2 SCGB1C1

NLRP6 ANO9 B4GALNT4 IFITM5 AP5B1 RN7SL309P MIR4489 MIR4690

MALAT1 POLA2 SLC22A20 FAU RN7SL114P ARL2 VPS51 MRPL49

ZNHIT2 CAPN1 CFL1 CTSW LTBP3 MAP3K11 OVOL1 PPP2R5B

RELA DPF2 SIPA1 TM7SF2 ZFPL1 FOSL1 FIBP NAALADL1

KCNK7 CDC42EP2 KAT5 SSSCA1 EHD1 CCDC85B ATG2A FAM89B

SAC3D1 SNX15 EFEMP2 CDC42BPG SCYL1 MUS81 FRMD8 RNASEH2C

SYVN1 CDCA5 BATF2 GPHA2 TIGD3 EHBP1L1 SNX32 C11orf85

SLC25A45 SPDYC PCNXL3 MIR192 NEAT1 THYN1 NCOR2 CDKN1B

RNA5SP366 ANKS1B FAM71C RB1 LPAR6 ZFP36L1 FBLN5 RN7SL82P

RN7SL628P GOLGA8H ULK4P2 RN7SL796P GOLGA8Q RN7SL196P GOLGA8R RN7SL469P

GOLGA8T ULK4P3 RN7SL673P GOLGA8J snoZ278 GOLGA6L7P WHAMMP2 RN7SL719P

GOLGA8M RN7SL829P RN7SL238P GOLGA8F APBA2 TJP1 HERC2 FAM189A1

NDNL2 CHRFAM7A ARHGAP11B GOLGA8G HERC2P9 FAM157C TUBB8P7 URAHP

TUBB3 SNORD68 AFG3L1P C16orf3 DPEP1 FANCA GAS8 MC1R

CHMP1A RPL13 SPG7 CDK10 VPS9D1 TUBB3 PRDM7 TCF25

CPNE7 ANKRD11 DEF8 DBNDD1 SPIRE2 CENPBD1 ZNF276 SPATA2L

SPATA33 MIR744 MAP2K4 NBR2 RBFA RBFADN NFATC1 CTDP1

TXNL4A ADNP2 KCNG2 PQLC1 PARD6G HSBP1L1 UQCR11 RN7SL477P

TCF3 UQCR11 MBD3 MEX3D ARHGAP35 SRXN1 ANKRD20A11P CYP4F29P

ANKRD30BP2 BAGE2 RN7SL52P TEKT4P2 MIR3648 TPTE POTED MIR3687

FAM19A5 MIR4535 HSFY1P1 TPTEP1 KCNMB3P1 OR11H1 POTEH CCT8L2

XKR3

https://depmap.org/portal/download/
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Table 16. Lung essential genes. 

 

AARS ACTL6A ACTR2 ALDOA ALG11 ALG13 ALG2 ANAPC11

ANAPC2 ANAPC4 ANKLE2 ARIH1 ARL2 ARMC7 ATP1A1 ATP2A2

ATP6AP1 ATP6AP2 ATP6V0B ATP6V0C ATP6V1A ATP6V1B2 ATP6V1F ATP6V1G1

AURKA AURKB BIRC5 BMS1 BOP1 BRF2 BRIX1 BUB1B

BUB3 BUD23 BUD31 BYSL C1orf109 CACTIN CAPZB CARS

CCDC84 CCNA2 CCNH CCT2 CCT3 CCT4 CDC123 CDC16

CDC20 CDC23 CDC27 CDC45 CDC5L CDC6 CDC7 CDCA8

CDK1 CDK11A CDK7 CDK9 CDT1 CENPK CENPN CENPW

CFAP298 CHAF1A CHAF1B CHEK1 CHERP CHMP2A CHMP6 CIAO1

CIAO2B CIAO3 CIAPIN1 CKAP5 CLNS1A CLP1 CLTC CNIH4

CNOT3 COPA COPB1 COPB2 COPG1 COPS3 COPS4 COPS5

COPS6 CPSF1 CPSF2 CPSF4 CRCP CRNKL1 CSE1L CSNK2B

CSTF1 CTCF CWC22 DAD1 DARS DBR1 DCTN5 DCTN6

DDB1 DDX10 DDX3X DDX41 DDX42 DDX47 DDX49 DDX54

DDX55 DDX56 DHDDS DHX15 DHX33 DHX37 DHX8 DKC1

DMAP1 DNAJC17 DONSON DPAGT1 DTL DTYMK DUT DUX4

DYNC1H1 DYNC1I2 DYNLRB1 ECD ECT2 EEF1A1 EEF2 EFTUD2

EIF1AD EIF1AX EIF2B2 EIF2B3 EIF2S1 EIF2S3 EIF3A EIF3B

EIF3CL EIF3D EIF3E EIF3G EIF3I EIF3M EIF4A1 EIF4A3

EIF5 ELOB ELP1 ELP5 ELP6 EP400 EPRS ERH

ESPL1 ETF1 EXOSC4 EXOSC6 EXOSC8 FARSB FAU FBL

FCF1 FOXD4 GAPDH GEMIN5 GGPS1 GGTLC2 GINS1 GINS2

GINS3 GINS4 GNL2 GPKOW GPN1 GPN2 GPN3 GPS1

GRPEL1 GSPT1 GTF2A2 GTF2B GTF2E1 GTF3A GTPBP4 GUK1

HARS HAUS1 HAUS5 HAUS7 HCFC1 HDAC3 HEATR1 HINFP

HIST1H2BJ HNRNPH1 HNRNPK HSPA5 HSPA9 HSPD1 HSPE1 HYOU1

IARS IARS2 IK ILF3 IMP3 IMP4 INCENP INTS1

INTS11 INTS3 INTS4 INTS9 ISCU ISY1 KANSL3 KARS

KIF11 KIF23 KPNB1 KRI1 KRR1 LETM1 LONP1 LRR1

LSM2 LSM3 LSM7 LSM8 LTO1 LUC7L3 LYRM4 MAD2L2

MAK16 MARS MASTL MCM2 MCM4 MCM5 MCM7 MDN1

MED11 MED30 MED6 MED8 METTL16 MFAP1 MIS18A MIS18BP1

MMS22L MRPL21 MRPL33 MTBP MTOR MTREX MYC NAA10

NAA50 NACA NAPA NARS NCAPG NCBP1 NCBP2 NDC80

NEDD1 NEDD8 NELFB NEPRO NFS1 NIFK NIP7 NLE1

NMD3 NOC3L NOC4L NOL10 NOL6 NOL9 NOP10 NOP16

NOP2 NOP56 NOP58 NPIPB6 NPLOC4 NRF1 NSF NUDT21

NUF2 NUP133 NUP205 NUP43 NUP85 NUP93 NUS1 NUTF2

NVL OGT ORC6 OSGEP PABPN1 PAFAH1B1 PAK1IP1 PAM16

PAXBP1 PCBP1 PCBP2 PCNA PDCD11 PDCD2 PDRG1 PELP1
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Table 17. General essential genes for breast tissues. 

PFDN2 PFDN6 PGK1 PHB PHB2 PHF5A PLK1 PMF1

PMPCA PMPCB POLD1 POLD3 POLE POLE2 POLR1A POLR1B

POLR1C POLR2B POLR2C POLR2D POLR2E POLR2G POLR2I POLR2K

POLR2L POLR3A POLR3B POLR3F POLR3H POLR3K POP5 PPAN

PPP1R10 PPP1R2 PPP1R8 PPWD1 PRC1 PRELID1 PRIM1 PRMT1

PRMT5 PRPF19 PRPF31 PRPF38A PRPF38B PRPF6 PRPF8 PSMA1

PSMA2 PSMA3 PSMA4 PSMA5 PSMA6 PSMA7 PSMB2 PSMB3

PSMB4 PSMB5 PSMB6 PSMC3 PSMC5 PSMD13 PSMD14 PSMD3

PSMD4 PSMD6 PSMD7 PSMG4 PTPN23 PUF60 PWP2 QARS

RABGGTA RABGGTB RACGAP1 RACK1 RAD21 RAD9A RAE1 RAN

RBBP5 RBM22 RBM25 RBM39 RBM8A RCC1 RFC2 RFC3

RNF113A RNGTT RNMT RNPC3 RPA1 RPA2 RPA3 RPAIN

RPAP1 RPL10 RPL10A RPL11 RPL12 RPL13 RPL14 RPL17

RPL18 RPL18A RPL19 RPL23 RPL23A RPL24 RPL26 RPL27

RPL27A RPL3 RPL31 RPL32 RPL35 RPL36 RPL37 RPL37A

RPL4 RPL5 RPL7 RPL7A RPL8 RPL9 RPLP0 RPLP2

RPN1 RPP21 RPP30 RPP40 RPS11 RPS13 RPS14 RPS15A

RPS16 RPS17 RPS18 RPS19 RPS20 RPS24 RPS25 RPS27A

RPS28 RPS29 RPS3 RPS3A RPS4X RPS6 RPS8 RPS9

RRM1 RRM2 RRN3 RRP12 RRS1 RSL1D1 RSL24D1 RUVBL1

RUVBL2 SAE1 SAP18 SAP30BP SARS SBDS SBNO1 SCFD1

SDE2 SEC13 SEC61A1 SEH1L SENP6 SF1 SF3A1 SF3A2

SF3A3 SF3B1 SF3B2 SF3B3 SF3B4 SF3B5 SFPQ SLC39A7

SLC7A6OS SLU7 SMC1A SMC2 SMC3 SMC4 SMG1 SMU1

SNAPC1 SNAPC2 SNAPC3 SNAPC5 SNRNP200 SNRNP25 SNRNP27 SNRNP35

SNRNP70 SNRPA1 SNRPB SNRPC SNRPD1 SNRPD2 SNRPD3 SNRPE

SNRPF SNRPG SNU13 SNW1 SOD1 SPATA5L1 SPC24 SPC25

SPOUT1 SRBD1 SRP14 SRP54 SRP72 SRSF11 SRSF2 SRSF3

SRSF7 SS18L2 SSRP1 SSU72 SUPT5H SUPT6H SUPV3L1 SYMPK

SYS1 TAF1C TAF6 TAMM41 TANGO6 TARS TBC1D3B TBCB

TBCC TCP1 THAP1 THOC7 TICRR TIMELESS TIMM10 TINF2

TNPO3 TOMM22 TOMM40 TONSL TOP2A TOP3A TPX2 TRAPPC1

TRAPPC3 TRAPPC4 TRIAP1 TRMT112 TRNT1 TRRAP TSR1 TSR2

TTC27 TUBB TUBG1 TUBGCP2 TUT1 TXN TXNL4A U2AF2

UBA1 UBA2 UBE2M UBL5 UBR4 UBTF UQCRH URB1

URI1 USP36 USP5 UTP15 UTP20 UTP3 UTP4 VARS

VCP VPS25 VPS41 WARS WBP11 WDR12 WDR18 WDR3

WDR43 WDR5 WDR55 WDR74 WDR75 WDR77 WDR82 WEE1

XAB2 XPO1 XRCC6 XRN2 YARS YARS2 YJU2 YKT6

YRDC ZBTB11 ZMAT2 ZMAT5 ZNF830 ZNHIT2 ZPR1 ZRSR2
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RPL23 RPS13 RPS26 RPL32 AQR EIF3B RPS14 RPL9

RPL11 HNRNPC RPL36 POLR2D RPS7 SF3B2 KPNB1 RPS19

COPB1 SNRPD2 EIF5B ARCN1 RPL18 CDK11B RPL5 RPS8

EEF2 PSMB2 TUBA1B RAN RPL10A PSMA1 PRPF31 PRPF8

PSMD1 RPS15A PSMA3 RPL23A KARS SNRPD1 RPS17 EIF3D

SF3B5 EIF3A RPS27A VCP RPL7 SF3A1 U2AF1 RBM17

RPS11 RPL12 PRPF19 TUBA1C SUPT5H RPL37A RPL4 EIF3C

RPL24 EFTUD2 SNRNP200 CCT3 CLTC USP39 NUF2 RPLP0

PABPN1 RPSA RPL3 RPL27 RPL31 RPL35 NUDT21 RPL7A

RPS6 RPS20 RPL19 SF3B1 RPS3 RPL34 EIF3I NEDD8

RRM1 CCT8 SHFM1 SFPQ EIF2S2 POLR2I COPZ1 CCT7

RPL35A NXF1 DDX18 RPS18 PRPF38A U2AF2 RFC4 HSPG2

EIF4A3 NUP205 RPS29 POLR2A RPS3A CDC5L PSMC2 RPA2

SNRPG CCNB3 NHP2L1 RPL13 NAPA PAPOLA RPL6 CDC40

ERH SNRPE EIF1AX NUP93 RPL37 HSPA9 PSMC4 PSMD11

COPA FTSJ3 PRPF3 EIF3G EXOSC10 RPS9 PSMD6 CSE1L

ZNF207 EIF4E3 SF3B3 UBA1 RPA1 LSM5 HNRNPM SPINT2

RPL14 RILPL2 LSM6 PHB FUT9 PHF5A GTF3C4 DYNC1I2

PSMB3 AURKB DDX46 CHD4 DDX49 RUVBL2 MS4A13 PSMD7

LSM3 HNRNPU WDR12 MPL RPL30 FAM126A SF3A2 DYNC1H1

INTS9 COPS2 PSMA6 SUPT6H MCM2 ERCC6L GPR112 CCT6A

NACA POLA1 C12orf66 PHB2 NCOR2 DNM2 SNRNP27 RPL18A

PRPF18 TUBGCP2 TEKT2 NUP133 TLR9 IGFBP2 GREM1 RPL10

LSM4 SDAD1 SMC2 RPL17 CPSF1 NUP98 XPO1 EPHB4

PPP2R1A RPLP2 EIF3F SRCAP RPS5 YY1 CDK17 MRPS31

ETF1 HSPE1 ZC3H13 PRUNE DAPK1 GNL3 RPS28 DDX51

RPS15 DDB1 POLR2F RUVBL1 WDR61 PGLYRP4 CYP1A2 SKAP1

DUOXA2 ADCYAP1R1 ANAPC4 SFRS1 RPSAP58 THOC4 SCRG1 PSMD8

SRRT PLK1 C22orf27 GPC6 TIE1 SNRNP70 FAM164C RAD51

ICK PSMC3 UBB DDR1 MDN1 TRPV6 CHEK1 RTF1

SEC61A1 RGS18 TSG101 RPTOR BDKRB1 PSMB4 PSMD12 CEND1

MED30 ATP6V0D1 STAG2 RANBP2 PCBP2 DHX9 NR1D1 WBP11

INSR MYO3B RPLP1 ITGA2 TMOD3 PLRG1 C3orf39 SKIV2L2

RBMXL1 BUB1B TM7SF2 IRS4 TIGD2 DDX41 FNDC7 TXK

RPS25 ECT2 C14orf2 NUDT4 LY96 CENPO RGS13 RFTN1

NCBP1 NACAP1 RPRD1A NUS1 NUP88 PTPN9 XBP1 PSMD3

C9orf30 ZNF471 SMARCC1 DDR2 C16orf72 RBMX TAF4B ZNRF2

SMG1 EIF3FP3 TGFBR2 RPS12 SNAPC1 PJA2 SFRS3 TOPBP1

BMPR1A SFRS2 GRPEL2 MTOR CWC22 EIF3M GEMIN5 NUP85

PARN RINT1 NCAPG SPAG7 ERBB3 INTS4L1 MYBL2 AFG3L2

PPWD1 CEP192 ZNF174 PSMC5 ARHGAP29 TTC26 LUC7L3 SHMT1

ABCE1 TAF2 MRPS35 MRPL37 CLUL1 EIF6 USP1 TNKS1BP1

PUF60 IQGAP1 CCR6 CDK1 ERF APOBEC3B CCNG1 PPP5C

SLC12A2 KRAS NAA38 SNX6 THBS1 SYMPK KRT8P11 ERBB2IP

PFKFB4 DNTTIP2 SEZ6L2 DDX21 KCTD6 MPP2 TBCD ZNF155

EP400NL FBXO9 TUBB CARS2 COPB2 APOL2 CPSF3 NRP1

NUPL2 UBA6 STK3 PRKAG1 CDC37 CAPN2 CTSA NDUFS7

APPL1 HKDC1 OR51E1 OR52L1 PIK3C2G PRODH2 PODN EVX1

PTPN22 KIR3DL2 SEMG2 RIPK3 RXFP1 PRDM12 KHDRBS2 GRM5

LDHC SERPINA5 HP PDE1B SRSF2 HSF1 UBR4 SNRNP40

COPS6 HCLS1 CAPZB ESPL1 HGS CTPS1 HOXB7 C14orf28

CHTOP
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Table 18. Basal-like BRCA subtype specific essential genes. 

 

PAX2 CPB1 MAGT1 MKRN3 FAH RCE1 ATXN1 POLR2G ZNF740 ITGBL1

CFL1 LRSAM1 GPR116 C4orf33 DTNA STAT4 ATP6AP1L IQCA1 OBSCN RNF34

RPL7L1 C16orf89 UQCR11 MCM9 ESPL1 TMED8 OSTM1 KLF8 METTL3 CNOT7

TUBA3FP RNH1 ANKRD27 RGS10 VTA1 GTSE1 PLXNB1 COASY NOP2 PTGES3

DNAJC10 RAB3IP ZFP37 IPO4 CDKL3 GPATCH4 NSD1 DGAT1 ZMAT2 MAOA

CHST3 TMEM60 PSMD13 FUBP1 SH3BP5L SERPINB1 MB LGALS9 MGC40069 SART3

SORT1 ARL17A PIGY TRAIP ZNF766 NAF1 ZKSCAN5 AGBL4 PCDH11Y SGOL1

TGIF1 RFK RRBP1 CAPZB S100A2 SDCBP2 HSF1 PEPD GSPT1 AKAP13

RQCD1 KLF14 TICRR NINL CAPZA2 LOC442744 SLC35A4 HCLS1 WDR44 PTS

RAB33A GPBP1 CLPSL1 FAF1 EYA3 HOXB7 HAUS2 MORC2 GPR160 MAN2C1

KLF3 PDGFB CTSB ATP6V0B CACYBP AIMP2 UQCC UBE2G2 ZNF324B SPRR3

SNX14 UGDH TSPAN12 TMEM87B PDE4C FARP2 CNN2 ULK3 RRAGD METTL6

TGFB3 GNAZ CRTC3 LOXL1 ARHGAP21 LONP1 TP53 ZBTB33 ITGAV BOK

HMGN1 CHRD LEFTY1 TIMM21 DAP GTF3C2 ZNF672 PARD3B FOXI1 GPX1

TSPAN10 MED23 CLIC3 ZNF771 NRTN PDE2A ZNF784 ITGB5 CLDN4 HIST1H3H

CRELD1 TMEM145 CSF1 NUP107 RASD2 C9orf106 NR1D2 TAF9 RGAG4 STEAP3

ZAK UPB1 SPRNP1 FBXL6 CCL22 EPN1 ARSA BCAR1 LY6G6C NPIPB15

TK1 HIC1 TMOD2 FAM127A PES1 NFE2 GPSM3 RGS5 RGS4 RPS4Y1

UBE2W PRODH SYTL1 HIST1H4K CLDND1 SIK1 MAP2K3 FEZ1 PART1 GALNT1

DISP2 CITED4 TTC7B KATNAL2 HES6 ADAT3 ZP3 CYP1B1 PIP5K1A PELI3

PEX2 IFNE PIK3R3 LCORL ARHGAP6 CLEC11A PMS1 COG8 ELP6 OSCAR

SOX15 ORM1 MYH14 ARFGAP3 NTSR1 HRK C5orf15 CCND3 POLR3K RTKN2

HSPA1B ABHD11 SNAI3 RHOC MMAA HAGHL IMPA2 DNAH1 SULT1A2 CDH2

CLASRP CORO1B EN2 PI4K2A HIST1H2AK CEP95 CEP63 EXOSC8 ASB4 SH2D3A

AMH SOCS1 RAD50 APOA1BP AJUBA PCDHA2 ZNF77 SAPCD2 KCTD11 HCAR3

CALM3 RAB38 SYNCRIP MPZL3 PCDHAC1 MESP2 MAPRE2 SCGB2A1 TEF C1orf172

PHF1 HMX1 ARHGAP39 KLHL9 UBAP1 RPL21 MYO1F ZNF275 ARMC2 ARHGEF10

DOCK8 RAP2B TBXA2R CDKN2B SLC16A4 CMYA5 HCFC1 CAPRIN2 CMTM8 PPM1F

IP6K3 C14orf132 LENG8 TSN SLC2A8 HIST1H2AL IRAK1 SRSF2 INA PIM1

CDH3 ANXA7 CERS2 N4BP2L1 CAPN7 RASGEF1A CP LINGO1 RHBDD3 SDR9C7

GLO1 PAPPA ZNF451 BRSK1 LITAF FOXC1 MTAP RNLS TCF20 SLC26A4

CYP4F8 KCNV1 MGAM FGFR4 CLCA2 NAA40 FGF12 MYCBP FBXL15 ZWILCH

TCTE1 SLC16A7 LGR4 CTH CSK C9orf43 PMFBP1 ARHGAP33 TMCO1 MTCH1

MORN3 OAT COL6A2 ZSCAN18 LRP2 MESDC2 HIST1H2AC ZMYM5 NCOA4 C1orf35

FZD3 TMEM150A POLE4 HMGCR MTMR14 CD38 THOC6 ARIH2 MOV10 POLR3B

AK1 HIP1R BMF C11orf80 QKI IL13RA2 NCEH1 MFHAS1 LOC93432 MGST3

PEBP4 NCBP2 GRIN2D BTN2A2 CDC14B EXOC3 MLPH UTP14C FBXO42 DUX1

SLC4A3 MBD3 PAX8 TWISTNB JUN NUP210 ZNF264 CTIF NRL SLC38A5

PVRL1 IRX3 GTF2H3 IQGAP3 VPS45 ZNF430 CACNG6 MESP1 PCYT1A STXBP2

MAST1 SLC43A3 RDH10 PTEN GATA5 AP1S3 GPR19 GDAP1 CLINT1 BDKRB2

FHOD3 AKIP1 PRSS8 MANF RHPN1 ZNF446 CTU1 HIST2H2BF STK32C ZDHHC6

PROSC NUTF2 SYT3 STARD3 HTR7 GPR157 EXOC2 RELT CDK2AP2 SOCS4

MTMR9LP ZNF324 FAM81B DLX6 CFL2 FNBP1 SETX MBP ZNF30 TWIST1

ASCL2 TSSC4 LGALS3 ZNF311 NUP62 FRAT2 IL17D ICA1 RXRA
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ATP6V1B2 TLN1 RALY SFTPC NKAP PPP1R12A KIF20B KCNAB2 POLE SF3B4

TBL3 SNRPF SLC22A20 CD151 EFHD2 TEAD3 DHX8 HYI LZTS1 TNRC6C

RPS27 EEF1A1 NDEL1 MIPOL1 PCSK9 INF2 SSR3 FAM50B RPL13A SV2A

ATL1 C1orf162 PKN1 SMOC1 SETD8 KPNA1 QARS UCK1 BBC3 BUD31

CAMP UNKL PSME3 TNRC6B UQCR10 ACE2 MPHOSPH6 PLAC8L1 NRBF2 GPR126

ZNF486 FKBP10 MGMT ELAVL2 DYNLT1 ITM2C C21orf49 PPP2R2C CCNB1IP1 SORBS2

ZNF14 TIMELESS RIC8A CMTM3 NME1 DENND5B DBP MARCH10 PKMYT1 EGFR

ZNF680 GTPBP4 DEPDC7 BORA RCAN1 SLC39A7 SNRNP25 ACTN1 LAMTOR2 LIPG

SEPT1 EPHA4 POLR1A GNB2L1 TUBGCP4 ZNF578 DYNC1I1 CCL5 MFAP1 COL4A6

NPTN ENO3 C10orf32 UTP15 RPF2 RPL36A CLIC5 C2orf81 TMEM242 TRAF6

SDCCAG8 KHDRBS3 DAXX PHLPP2 FZD7 NRXN2 SPINK2 NPAS1 RRS1 GABRA3

CTSV NDNF PDE6B PAF1 CBWD3 HIST1H1E UCP3 DNPEP DDX1 RAB28

IL16 DHX15 PSMB1 AIM2 HIST1H2BG TGS1 HDAC3 SF3B14 MAGI3 TRA2A

SNRPD3 L3MBTL3 FOS NRARP VSTM4 NEK8 CALB2 NKX2-5 TMC1 NFIB

ASB13 NAV3 NXN DIS3 SRSF9 METTL1 PHYH AKR1C3 LRRFIP2 YARS2

FBXW4P1 RPN2 RSL1D1 UBTD1 BCMO1 CYP26B1 SEPT7 AMY2A AK3 ISCU

DDX23 RAB31 BRD1 ZNF714 DLX3 PHEX WDR19 BAIAP2 RPA3 SEPP1

NUDT10 XIAP BATF KIAA1407 PTCD2 VAPA TRIM32 DNAJC3 ITIH4 PEX19

PSD3 SLC26A1 GNA13 TP73 ZMAT1 ZNF558 TMEM5 MAPK13 ATG4A NCOA1

RAB3GAP2 PPP1R7 LOXL3 NFASC ZNF621 PITRM1 STARD7 HSDL2 EEF1E1 CASP14

ITPKA SLC25A37 SYCP2L SLC7A6OS HRH1 NOC4L MNX1 ALG10B MTM1 PCSK7

IFITM3 RALGAPB FBXO33 RAPGEF1 KIF1A AKR1C2 ALG2 E2F5 TRIM31 FAM105B

ITGAE CTR9 OVGP1 ITGA4 POLR2H MYCBPAP IL6ST SMOC2 DLC1 PIGU

LANCL3 TPR IL32 DDX47 VPS28 CBLB IQCH KCNJ4 WDR13 EHMT2

POSTN SETD6 EGFLAM SOCS7 RGS11 SRD5A1 ABCC6 STX19 VPS37B RNF114

CDCA7L PACSIN3 LTB4R TMEM107 EFNB3 FAM64A DCLRE1C MUC2 PGAM1 CIAPIN1

ACER2 NRDE2 C1orf27 CDK5R1 NLN ARPC5 OSTC FKBP9 ADAMTS14 FOXN4

IDH2 PCGF1 COX7A2L SLC29A4 ZNF84 EMC2 CHMP6 FLCN ZFP36L1 ATP6V0C

ALKBH3 BBS7 TMEM11 SMC1B CNTNAP1 CHMP2A GNB1 ARFGEF2 CDH7 PLK1S1

ENOSF1 RNF125 FLJ26850 GSDMB RBM15B DCPS PLCXD3 ARF5 SWT1 PDHA1

DYX1C1 PLEKHG7 SFMBT2 OMA1 RELA TMEM246 NCOA5 GLYATL2 HELLS ZNF628

DEXI HEATR1 BHLHA15 TEAD1 RBMY1E MAOB ARL8B PHKA1P1 NOL3 DPP3

CXorf23 KSR2 EEF1A2 PPP1R1B RMDN2 ADAMTSL5 PGBD4 CSAD HMG20A SLC22A23

FAM178A LGALS4 MED16 ADAMTSL3 FGGY PTPN23 CCNT1 RGS9 AGTPBP1 GPM6A

GALM MSTO1 TMEM53 WWP1 LACC1 TSPAN4 KIF20A NEU1 RBBP8NL LOC441511

ME3 CPA4 PSMA5 SLC7A11 PRCC NUCKS1 EIF4B NOSIP ABHD10 MYD88

NUDT11 PLSCR1 ANKRD20A11P CERKL GPR1 TAC3 CTNNB1 PAIP1 PMS2L2 KRT6A

PNPLA7 DLL1 GMEB1 RBM12B POLR2K ADRA2B EDA HERPUD1 TBC1D3C ABCG1

NOMO2 DDX3X FXYD4 UCKL1 GJB2 CISD1 MGP EFNA5 YAE1D1 MUCL1

DDC H2BFS ZNF416 HMCN1 RDH16 CD55 SNRPA ZMAT5 PCDHB8 EIF5

GAPDHP72 AMN1 CCBE1 PMS2P5 DHRS2 BZRAP1 ARID1B UGGT1 DMTF1 SLC39A6

MAP2K4 MAPK8IP3 PSMA7 PSMD4 KIF22 LZTFL1 FLOT1 FIBP CDH5 MED13

C8orf44 FBXO3 RBL2 POP5 ILK GNPDA1 KCNC3 PDCD1LG2 ANAPC2 ZKSCAN7

DIP2A NOP16 TNFRSF10B BMS1 MDH1B IMP4 FABP6 RERE CTSL PMM2

POLR3H FICD KIAA0430 TEX14 CCDC121 DDX5 PYCR2 MCRS1 C16orf58 ZFC3H1

LRP5 HOOK2 FUNDC2P2 C1R APLP1 FAM118A APEH PACSIN1 CYSTM1 CTDSPL

CRNKL1 NAAA RNF121 GNB4 DIRAS2 BMPER ZNF202 PSMA2 PCDHGA5 AOC2

HNRNPL RCN2 ZNF91 RAI1 ETV7 CGA BRD2 EMC3 HSPB11 SDR42E1

PPP1CB ACTR6 FOXO3 IRF2BP2 OVOL2 HDAC4 CBFA2T3 MYO15A COL8A2 EGLN2

C6orf106 ZNF385A KLK8 APC2 CCDC104 USH1G DHX37 THAP3 MAST3 BMP7

TGIF2 RAB24 MMP2 NFKBIB TPD52L1 PEX16 ACTBL2 ZNF354C HK1 RAVER1

LRRN2 HDAC7 SNN SCNN1G TYRP1 CTDNEP1 AQP3 CCDC171 LAS1L POLI

DLG2 RASAL1 ABHD8 HIST1H4H NGLY1 CYP2B6 FIGF FZD8 MED22 GTF3C3

PALMD THUMPD3 HLX FOXP4 S100A16 HSF2 COPG2 TSHZ1 SGPP2 ADAR

CTPS2 CREBL2 SALL4 MTFR1 NOXRED1 CDKN2A FREM2 PAK2 TBL1X KRT19

ZNF548 TMEM52B AK8 CD81 FLVCR2 PPHLN1 IQCE ZNF613 INHBB ZNF711

SMC3 FOXP3 CDC42EP1 EIF2D FAM45A FGL1 PGS1 C20orf196 CASP7 SLC35A3

CCDC80 DOCK2 GUSB LMO4 RAC3 C3orf33 E2F2 PHF16 TRIM73 DLK2

SLC35G1 TEX19 E2F1 CNNM4 PSMB7 PARVB GOLPH3 LOC390877 DAK ATF6

SRMS NAA30 NR2F1 RTBDN CD4 LARP4B FCGBP TNIK SCARA3 F2R

CYTH2 MREG BTG2 CYP2S1 TBC1D15 FAM211B LIN7B CD36 SH3GL3 NRK

SACM1L ALOX5AP PELP1 ZFYVE21 GDAP2 HOXA1 ARF6 ASCC2 CLU ABCF3

TYRO3 PCDHAC2 C8orf4 RNF208 EDF1 ZNF665 ARID5B LRRC40 APLN CDC42EP4

RRP1B SLC6A15 MSH2 SHROOM4 ZNF19 N4BP1 PIAS2 PAX6 IRF6 HFE

GATAD1 C12orf4 FAM83B TSGA10 PKP4 IDH3A NME9 ARVCF PIK3CB P4HA3

PI4KAP2 RAPGEF2 HDAC11 RAD51B UBE2NL WFDC2 TRIO MPDZ CRY2 CLCN5

MARK4 MAPK1 DCAF11 TCF7 ZFP64 SCG2 TBC1D5 DSC2 CNTNAP3 SCARF2

RPL22 ZNF135 PGAM1P8 FAM3B OPA3 NAALADL2 CTBP1 LMLN BCL2L1 DPF1

C4orf36 HYKK LAMB1 ZNF8 ZNF709 TTC38 LOC400499 MSN TWIST2 RASGRF2

GAL3ST2 BCL10 TMEM55A ZNF775 LETM2 GFPT1 CPED1 PPP1R26 PANX2 OAZ2

RRAGB CNOT11 ZKSCAN2 ZNF33B SCGB1D2 HOXC8 PRKCSH PDLIM2 FYTTD1 KCND2

AMPD2 RGL1 BTBD7 STRN CPNE1 ALG1L DZANK1 ZFP36L2 CDRT4 COLEC10

RBM41 BET1L DDX59 EPC1 RPL39L ZNF90 MAPKAPK5 WDR35 STRA13 ZNF66

WDTC1 RASL10A PALLD ISY1 ZC3H3 GCLM ORC4 ZHX2 PPP2R5B ATP5G3

INTS4 MYO16 SUPT7L ANLN NOL6 IL1RAP MCOLN2 ITGB1BP1 TIAL1 MST1

HIST1H2BE AGO1 POLDIP3 TDP2 SYT12 ARHGEF18 KIF1B USP8 KLF4 TRAF4

KLF11 ANXA1 DMAP1 DTX2 MYL5 WDR83 SMARCAD1 TMEM106B ETAA1 N4BP2

INVS KIF9 FOXL2 MRAS ORM2 CC2D1A SMDT1 SPHK1 AGMAT IDH3G

PAK4 SPEG CYP51A1 FAM210B SPRR2A DHDDS IK PRPF6 CHST15 TAF1

TARBP2 LGMN ANKRD28 UGGT2 NAT10 OAF NTRK3 EXOSC4 PRKCE APOBEC3A



Chapter 7. Appendix 

 

272 

 

 

LETMD1 SLC39A14 ZNF483 CKMT1B FASN IL1RL1 CATSPERG RAD9B CECR5 STK19

C6orf165 SLC25A25 HS3ST1 STRIP2 DLL4 C17orf49 BBS4 CCDC28A ABHD2 PLD5

LRFN2 CCL26 STX8 GRIN1 RP9 PSG3 IQCG DYNC1LI2 HIST1H3G BBS5

SOWAHB FAM114A2 TTC39B DDX39A CACNA2D1 TBX1 RSG1 GMFB SKIDA1 DOLK

ACOT8 ASTL PARD3 PTPN6 BLZF1 OTOGL YY2 TNNI3K ETV5 DERL2

CTNNAL1 DCLK1 CCP110 JAK3 CXCL16 SPAG6 MSANTD3 ZBTB48 ADPRH MEIS3

HOOK1 SORBS1 BLOC1S2 ADNP COPS4 LOC341112 RARS2 CGREF1 POLD3 HOXC11

RTCB SLC41A1 FBXL2 FIGNL2 TMPRSS6 SLC31A1 USP14 SLC2A10 WDR47 RAD23A

RAP1A AUTS2 LTA4H DNAJC12 LEPREL4 PPIF RIPK2 LIX1L PRDX3 ZNF367

TNRC6A GEMIN2 HRAS DEF8 ZNF610 VILL CEP78 A1BG PBX4 BCAT1

C5orf51 PREP FAR2 FANCC SDC2 COBLL1 C1orf227 ATP11A AMZ1 SPDL1

FAM120C CEP350 DPYSL5 C1orf105 EML4 SPRED1 ZDHHC4 RPS6KB2 SEPT5 CAPG

EGFL8 FAM24B MTHFSD EID2 HPCA DCBLD2 THAP9 CCAR1 RRN3 APOBEC3D

TMSB4Y CLDN3 TMA16 HIST1H2BC IGSF10 TSTD2 MAP3K13 TBC1D13 IRAK2 CLMN

BIRC3 TSPAN7 F3 OPA1 S100A7A SEMA3C TTLL11 GTF2H1 PVRL2 SLC10A4

BLVRB TMEM189 NSG1 ZC3HAV1L RTTN HMGCS1 AQP7 FAM96B SLU7 BUD13

RSL24D1 HIST1H2BK LRP6 EIF2AK3 APLP2 CHRM3 ITPKC HIST1H3I CAPN1 STAG3

PNCK SBK1 FBXL20 PAXBP1 SLC25A12 ANKRD36C RDX UBE2V1 RAC1 NARFL

ZNF233 NPRL3 ZNF132 PLCE1 NEMF PIGR CEP68 TULP3 C22orf29 TXNDC17

VRK1 PLAUR AXDND1 SLCO3A1 THG1L CACHD1 PDK2 CLN5 ABCF2 CSF3

BACH2 TMEM92 NSA2 NIPA2 GNG7 TXN2 LOC390705 SLC2A4 SRP9 CEPT1

NTAN1 ZNF10 LIPT1 ZC3H14 GRTP1 POLR3GL MEIS2 NR6A1 HNRNPLL ZBTB45

NOP10 PPAPDC2 RSRC2 ITPR3 POLE3 SRRM2 BTBD1 SLC17A5 RARRES3 WARS

SLC35C2 FOXO4 LRRCC1 ZNF137P CNNM1 DHRS7 PGBD3 FLJ45256 SYT11 SMIM14

XYLT2 C11orf70 REXO4 MAP3K3 PLS1 CST3 LPP SLC25A36 CRELD2 TEX15

DYNLL2 GNG13 CD82 PRIMA1 TAS2R20 NOG GYPC COL5A2 KCNK1 EXOC7

NFE2L2 E2F3 VGLL3 SELK PVRL4 ETFB DDX54 S100A13 LAMA4 CES1P1

MAFA CLDN1 IFT74 E2F8 SOX9 ZNF70 WFS1 C5orf54 HNRNPD PTGES

MAGEF1 SMS MPV17 NLRP2 CDC34 PPP2R2A TM7SF3 SEPT6 ARSD DSCR8

SLCO5A1 TCEB3 SCARB2 SOX6 C6orf223 SCAMP5 TRAPPC9 SUMO3 KRT8 DCHS2

TBX6 ZFP62 SDCCAG3 PTK2 SOS1 LYSMD4 SLC25A23 ASB1 IFNGR2 WNT7B

RAPGEF5 STX7 PKD2 RABL2B P2RX5 SLMO2 YARS MARCH8 ZNF671 ZBTB39

RBM3 S100A10 ALDH3B1 CENPE UCP2 TMBIM6 VPRBP RPL36AL HIVEP1 HPCAL1

RNASEH2A NBEAL1 MAGOH RAB5B LMNB1 SELO PLEK2 RHOH CASP9 JUNB

FGFR1 GOLT1A BRIX1 TBC1D20 UTP18 PCDHA13 PRKAA1 CDK5RAP3 HSP90AB1 ZNF426

ZNF354B EHD2 ZNF833P PPP2R2B SEMA7A LRRC6 GANC ALOX15 C5AR2 DTNBP1

PTPRZ1 TMED4 CYBRD1 API5 CHRNB4 LIPA REPIN1 ENTPD5 WDR73 SLC52A1

VTI1B AUP1 CARM1 COX6C NT5M GPS1 GAPDH GSTM3 FIZ1 ELAC1

SH3D21 WT1-AS RPGRIP1L LRCH1 IL22RA1 KIAA0319L PIEZO2 WNT10A TRIM16L AK4

MXD4 STK25 TMSB4XP8 GPR39 JPH1 ADAMTS16 PNPLA6 PRKD1 KIR2DS3 STMN3

ABCD3 MEGF8 IL10RB HAVCR2 MPP7 GORAB ZFP30 CENPL ALYREF THBS2

CERS5 RAB3B CRB3 CD7 ST14 TBC1D23 ST8SIA5 RNF2 KCNN1 COX8A

ORC1 DCUN1D4 CEP85 FCER1G GLIS3 SLC5A1 CDC7 MEAF6 SDR39U1 ZNF747

FAM134A ZNF827 SCARF1 NGF ABCC5 LSM2 TLE1 DCTN1 SEMA3F PLCB4

SELT HSPB8 SRSF1 RENBP TMEM167B EFCAB1 ZFPL1 KLRC3 EXT1 EFHC2

ACAD11 TMEM33 PSME4 VAMP4 ARFIP2 MPV17L TFAP2B GRB2 SCRN1 HBQ1

PPAN REL RAB39A ICAM1 GSK3A TRIM29 GPX2 FARS2 NT5E CDK3

CCT6B ARHGAP1 SAR1A HLA-DPB1 ETNK1 PRRT2 METTL18 ACBD5 IFIT5 RUNX1

XPOT ZG16 STAG3L3 LYRM1 MBD1 FGF18 TGM1 CDKL5 KIF5A RASL11B

SEPN1 CTBP2 DSN1 CALD1 FAM129C DEPDC1 GNAI2 LDOC1 EXT2 PIR

ENPP3 CCDC87 TPTE PTH2R SMYD2 GFRA1 KMT2E PAQR3 HM13 PSPH

C14orf37 ACOT11 ZNF780A GTF3A AP1AR GLE1 KDELR3 ZNF318 PTBP2 G6PD

GPX3 DOCK6 GLUL ZFP2 CCDC114 MIER2 ALDH1L1 ZMYND10 MUC15 SLC9B2

TMEM133 PCSK4 DOCK3 ATP11B SCAP EOGT FGFR2 TPM1 GREB1 TMEM41A

CHID1 SCAF11 DMD HIST2H2AB IGFBP6 GATA6 MTG2 LAMC3 DUSP3 ETV2

GJB3 CLTCL1 MLX PHGDH ISG20 ACADVL AQP11 ADCY6 DOPEY1 MANBAL

IARS2 FUBP3 EYA4 GLI1 GALNT3 FAM76A RNF219 KLHL17 MOB4 ARL14EP

LINC00115 GPI TRIM46 CERS4 STK32B CEBPZ ZNF197 BNIP1 CLASP1 FBN3

EAF1 KCNK5 CELSR1 RARG EPGN TAX1BP1 NPHP3 CNTN5 ZNF791 DCAF17

DCTN2 ANKRD20A3 MIF RHOQ UGT1A4 ESRRA TET2 TCEA1 PPIAP8 KCNJ3

PDZK1IP1 PKN2 SOS2 METTL10 STX17 TBK1 CCL17 NMNAT3 FBXO2 NR5A2

ZNF273 RABL2A HMGN3 FAM110B IRS2 AMMECR1 IL1R1 LAMA2 RRAD ATP6V1G2

PAFAH2 ERP44 NUP153 IL1RN RCSD1 BAZ2A SEMA6B NGFR PLCL2 UTY

REEP2 PGM2 ABCB6 ADD3 TRIM6-TRIM34 TSHZ3 GMPS CDK10 CYP4F2 GADD45B

ZNF224 P2RX7 TM4SF19 GRK5 KIAA0825 C1QL1 WARS2 SYP CASD1 RBM28

KBTBD7 RSU1 RHBG FBXW11 SNRNP40 NSL1 PSMC1 SMU1 MED14 COPS6

GPN3 SMC1A PDE6D HPN COL15A1 TCOF1 NPIPA1 DENND6A SKA1 ZNF542

POLR1B HORMAD1 CWF19L2 POLR2E AURKA VPS72 PFDN2 ZBTB43 LARS ARHGEF7

USP9X TBCCD1 SKA2 IL23A HAS2 IFT57 TAT GREB1L PRKAB2 PMF1

EPHA6 CHTOP PUS3 NDNL2 MED27 NRG2 LPL FAM8A1 UBR4 SNW1

CAND1 CST6 GPATCH2L LTBR PRICKLE2 DSC3 MATR3 CHMP7 RASSF5 UBE2M

LINC00173 SLC35F2 CCDC90B DDX19A TUBGCP3 SFTA2 NACC1 PNN CBX3 KIRREL

RAD17 C14orf28 XRCC5 PKNOX1 NSMCE1 WDR5 TUBG1 HGS CNOT10 POLD2

SMAD9 CCDC111 LAMA1 MAD2L1 SAMD4B ABCB7 TPRKB ABHD12 LAP3 TIMMDC1

ZNF638 ZNRF1 MCM8 MRPL47 KIAA0391 KLHL18 NEDD1 FBXL5 PICALM BUB1

NDUFA12 ICAM5 ZCCHC24 TRIAP1 EDC4 HOXD10 ADCY4 CTPS1 CFLAR NSUN6

ENG PDCD6IP CNOT3 RRN3P1 GDPD1 GOLGA6L5 CEP152 ISOC1 SGK2 HELZ2

R3HDM1 MAPK9 SAMD13 IARS REXO1 LONRF3 TIMM17A KEAP1 PPIP5K2 KITLG

BRE USP18 COPG1 FYB PPP2R5D AGBL3 LFNG ENTPD8 SSPN PORCN

TEKT5 IFIH1 ITPK1 MTSS1 DCTN6 TNNC1 GRINA ITGB3BP POLE2 FAIM
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Table 19. Subtype essential genes both for luminal and HER2 positive BRCA. 

 

FOXA1 SPDEF CDK4 CCND1 TFAP2C KDM1A DNM1L RHEB MRPL23 PDRG1

YBX1 PDPK1 EIF5A MARCH6 KMT2D PPP1R15B AKT1 ZMYM2 NDUFV1 LRPPRC

MRPS33 HUWE1 TAF1D MEFV CMPK2 EMR3 CDK13 EP300 BIRC6 ENOX1

SRSF6 SOD1 COX11 ATP8A2 DLST DPH5 HBP1 SUPV3L1 CSNK1A1 SLMO1

VASH1 LRRK2 TES NME2 CYC1 HMGXB4 MRPS15 COX14 RGS16 GPR153

INTS10 NBPF15 TIMM13 HLA-DMB BTK SAE1 IPO11 ADSL AZIN1 MLLT3

TSNAXIP1 SLC20A1 TUBA4A ZNF644 PDGFC C15orf38 SLTM AKT2 SOD2 QRICH1

MRPS5 EIF2B3 FMNL2 ATRX DNTTIP1 ACLY ND6 ZNF217 KIAA1984 SAMHD1

MRPL3 CCSAP UBE2E1 ZC3H18 METTL21B SRSF7 ALKBH8 ZCWPW1 XRN2 ZNF652

HADHB RAB3IL1 LACE1 MTFMT C1orf21 BAIAP2L1 ACAD9 CCDC17 TRAPPC10 PTCD3

TOMM5 CENPF ARHGEF9 EHMT1 BRD4 DCDC1 RNF146 PNPT1 VWA2 ESR1

SPATA4 FMO5 KBTBD8 ITFG1 C5orf22 S100A1 RNF217 EGR2 GLS KCNB1

GNB5 RNF175 GLB1 ZFY ZIK1 PHF20 SOCS3 NPNT NXPE3 RING1

VSIG10 TRIM26 ALDH1A1 MBTD1 SNAPIN SDHD VPS52 KIF14 NDUFS1 KDELR1

GATA3 HSFX1 BLNK JRKL APIP NMNAT2 UQCRQ PTRF HS6ST1P1 B3GALT1

RFNG CCDC14 CLYBL SLC30A9 GSE1 BCLAF1 GPR37 PRPF39 GUCA1B PRKCZ

ISCA2 HOXA10 PRKRIR SDHB ADRA1B LHX4 ZMYND11 ZSWIM1 SAV1 RNF25

HSPA13 GAA CLK1 DCAF7 COL26A1 MICAL2 DLG5 ZCCHC10 MEGF11 CCM2

RBMS1 RNASE7 MAST2 KLF12 OGDH RHOBTB2 NOVA1 MYO1B AMOTL2 IMMT

LOC388152 ST13P3 ARHGEF6 LMAN2L IRF1 ITGA9 PRPS1 MRPS22 GBP3 SLC5A6

FAF2 ZNF250 ZBTB7A SDHAF2 CHM MYBBP1A GRM4 ARL2 ZNF280B VPS35

HNRNPK GGA3 DIMT1 URM1 POR ZNF20 WDR59 LARP1 MPND PUS7

HECW1 GBF1 WNK4 PIK3CA MRPL51 NSUN3 RNF181 NRG3 NEK10 FKBP1A

CHI3L1 GORASP2 FLI1 IL4I1 ASH1L SLITRK6 NDUFB1 RGS2 GMCL1 PPARGC1B

ZNF702P CCL20 BARX1 SLC31A2 LOC441087 FKBP3 ANKRD30A MGC34034 POLR3E FLJ34503

ST6GALNAC5 MSH3 COL27A1 WDR26 BZW1 PIK3C3 ZBTB25 GSTO1 MORN2 TAF1B

ERGIC2 GNG3 TALDO1 PHF8 IL1RL2 HCCS ZNF546 AMDHD2 SCAF8 FAM175B

NLRC5 SYNJ2BP STON2 ABCC12 CCDC77 FAIM3 HOXC10 JAM3 LONP2 PCDHB3

CFP ANXA4 MAP1B ADAM9 UGT1A1 KPNA2 MAPRE1 UBE2D4 MRPL22 TAF11

UBE2H TSPAN33 NDUFS3 HNF4G TTC30A PTPLAD1 OPRK1 PCBP3 COL4A4 ECM2

TINF2 TYW3 UGT1A10 KLHL4 YME1L1 SENP1 GRN FHL2 PRDX2 UPRT

ZBTB41 PRR5L ZNF461 MSL3 NDUFA5 TLE3 AOX1 MYOZ3 EIF5A2 ZNF117

ZNF396 ZZZ3 GRIK3 C16orf45 PUS10 ZKSCAN3 BDH2P1 STXBP6 GPR143 B3GNTL1

POLR2M EIF3H RPL26 MRS2 LHFPL5 AHCY USP7 ARMCX2 DCLRE1B AARSD1

ZNF141 HMGA1 SSRP1 ARID3B C17orf76-AS1 KIAA0020 MDFIC STK17A LSM12 MYH7B

STRA6 SSFA2 WNT10B ELP5 POC1A MAGED1 ACTR1B ABCC11 ZNF646 LOC139542

SKIL PPM1J STBD1 RCOR1 DTX1 NFE2L1 MUC1 TSSC1 EIF2B2 TMEM101

PCDHB15 NAP1L3 ENDOU LOC391746 PHACTR1 SSBP1 FAM57A ZFAND5 NCOA2 NDC80

GALNT6 MATN2 ELL3 GCDH ALS2 DROSHA EVC2 HS1BP3 NR2C2AP ZNF160

E4F1 GABRG2 HIC2 DNASE1L1 YWHAZ EIF2AK4 LOC285697 RBM7 ZNF408 PDGFRB

CECR1 ZNF419 MAB21L3 IL27RA TRPA1 RASA2 FAM161B CSDE1 EFCAB5 RNF214

PAK3 ELOVL7 STRADB PER3 EIF4G2 ZBTB8A RALBP1 MRPL24 TM9SF3 GALNT16

C19orf48 YEATS4 LAMP3 PRKD3 MGST2 ANKRD35 CEP55 BIRC2 HPCAL4 ARNT2

FAM120A ATP6V1A ACVR1 FAM103A1 MEF2D ENTPD1 CLUH ANO2 SNX13 MED12

ATP8B2 BRD3 ERBB2 SOX11 TBXAS1 CLPP DNAJC8 SLC38A6 PAAF1 TMEM59

C7orf60 WBP2 WBP2NL USP6 PIAS1 RTCA SASS6 WNK1 FARP1 ABCG4

SKA3 KCNK15 SH3PXD2B HERC2P9 CPNE4 ATP5L LGR6 IDH3B DDX60 ZNF75D

ANXA3 CTDSP1 AAMP HAUS6 UQCRC2 SLC25A45 FMNL1 GTF3C5 PPIAP26 CASZ1

SLC1A2 ZNF648 CD3EAP COL9A3 UCHL1 OASL SLC15A4 UBA5 AGER ACACA

SCYL2 PROSER2 TAOK3 ZNF397 RFFL RGPD5 SYNE4 EXTL2 MRPL36 LDHB

HPDL CPM SERPINH1 MIER3 TOMM40 SRRM1 KIF3A BAG3 DSCC1 ABCC8

BACE2 JPH3 HLA-DQA1 NASP INCENP LEPRE1 HEATR6 COX15 ENC1 GRIK5

VPS51 HDAC8 EIF4EBP3 PON3 KIAA0196 ARID3A SORDL C11orf48 GCOM1 CPEB4

ZNF595 MRPS9 THUMPD1 KMT2C SCP2 SP3 CADM2 UBE3B RND3 AFAP1

NR2F2 ZNF700 TMEM9 NUP50 TMEM66 LIFR DHFRL1 DDIT3 MUT PRPF38B

COX6B1 HEATR2 KANSL1L IKBKB AES PARP12 CYP27A1 C1orf74 S1PR1 KIF11

MIER1 LYZL2 MRPS2 PTPN20B PTPN14 FAM86B1 LIMS1 POLK AJAP1 PIGX

TNFRSF19 CDCA8 KDM3B DDAH1 SMARCA5 ELK3 FAM182A DPH3 SDHC RFWD2

ZNF384 TEFM KLF10 CRYZL1 CAST SRD5A2 NFKBIZ ZNF48 TRIM9 ZNF214

MBNL1 QSER1 EFCAB12 ANXA2 SFXN3 TXLNA FNBP1L AAGAB LTBP4 PHACTR3

DSCAML1 DUSP19 CENPI RNF14 MAN1B1 AKAP8L PRLR CD276 TGIF2LY LMAN1

TMLHE RNF13 DYRK1A ZNF544 VPS26B EIF4A1 CTBS ZNF45 ABLIM1 UBA2

ANKFY1 ABCC2 PARP16 CLCN4 TCF19 TXNDC11 LSM11 ROM1 ACVR1B KRT15

ACER3 AAK1 GTF3C6 KAT2B CNPPD1 TLK2 GTF2F2 FZD6 SCML1 NPEPL1

F2RL1 IL17RD PLSCR4 SMPD2 SPTBN4 SECISBP2L GRHL2 PTH1R EEF1D PCIF1

ELF3 GTF2F1 TNFRSF10A ZW10 PPM1A RBM25 PKIA UHRF1 FGG BCAP29

QSOX2 IFT88 AHCYL1 IL18 ATP5O CCDC34 DCXR SFXN1 KHDRBS1 GJA5
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UBR5 ECHDC3 SNRPN ENPP5 LRP10 EVL WDR20 PID1 TULP4 IP6K2

TMEM30A TBL2 UQCRB TNIP2 VIT SYVN1 KNTC1 DYNLT3 TUT1 GZF1

NR4A3 ZNF418 CENPA L1CAM LOC401589 SMARCA4 TMEM135 FLVCR1 C11orf45 PEAK1

COX5A ERRFI1 CSF1R CABYR TBX3 PDE4A SLC25A13 DNAJC22 TMEM116 CLASP2

EPM2AIP1 ZDHHC14 MYO5A S100A11 LSS C11orf30 YBEY CAV1 LOC440742 TC2N

IGF2BP3 RPS6KL1 NDUFB6 SMARCD1 SEMA5A PXDC1 ERP29 SMUG1 FRMPD1 RALB

SBSPON JAK1 BMP8B PIFO GRPEL1 ARL13B CST1 PPP2R3C PYGL FAM216A

WDFY1 ZNF326 CWH43 NEK1 TIPARP ARHGAP22 CAD LIMK2 MTRF1L DMRTA1

PLEKHA7 ASF1A HCN3 ULK1 C2orf47 FRA10AC1 KCTD9 PHF21A ITGA2B HPS1

ACKR2 NUDT7 TMEM170A FAM21C EIF2A SIAE SREBF2 HIATL1 VWA7 IQCC

UBA3 FAM160A2 CPSF4 PACSIN2 UBP1 ANKRD11 RASSF9 TCTN2 RET HKR1

C1orf140 GRASP CABP1 PRR14 SETDB2 POP7 PROC SSTR2 KRIT1 FAHD2B

CSRP1 MINA RAP1GAP DIP2B CNTF OVOL1 C12orf43 NEK11 PEX12 LARS2

FKTN COX5B C2 ITPKB KLHL12 TTK SLMAP RHBDD1 DOC2A PYGO1

COX4I1 AP3D1 C5orf56 TOP3B SF1 ZYG11A PLAU ZNF383 KCNE3 TROAP

ZBTB24 SPCS1 ZNF165 IL6 MYEF2 PGM3 TRMT61B LRRC34 PLA2G6 TMEM42

MYLK MED25 DMC1 KLK7 CYP1A1 IDUA FAN1 TMEM229B ICOSLG FNDC3A

FKBP1B AP5Z1 FLNC FAM166A RBMY1J SIRPB2 ZNF157 ACSS1 FXR1 ALKBH2

HIST1H2AJ CLK4 SPEN ID2 DDX17 POT1 MPP6 BCAR3 ABL1 C12orf63

FKBP14 BIVM RUFY3 POM121 CSNK2B WDR72 AIM1 ELP2 TMEM184B NIT2

NOTCH4 SDF2L1 SPIN2A STOM ATF1 MDGA1 PRRG4 PIAS4 KCMF1 GLDN

TIGD1 LOC388882 ANK2 RLN1 PTRH1 PITPNM3 KCNAB1 RNASE4 ANKRD13C ADAM23

CCDC146 SNRPB2 MTX1 RUNX3 MMP13 G6PC3 ZFHX4 LAD1 ZDHHC21 HOXD9

ATP5A1 VMA21 STPG1 CIZ1 C2orf76 SIPA1L1 CCDC170 EIF2B1 MICB SP1

ZNF776 POLN TJP2 C9orf152 PEX7 CLHC1 HIRA STRAP TRERF1 FZD5

LCMT1 RAP2C SUMO2 RASSF6 NUB1 NUDCD3 SENP2 BLOC1S4 PCDHGA1 AFF1

LDHD DPY19L2 CCNJL SUN2 DIRAS3 ST6GAL1 PPIP5K1 MRAP2 ATP5B CHCHD3

CBLL1 SCG5 HBS1L TXNIP SSPO MRPL35 CLMP SEPHS1 SLC36A1 BATF3

PNISR NUDT16 AMIGO1 ZNF788 RIC3 HNRNPA3P5 RAB27A NDUFB8 CCNI SH3BP4

CIB1 ATG14 RLIM PQBP1 SLC7A13 TPM3 ZNF329 POTEKP UPK2 KIF13A

MYO1C QDPR TTLL4 SLC9A1 TRIM21 MSANTD4 LMO2 POMK RGS14 TBCC

AARS2 IGF2BP1 MEMO1 ZDHHC18 REV1 TRPC4AP HSP90AB2P KIF27 BCOR COLQ

ZNF566 FDFT1 HRC APBB2 MSMO1 MTERFD3 CPA2 NAMPT CNKSR2 RNF5

DPY19L3 TAPT1-AS1 SMAD1 TMEM214 HDGF SLC41A2 AWAT2 PCDH7 RAB10 PTPRG

N4BP2L2 MRPS17 TMPRSS11E EBF1 PPOX SPTAN1 UBXN1 CCDC7 C1QTNF3 CTF1

PLEKHA8 PCNA GAB3 SAA2 KRT13 CUEDC2 EOMES VAV3 FASTKD5 GTF3C1

ANP32A TMEM165 OVCH2 MYL6 CHST4 CYB5R4 ACTR8 ZNF687 SLIRP C4orf32

MCL1 TM4SF1 DPH2 TAF4 ST8SIA4 TRPS1 CDKAL1 DSEL GJB1 ZNF562

RPGRIP1 GPR156 LIN7A TRIM34 CRIM1 GAPVD1 S100A7 PARG YY1AP1 ARAP1

MRPL18 FGFRL1 TRIM38 TACC2 SLC9A5 ARHGAP11A CPNE3 CYR61 PDPR SERHL

TRPM7 MLYCD RPS6KB1 IL6R PLXNA1 C16orf52 COX7C NRAS C6orf136 TSEN54

POGK ATXN7 CUL1 DAB2IP CCDC12 TEX9 TM2D3 CPOX PPIL1 ZDHHC16

UFM1 OVCH1 MYO1D RBM15 ZNF749 NTRK2 BECN1 ABI2 ZFR ADAM12

CDK2AP1 GALNT2 RIMS3 SRSF11 HSFY1 CIC RASSF4 FAM186B ZNF681 LPPR4

TIMM22 LARP6 DGKZ RBM39 REPS2 ZNF662 NUDT1 FNBP4 CKAP5 FAM204A

CEP164 SMEK2 RBM48 COPS7B SENP5 CPT2 FBXO15 VDAC1 EPCAM PPP2CB

KIAA0895 SNCG CTNND2 USP15 MAGEA2B LZIC ZNF322 ZNF600 TCEANC2 IMPAD1

COG5 TAP2 HYAL1 RBM44 RASA1 ARL6IP1 EBNA1BP2 TIPRL GGT7 SDHA

MISP SEC14L4 CCNE2 ELOVL3 ZFAND3 STARD13 GRB14 PDE8B XK KCTD10

TACR1 CRADD LRRFIP1 FLJ44006 RASA3 MFN2 PNRC1 TRIM41 CPEB2 TMPRSS5

SYPL2 POC5 MRPL20 ZNF432 ACSL5 GAK TANK PELI1 RIF1 BMP2K

HIPK1 SDHDP7 ZNF184 CITED2 LRRC8E EPHB3 KIAA1191 CRBN LMTK2 CD52

CEBPA MRPS11 EZH2 ANAPC10 SORD LMCD1 CBR3 ZC3H11A THEG ZNF317

PRDM1 PIWIL2 FUT1 ACOT9 LGALS3BP MLEC BNIPL PAPOLG EMP1 RIMS2

TMEM186 SFXN5 NPM1 LATS2 ZBTB18 DNAJC16 CUL5 NDUFV2 PEX5 USP36

CEP250 PDCD7 PLOD1 TP53I11 DCAF13 STARD6 CEACAM1 ENDOG SGK223 RAB33B

ZNF227 ZXDC TTPAL STK10 IL17RB TBC1D31 SNPH PDE4B PHIP VRK2

VPS8 NUCB1 TMX3 LAMA3 ETFDH PHKA2 CTNND1 C22orf46 GTF2IRD2 C7orf31

CDCA2 SMARCD2 TPCN2 NCAPH ATF7IP KBTBD6 HMGN2P46 NECAB1 ATP2B2 TRIP11

SREK1 MTCH2 C21orf58 KDM2A PUM2 PRRC2C RAPGEF4 NMI PRPF4B AGPAT4

ADRA2A KIF23 OXGR1 GLCE PLK2 CTGF MED31 ARID4B PRSS3 TNK2

YWHAG NAA35 TMEM254 ZNF148 MTF1 UQCRFS1 ADH5 HAX1 RGPD4 SLC38A3

FOXRED1 INO80B TRIM35 SLC19A1 SDHAP1 MGAT3 GMCL1P1 GBP4 PLSCR3 THOC2

FNTA PPP1R42 NAGPA CELF2 SATB2-AS1 C6orf48 TM9SF1 ILVBL B3GALNT1 CDK12

ARHGEF3 ANKRD26 RAB32 C10orf111 PIM2 CREB3 OGDHL TXNDC16 SCIN PCDHB12

PDK4 ADH1C TTI2 GBX2 ARPP19 OSTF1 DNAJC7 EIF1 PDHB AZI2

CCDC144NL SPG20 MET TMCO6 PICK1 VPS29 CS LDHA DCAF5 TMEM63B

MICU3 MRPS25 CCDC50 OLA1 LETM1 LOC152586 EFNB2 ZXDB GNRH1 SPATA20

PPM1N MRPS21 CPZ IGSF9 CCNF MAP3K15 GPR155 IL17RE GLRB MCM4

MAP3K8 DCAKD COL13A1 ENPP1 ABCA1 CA5B GCA UBXN2A CAB39 SAMM50

TMEM41B ANP32B YAP1 KAT6A DPY30 ZFYVE19 MVD PPP1CC DICER1-AS1 TMEM8B

RAMP2 ZNF296 CNOT8 SARM1 SCAMP3 MAPK4 ZNF563 TRAPPC4 COX7B TMEM38A

ENSA ZBTB14 TACC3 ARPC1A KIAA1804 GGT3P ZNF274 PCYOX1 KRT80 LIMK1

DHX35 NCOA7 EZH1 ABCG2 ATOH8 FRY CCDC30 GPR110 PKP1 ACTRT3

MDM2 TRAK1 KCTD18 DUSP8 CEACAM5 TRUB2 CCDC53 ZNF185 CGNL1 PLOD2

ATG5 PPCS ZNF24 ANKRD32 RFXAP TYMS OCLM GNG2 MAP6 PRSS23

BIK PLAC1 IGDCC3 FNDC3B SCLT1 DDX3Y ZNF500 GSTA3 ARMC5 GTF2B

ZBTB6 ATL3 DAB2 CSNK2A2 HNRNPA0 MICU1 STC2 RNF24 IL2RG GANAB

MON2 PBX2 MAPKAPK2 DLD SH3BP1 PPP2CA AGAP2 XRCC4 SERPINB4 ZC3H7B

DCTN4
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Table 20. HER2 positive BRCA specific essential genes. 

 

 

Table 21. Luminal BRCA specific essential genes. 

 

 

BRCA1 SUB1 SRP19 THTPA SSU72 LPO HOXB3 PEX11A

PIK3AP1 ACO2 RPRD2 PATL1 NELFA ZNF382 HSPD1 AGGF1

MAGOHB ATR NDUFA10 UPF1 PKD1 ICA1L CHD8 DNAJB5

HNRNPA3 SYN3 URI1 VEGFB GINS4 PPP1R3C ATM WDR33

AP4E1 DOCK11 HSD17B1 ANKRD17 PTPRO PTBP1 SLITRK4 SIRPG

PRTG TNFSF10 MRPL11 THOP1 PSMC6 PALM2-AKAP2 TOX4 FAM13C

ZFAND4 SMN1 IMPACT COPS3 TNFAIP3 SEC31A CRLS1 PSMG1

FANCM CCDC96 TMEM168 MARS2 ZBTB11 TMEM126A DYRK2 H3F3B

PGBD5 CLDN6 EFHD1 RPS23 KIFC2 LANCL2 MFN1 ARHGDIG

FASTKD2 XPR1 TSNARE1 TXNDC12 LOC442132 TOMM70A AP2A2 PSEN1

COPS8 NOS3 FABP3 NUP54 ARL6IP4 ALG3 NOL4 SHCBP1

MCM5 DOCK7 CARS TMED2 PFN4 NAA10 ZBTB49 ZNF473

TOP1 ASH2L DLGAP5 RCHY1 ARHGAP4 RPS24 ATP1A1 AGL

TMED10 PSMB6 UQCRC1 CTAG2 CLP1 SRPR RNASEL SERPING1

FAM5C SLC10A7 PLA2G15 POLD1 CASP3 PDHX RCC2 ESF1

AEBP1 OGT HAUS3 PLEKHB2 PPEF1 CTNNBIP1 PITPNA ZFYVE1

ITGAM TMEM194A CIRH1A PSMB8 COPS5 NUDT13 ABCA4 CD320

ITFG2 TFAP2E CD97 MOCS3 SEMA4G ZFX UBE4B SLC25A33

TMEM25 CHCHD7 KLK10 NEURL4 LUM COL4A5 HSPA5 ALOX5

TSC2 C17orf58 PRKACA LANCL1 NLK IBA57 MAF DIDO1

UBC SEPT10 SLK RAB26

MSH6 PMAIP1 LINC00472 FEM1C ATP6V1E1 IL15RA B2M GCC2

LOC442075 NDUFA2 KLF7 COX7B2 DEPDC4 DMXL1 TTC23L NOP56

KLHL41 CTHRC1 CUL4B ATP9B MED1 CYYR1 TSPAN1 NAPEPLD

DCAF6 PTMS CMAS ZSCAN25 CLDN11 DZIP1 PDE7A AHNAK

DMKN HCAR1 CHCHD2 H6PD NPM3 TPRA1 LPHN2 HHCM

HIGD1A IFNLR1 LIMD2 DNAJC14 CMTM2 EID2B TPM2 TBX2

BLMH AP5M1 ZNF443 NSUN5P2 ZNF69 RPIA CNDP2 GNPDA2

SLC12A8 ZNF248 ENGASE MCOLN1 ALG1L9P DFNB31 TEPP FEN1

LOC441233 GLI4 GCSH DVL2 RNF135 FIGNL1 TMPRSS2 FHDC1

RGL2 ZNF599 H2AFJ STK33 PPFIA3 ANKS3 OTOR ENOX2

RANBP3 KRT34 MAMLD1 SOGA1 TAF7 IFI16 EIF2AK2 FNTAP1

STK17B TMEM220 ELMOD3 SAA4 FAM155B PSMB9 PABPC4 FAM53A

HS3ST3A1 ETHE1 ARID1A PDZD8 SEC11A TIGD4 GALNT5 TPM4

SYTL5 COMMD2 SGPP1 COMMD5 ORMDL1 SIL1 BCL2L13 RAB6B

RMDN1 CCDC109B ATG4B IGFBP3 HACL1 ANP32D UBN1 PTK2B

ACSL4 ACTA2 CA3 PCP4 STAU2 DCAF10 HLA-C MTMR6

SPNS3 PPAP2B ZFAND6 ODC1 ANKRD40 APOO SRC MAFK

LYN FAHD2A FGFBP3 YTHDC2 ACADS PCBP4 PCDHA12 CCR1

GPCPD1 KDELC1 ANKRD49 SORCS2 EVI2A NTMT1 ASS1 CARD17

GSTA4 INTS12 PRRG2 ZNF587 PPP6C FRMPD2 REEP4
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